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Abstract Treating water pollution, especially dye-
contaminated wastewater, in an economical and
efficient manner remains a challenge as the surface
charge diversity of contaminants. This work designed
a nanocellulose-based amphoteric adsorbent based
on 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO)-
oxidized cellulose nanofibrils (TOCNs) with in situ
polymerization of diallyl dimethyl ammonium chlo-
ride (PDMDAAC). To explore the adsorption capac-
ity of the amphoteric adsorbent (TOCN/PDMDAAC)
for negatively and positively charged contaminants,
methyl orange (MO, an anionic dye) and methylene
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blue (MB, a cationic dye) were employed as adsorb-
ates. The effect of adsorbent on the adsorption per-
formance at different pH, initial concentration of dye,
contact time and ionic strength were investigated
by batch treatment method. Equilibrium isotherms,
kinetics and thermodynamics of dyes onto TOCN/
PDMDAAC were examined, which implied that the
adsorption behavior was monolayer and the adsorp-
tion process was spontaneous endothermic. The
adsorption mechanisms are hydrogen bonding and
electrostatic interactions between the dye and the
active site on the adsorbent. The adsorption behav-
ior of the binary blended dye system of MO and MB
has also been investigated, and the addition of the
other dye of higher concentration showed a synergis-
tic adsorption behavior. According to the Langmuir
model, at pH 7, 298 K, the equilibrium adsorption of
MO and MB onto TOCN/PDMDAAC was as high
as 404.86 mg g~ and 520.83 mg g~!, respectively.
These results indicated that TOCN/PDMDAAC was
an effective amphoteric adsorbent, which offered a
promising strategy for the adsorption of multicompo-
nent dyes in an eco-friendly way.
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Introduction

The rapid progress of industry has promoted high-
quality economic development, however, it has posed
severe threats to the survival of humanity, such as
environmental pollution, especially water pollution.
Notably, industrial wastewater is the main source
of water pollution, of which about 20% comes from
the dye industry (Routoula and Patwardhan 2020).
More than 700,000 tons of dyes are produced each
year globally, with the current expected compound
annual growth rate of 5.9%. Unfortunately, at least
120,000 tons of dyes are emitted to water bodies by
various paths (Andreas et al. 2021). Most dyes are
toxic, carcinogenic, mutagenic and non-degradable,
so improper emissions of dyes have brought serious
harm to humans and ecosystems (Mittal et al. 2021;
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Uddin 2021). Some measures need to be taken to deal
with dye-containing effluents.

Currently, the effective methods for the treat-
ment of dyes in water include photocatalysis (Kha-
sevani et al. 2021), electrochemistry (de Oliveira
et al. 2011; Hu et al. 2022), biodegradation (He
et al. 2021; Gurav et al. 2021), membrane separa-
tion (Yu et al. 2021) and adsorption (Xu et al. 2022;
You et al. 2022; Mittal et al. 2020). Compared to
other treatment processes, adsorption is considered
as one of the most promising methods for treating
wastewater because of its low cost, accessibility,
simplicity and higher efficiency in removing pollut-
ants (Momina and Ahmad 2023). Most studies only
report the selective or single adsorption of cationic
or anionic dyes by adsorbents (Shi et al. 2022a; Li
et al. 2022; Tan et al. 2023). However, the actual
dye wastewater contains varieties of dyes that have
different charges on their surface, it is more attrac-
tive to remove both anionic and cationic dyes simul-
taneously with amphoteric adsorbent in an econom-
ically viable and environmentally friendly manner.
Up to now, many amphoteric adsorbent materials
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have been invested by researchers (An et al. 2021;
Azha et al. 2018; Zhou et al. 2018). Natural poly-
mers possess the advantages of abundant, degrada-
ble and eco-friendly (Li and Yang 2021; Zhao et al
2022), which can be used as the support matrix to
prepare composite adsorbent materials after cross-
linking (Kayan and Kayan 2021), or chemically
modified to generate new functional groups. For
example, Jawad and co-workers modified chitosan
with epichlorohydrin and aluminum silicate miner-
als to develop an amphoteric composite adsorbent
(CHS-ECH/ZL) for the removal of the cationic dye
Methylene Blue and the anionic dye Reactive Red
120 (Jawad et al. 2020).

Cellulose, as the polymer of B-(1—4)-linked
D-glucopyranosyl units (French 2017), is the most
abundant natural polymer and renewable resource
on Earth (Chang and Zhang 2011; Wei et al 2022),
making it a versatile material with a wide source and
low price (Chen et al. 2020b). Cellulose nanofib-
ers (CNFs) are nanoscale polymeric materials iso-
lated from natural cellulose fibers. A large number
of hydroxyl groups on cellulose chains provide sites
for chemical modification. The biodegradability, non-
cytotoxicity and biocompatibility (Aimonen et al.
2022; Pandey 2021; Munk et al. 2016; Surendran and
Sherje 2022), as well as its high specific surface area
and self-assembling ability (Abouzeid et al. 2019;
Li et al.2018), make CNFs an excellent environmen-
tally friendly adsorbent material. The TEMPO-oxi-
dized cellulose nanofibers (TOCNs) were obtained
by TEMPO-mediated oxidation and high-pressure
homogenization. During TEMPO-mediated oxida-
tion, C6-carboxylic acid sodium groups formed on
the surface of the cellulose microfibrils regularly and
selectively (Isogai et al. 2011; Isogai 2021; Wu et al.
2021), so that cationic dyes can be adsorbed on the
negatively charged TOCNs surface by electrostatic
interaction (Zhu et al. 2022; Xue et al. 2022).

Considering that diverse dyes have different elec-
trical charges in the effluent, cationic groups need to
be introduced to construct amphoteric adsorbents so
that both cationic and anionic dyes can be adsorbed
simultaneously. DMDAAC is a cationic monomer
containing a quaternary ammonium group. PDM-
DAAC is the polymer of DMDAAC, which has posi-
tive charges in aqueous solution. Based on this prop-
erty, one feasible measure is to prepare amphoteric
adsorbents by compositing DMDAAC with TOCNS.

In this study, a facile and low-cost nanocellulose-
based amphiphilic adsorbent was prepared by in situ
polymerization of DMDAAC in the presence of
TOCNSs as anchoring points (TOCN/PDMDAAC),
which possessed carboxylate anions and quaternary
ammonium cations. SEM-EDS, FTIR, XPS and BET
were utilized to characterize the amphoteric adsor-
bents. Conductivity titration and pH titration were
introduced to characterize the carboxylate active
site content of adsorbents and dissociation degree.
In addition, the effects of critical factors on the
adsorption process such as the initial concentration
of the dyes, the pH of the solvent, the contact time,
ionic strength and the temperature on the adsorp-
tion properties of the dyes MO and MB were inves-
tigated. Further, the possible adsorption mechanisms
of beads were explored and explained by equilibrium
isotherms, kinetics and thermodynamics. Finally, the
adsorption behavior of MB and MO mixed system
was also investigated.

Materials and methods
Materials

Softwood bleached kraft pulp (SBKP) was pur-
chased from Nippon Paper Industries (Tokyo, Japan).
2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO) was
provided by Sigma-Aldrich Corporation (Saint Louis,
USA). NaClO aqueous solution (free available chlo-
rine>5%) and dimethyl diallyl ammonium chloride
(DMDAAC) were obtained from Aladdin (Shanghai,
China). NaBr, NaOH, sodium borohydride, hydro-
chloric acid, potassium persulfate, methylene blue
(MB), methyl orange (MO), ethanol, and calcium
chloride were provided by Sinopharm Chemical
Reagent Co., Ltd (China). All chemicals used in this
study were of analytical-grade reagents. The deion-
ized water was made in the laboratory and used in the
whole experimental process.

Preparation of TOCNs

The TEMPO oxidation method was applied to oxi-
dize SBKP for obtaining TOCNSs. Firstly, 0.032 g
TEMPO and 0.2 g NaBr were weighed and dissolved
in 200 mL deionized water, then 2 g SBKP was
added and stirred well, followed by the addition of
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5.65 mL NaClO aqueous solution. The reaction was
carried out under magnetic stirring for 90 min. Dur-
ing the whole reaction period, the pH of the reaction
system was adjusted to about 10 with 0.5 M NaOH
aqueous solution. After that, 0.2 g sodium borohy-
dride was added and then stirred for 3 h. The surface
C6-OH groups of cellulose were partially converted
to -COONa after TEMPO oxidation, and the nano-
cellulose was uniformly dispersed in an aqueous
medium (0.5 wt%) after high-pressure homogeniza-
tion at 30 MPa (GYB40-10S, Shanghai Dong Hua
High Pressure Homogeneous Pump Works).

Preparation of TOCN hydrogel beads

The dispersion of 100 mL of 0.5 wt% TOCNs was
stirred on a magnetic stirrer for 30 min and then vac-
uum pumped for 30 min to remove the excess air bub-
bles. 200 mL, 0.1 mol L~! calcium chloride solution
was prepared as the cross-linking bath and the nano-
cellulose dispersion was dropped into the calcium
chloride solution with a 1 mL syringe. Subsequently,
the nanocellulose hydrogel beads formed rapidly.
After sufficient washing in deionized water, TOCN
hydrogel beads were obtained.

Preparation of TOCN/PDMDAAC composite aerogel
beads

50 g wet weight of TOCN hydrogel beads were dis-
persed into 100 mL deionized water. 0.3 g potassium
persulfate initiator and 5 mL DMDAAC were added
into a three-necked flask and stirred with TOCN
hydrogel beads uniformly. The reaction was carried
out in an oil bath with a reaction time of 3 h at 323 K.
When the reaction was finished, the composite beads
were filtered through deionized water and washed
several times to remove the excess reagent. Then,
the composite hydrogel beads were freeze-dried at
215 K into composite aerogel beads and finally stored
in a desiccator. The composite aerogel beads were
referred as TOCN/PDMDAAC.

Characterization
The surface morphologies and elemental analysis
of the bead samples were obtained using a scan-

ning electron microscope (SEM) (Hitachi S-4800,
Japan) and energy-dispersive X-ray spectroscopy
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(EDS) (X-Max N80, UK) with an accelerating volt-
age of 5 kV. All samples were coated with a conduc-
tive platinum layer before testing. The internal pore
sizes distribution and specific surface area of TOCN
beads and TOCN/PDMDAAC were carried out by
ASAP 2460 fully automatic specific surface area and
porosity analyzer (Micromeritics, USA). The surface
elements of the bead samples were characterized by
an X-ray photoelectron spectrometer of ESCALAB
model 250Xi (Thermo Fisher Scientific, USA). The
chemical structures of the composite beads were
assayed by testing the dried samples using a Nicolet
6700 Fourier transform infrared (FT-IR) spectrom-
eter (Thermo Nicolet, USA). The absorbance of the
dyes MB and MO was quantified using a UV-Vis
spectrophotometer (PerkinElmer, USA). The surface
potential of the composite beads was analyzed using
a zeta potential meter (Malvern, UK). Using conduc-
tometric titration to determine the carboxylic content
in TOCN beads and TPCN/PDMDAAC by DDS-
307A (Shanghai INESA Scientific Instrument Co.,
LTD, China). The pH titrations of hydrochloric acid-
acidified TOCN beads and TOCN/PDMDAAC were
conducted to determine the acid-dissociation con-
stant (pKa) by pH meter of ST3100 (Ohaus, USA).
It should be noted that hydrogel beads need to be
freeze-drying (215 K, 20 Pa) before SEM-EDS, BET,
XPS and FT-IR testing.

Adsorption experiments

The effects of dye adsorption behavior were investi-
gated by batch treatment method. In single system of
dye (MO or MB), experiments were performed with
20 mL vials containing 5 mL. MO or MB solutions
in a constant temperature shaker. The initial concen-
tration of the two dyes was gradually increased from
0.05 to 5 mmol L™, The pH of 5 mmol L™! MO
and MB aqueous solutions was adjusted from 2 to 9
using 0.1 M HCI and 0.1 M NaOH, while the TOCN
aerogel beads (TOCN beads) were treated as the
control under same experimental conditions to com-
pare the amphoteric adsorption capacity of TOCN/
PDMDAA. At pH 7, 298 K, the effect of contact
time on the adsorption of 5 mmol L™! MB and MO
by TOCN/PDMDAAC was investigated. The influ-
ence of adsorption capacity by ionic strength was
shown by the addition of NaCl, which was carried
out at concentrations of 0.05 mmol L™', 0.01 mmol



Cellulose (2024) 31:5077-5095

L', 0.005 mmol L~! and 0.001 mmol L', The effect
of temperature on absorption properties at 298 K,
308 K and 318 K was discussed. 0.01 g TOCN/PDM-
DAAC was added into 5 mmol L~! MO, MB solu-
tions, respectively. In binary MB and MO system,
the behavior of TOCN/PDMDAAC absorbent with
both adsorbates was explored at pH 7, 298 K. One
of the dyes was maintained at the concentration of
5 mmol L™! as the single system, and the other dye
was blended at concentrations of 0.5 mmol L™ and
0.05 mmol L', respectively.

The dye concentrations after adsorbing were
determined by using the UV—Vis spectrophotometer
(Lambda750S, USA) at the absorption wavelengths
of 464 nm (A, MO) and 662 nm (}, MB) in the
single dye system. The equilibrium adsorption capac-
ity (q,) was calculated by Eq. (1). In the binary sys-
tem, the absorbance values of the binary system of
MB and MO at 664 nm and 464 nm were measured to
obtain the calibration coefficients, and the concentra-
tions of MB and MO were calculated by solving the
binary linear equations (Pathania et al. 2023).

‘max?

— GGV

g, =" (1)

where g, (mg g™') represents the equilibrium adsorp-
tion capacity, C, (mg LY is the initial concentration,
C, (mg L") represents the adsorption equilibrium
concentration, V (L) is the volume of the dye solution,
m (g) is the dry weight of the nanocellulose-based
beads.

Results and discussion

Characterization of TOCN beads and TOCN/
PDMDAAC

Fourier transform infrared spectroscopy (FT-IR)

The chemical structures were analyzed sequentially
by Fourier transform infrared spectroscopy (FT-IR).
As shown in Fig. 1, the peak at 3445 cm™! was O-H
stretching vibration of TOCN beads. The character-
istic peak at 1633 cm™! was C=0 stretching vibra-
tion in —COQO~, which indicated that there were car-
boxylate groups generated in cellulose by TEMPO
oxidation. FTIR analysis revealed that DMDAAC
had bands at 3089 cm™', 3024 cm™', 960 cm™' and

5081
TOCN bead
_— 3445 DMDAAC 1633
2
S 1
- 024 960
8 3089 1643
c
o 4518 TOCN/PDMDAAC
whd
£ M\/\f«"
g 3508 1622 1278
c MO-TOCN/PDMDAAC
o
L 1607
3447 MB-TOCN/PDMDAAC
3451 1608
1 1
4000 3000 2000 1000

Wavenumber cm™)

Fig.1 FT-IR spectra of TOCN beads, DMDAAC, TOCN/
PDMDAAC, MO-TOCN/PDMDAAC and MB-TOCN/PDM-
DAAC

1643 cm™', due to C-H stretching vibration, C-H
bending vibration and C=C stretching vibration.
The peak at 3518 cm™' was an expansion vibra-
tion of O-H indicating the presence of water in the
copolymer product in DMDAAC (Jia et al. 2023).
The FT-IR of TOCN/PDMDAAC was analyzed
as follows, the peaks related to carbon—carbon dou-
ble bonds of DMDAAC at 3089 cm™, 3024 cm™,
1643 cm™! and 960 cm™! disappeared. It concluded
that DMDAAC was successfully polymerized to
PDMDAAC. The characteristic peak at 1278 cm™!
belonged to the stretching vibration of C—-N in PDM-
DAAC (Celestino et al. 2019), proving the successful
composite of PDADAAC and TOCNs. The peak of
the O-H stretching vibration of TOCNSs in the com-
posite beads shifted from 3445 cm™' to 3508 cm™!,
which was influenced by steric hindrance (steric
effect) of PDMDAAC, causing the breakdown of
the hydrogen bonding network of nanocellulose.
In addition, the C=0 stretching vibrational peak in
—COO~ of TOCN beads shifted from 1633 cm™! to
1622 cm™!, since the interaction between —COO~ and
Ca®" interfered with the positively charged PDM-
DAAC. The above analysis may provide evidence
for the success of DMDAAC in situ polymerization
based on TOCNs as an anchor. After the adsorption
of the dye by TOCN/PDMDAAC, the C=0 stretch-
ing vibration peaks in —COO™ at 1622 cm™! of the
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amphoteric adsorbent were shifted to 1607 cm™' and
1608 cm™!, respectively, due to the electrostatic inter-
actions between the dye molecules and TOCN/PDM-
DAAC. The O-H stretching in TOCN/PDMDAAC
shifted from 3508 cm™' to 3447 cm™" and 3451 cm™,
proving that there was hydrogen bonding between
dyes and TOCN/PDMDAAC in addition to the elec-
trostatic interaction for absorbing dyes.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy can provide the sur-
face elemental composition of samples’ surface lay-
ers with thicknesses of 2—10 nm. TOCN/PDMDAAC
was analyzed by X-ray photoelectron spectroscopy.
The elemental components of TOCN beads are C,
H, and O (Cheng et al. 2017), which lacks the N, and
Cl elements. Figure 2a—c showed the survey scan of
TOCN/PDMDAAC. In Fig. 2a, N 1s and Cl 2p peaks
can be observed, respectively. As Fig. 2b, ¢ showed,
the N 1s appeared at C-N (399.4 eV) (Kaur et al.
2018; Xiang et al. 2018) and Cl 2p peak at 196 eV
(Nan et al. 2020), which can be taken as evidence for
the successful in situ polymerization of PDMDAAC
with TOCNs as an anchor point.

Conductometric titration

The carboxylic content of TOCN beads and TOCN/
PDMDAAC were determined by conductivity titra-
tion (Antoniw et al. 2023; Fraschini et al. 2017).
The results were calculated by supporting informa-
tion Eq. S1. TOCN beads and TOCN/PDMDAAC

were dispersed in deionized water, respectively, and
added with 0.01 mol L™! NaCl. The pH of the sys-
tem was adjusted to 2 with 0.1 mol L™! hydrochlo-
ric acid, after which conductivity titration was car-
ried out with a standard solution of 0.1 mmol L~! of
NaOH. The experimental results in Fig. S1 showed
that the carboxylic content of the TOCN beads
and TOCN/PDMDAC were 0.95 mmol g~' and
0.83 mmol g~!, respectively. TOCN/PDMDAAC
carboxylic content was lower compared to TOCN
beads, which can be explained by the polymerized
PDMDAAC occupying part of carboxylates.

pH titration

pH titrations of hydrochloric acid-acidified TOCN
beads and TOCN/PDMDAAC were conducted to
determine the acid-dissociation constant (pKa).
TOCN beads and TOCN/PDMDAAC were kept in
deionized water, respectively and the pH of the sys-
tem was adjusted to 2 with 0.1 mol L™! of hydro-
chloric acid, and then titrated with 0.1 mmol L™! of
NaOH standard solution. The pKa was calculated
from the titration curve. The maximum value of the
first-order derivative of calculus was used as the
equivalence point, since the steepest slope repre-
sented the deprotonation of all charged carboxylic
groups. The corresponding pH of half the volume
of sodium hydroxide required for the equivalent
point was the reported pKa (Antoniw et al. 2023).
Results of pKa by calculation were shown in Fig.
S2. The pKa of TOCN beads was 3.9, and the pKa
of TOCN/PDMDAAC was 4.23.
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Fig. 2 a XPS spectrum of C, N, O, Cl in TOCN/PDMDAAC. b XPS spectrum of N in TOCN/PDMDAAC. ¢ XPS spectrum of Cl in

TOCN/PDMDAAC
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Scanning electron microscopy and Energy-dispersive
X-ray spectroscopy (SEM—EDS)

The surface morphology and elemental analysis of
TOCN beads and TOCN/PDMDAAC composite
beads was observed by scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectros-
copy (EDS). Figure 3a—f show the surface and cross-
section morphology of the samples. In Fig. 3a, b, the
mesoporous structure of several nanometers to tens
of nanometers on the surface of TOCN beads can be
observed. Figure 3d, e visually show the surface mor-
phology structure of TOCN/PDMDAAC, which can
be observed that tens to hundreds of nanometers of
PDMDAAC polymerized on the surface of TOCN
beads and had a rougher surface. Figure 3c showed
a cross-section of the TOCN beads, whose inte-
rior is similar with the surface with a porous struc-
ture. Figure 3f represented a cross-section of TOCN/
PDMDAAC with granular material newly observed,
indicating that PDMDAAC was also polymerized
inside the beads to fill or cover larger pores, which
reduced the average pore size of the composite beads
compared to the cross-section of the TOCN beads
(Fig. 3c). The elemental maps and analysis of TOCN/
PDMDAAC were characterized in Fig. S4 of the sup-
porting information, where element N was detected

at an amount of 5.68% and the distribution of N ele-
ments relatively coincided with the location of the
particles indicating the success of in situ polymeriza-
tion of PDMDAAC anchored by TOCNSs.

Brunauer—Emmett-Teller (BET)

To explore the internal structure of TOCN beads and
TOCN/PDMDAAC, the changes in specific surface
area and its pore size distribution were measured
with a specific surface area analyzer. Figure 4a shows
the nitrogen isothermal desorption curves of TOCN
beads and TOCN/PDMDAAC. The specific surface
areas of TOCN beads and TOCN/PDMDAAC were
246 m? g7! and 170 m? g~!, respectively, which
indicated that the specific surface area of TOCN/
PDMDAAC decreased slightly after in situ polym-
erization. Figure 4b showed the pore size distribution
curves of beads. The pore size distribution of TOCN/
PDMDAAC was more centrally shifted towards
smaller pore sizes than TOCN beads. The average
pore sizes of TOCN beads and TOCN/PDMDAAC
were obtained as 10 nm and 5 nm, respectively. The
results showed that PDMDAAC was not only dis-
persed on the surface of the TOCN beads, DMDAAC
also entered into the surface and interior of the bead
network structure by good hydrophilicity during

C

Fig. 3 SEM images of the surface morphology of a, b TOCN beads, d, e TOCN/PDMDAAC, c¢ and f cross-section of TOCN beads

and TOCN/PDMDAAC
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Fig. 4 a Curves of nitrogen isotherm adsorption—desorption of TOCN beads and TOCN/PDMDAAC. b Pore distribution curves of

TOCN beads and TOCN/PDMDAAC

polymerization, forming granular PDMDAAC in situ
near large pore size, which reduced the average pore
size of the composite bead.

Swelling test

0.1 g of TOCN beads and TOCN/PDMDAAC were
immersed in deionized water, respectively. The swell-
ing ratios of the adsorbent were detected at different
time intervals over a period of 1680 min in Fig. S3.
The swelling ratio SR (%) was calculated accord-
ing to Eq. S2 in the supporting information. TOCNs
contain hydrophilic groups of -OH and —COO™ and
TOCN beads are the hydrophilic three-dimensional
porous material with a swelling rate of 4140% (Gan
et al 2018). The swelling rate of the composite beads
of TOCN/PDMDAAC was 8850%, due to the intro-
duction of cationic polymers PDMDAAC, the higher
osmotic pressure inside the TOCN/PDMDAAC dur-
ing swelling in water made the composite beads show
more pronounced swelling compared to the TOCN
beads (shan et al. 2023).

TOCN/PDMDAAC adsorption performance analysis
Effect of the initial concentration of the dye

To compare the adsorption performance of TOCN
beads and TOCN/PDMDAAC on cationic and anionic
dyes, 0.05-5 mmol L~! MB and MO dye solutions at

pH 7 were prepared to study the effect of the initial
concentration of dyes on the adsorption performance
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of amphoteric adsorbents. The adsorption capacity of
the adsorbent was calculated by UV-Vis spectropho-
tometry after adsorbing in dye solutions of different
concentrations. From Fig. 5a, The adsorption capac-
ity increased when the concentration of MB, MO dye
increased, which indicated that as the concentration
of the dye increased, the driving force for the dye to
overcome the mass transfer from the aqueous phase to
the solid phase was more significant, and the dye was
more easily adsorbed to the adsorption sites. How-
ever, the adsorption sites and capacity are limited. At
higher initial concentrations, the rate of increase of
adsorption reduced and the effect of concentration on
the adsorption capacity was not obvious. The adsorp-
tion gradually reached equilibrium until the adsorp-
tion sites saturated rapidly after the initial concentra-
tion reached a high enough level (Jin et al. 2023).
Additionally, the adsorption capacity of the com-
posite beads for the cationic dye MB did not decrease
significantly compared to the TOCN beads. It indi-
cated that the addition of PDMDAAC did not have
a significant negative effect on the adsorption of MB
by the beads. The carboxylic group content of TOCN
beads and TOCN/PDMDAAC was tested by con-
ductivity titration. The results showed that the differ-
ence in carboxyl group content between the TOCN
beads (0.95 mmol g~') and TOCN/PDMDAAC
(0.83 mmol g™!) was not remarkable, which may
explain the slight decrease in the adsorption capacity
of MB by TOCN/PDMDAAC. Influence of the disso-
ciation degree of dyes and adsorbents on adsorption
at pH 7 has also been investigated. MB has a pKa of
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3.8 (Chen et al. 2017; Gupta et al. 2024), therefore,
at pH 7, MB is predominantly cationic which could
interact with the negatively charged carboxylate of
TOCN/PDMDAAC, who has a pKa of 4.23, by elec-
trostatic interaction. The adsorption capacity of MO
(pKa 3.4) (Oyarce et al. 2021) by TOCN/PDMDAAC
was considerably higher than TOCN beads, binding
to the cationic polymer PDMDAAC by electrostatic
interaction at pH 7.

Effect of pH

The pH of the solution affects the existent form of
the functional groups of the adsorbent (Chen et al.

—a—TOCN
—e—TOCN/PDMDAAC

Zeta potential (mV)

_25 1 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9
pH
d 600 L —=— MB-TOCN/PDMDAAC

—e—MB-TOCN

500

400 |-

300

200 |

MO by TOCN bead and TOCN/PDMDAAC. d Effects of pH
on the adsorption of MB by TOCN beads and TOCN/PDM-
DAAC

2020a, b). The Zeta potential values of TOCN/PDM-
DAAC and TOCN beads were measured at pH val-
ues ranging from 2 to 9. In Fig. 5b, the TOCN beads
showed a positive potential at pH 2, with pH increas-
ing, TOCN beads showed a negative potential. After
in suit polymerization of PDMDAAC, TOCN/PDM-
DAAC still showed positive potential at pH 3, as
the pH increased, TOCN/PDMDAAC showed nega-
tive potential. Notably, the Zeta potential of TOCN/
PDMDAAC showed an overall increase in potential
value compared to TOCN beads. Quaternary ammo-
nium cations in PDMDAAC interact electrostatically
with the carboxylate anions on TOCNSs, leading to
the change of negative potential on nanocellulose.
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Increased zeta potential due to the introduction of
cationic polymers (Dong et al. 2022). Figure 5c, d
illustrate the saturation adsorption values of TOCN
beads and TOCN/PDMDAAC on MO and MB at dif-
ferent pH. Both TOCN beads and TOCN/PDMDAAC
had the highest adsorption capacity (403 mg g~! and
534 mg g~!, respectively) for the anionic dye MO at
pH 2. In excess of H* solution, protonation of TOCNs
occurred. Therefore, one of the mechanisms of MO
adsorption by TOCN beads was attributed to hydro-
gen bonding interaction. The red shift of the hydroxyl
peak in the FT-IR spectrum also verified that MO
interacted with TOCN/PDMDAAC by hydro-
gen bonding. Notably, the electrostatic interaction
between the strong cationic PDMDAAC and the ani-
onic dye MO allowed TOCN/PDMDAAC to have a
higher adsorption capacity for MO than TOCN beads.
With pH increasing, the adsorption of MO gradually
decreased as the carboxyl groups deprotonate, while
PDMDAAC remained hydrolyzed and positively
charged, providing active sites for TOCN/PDM-
DAAC to adsorb anionic dyes in the alkaline environ-
ment. On the other hand, the adsorption capacity of
MB was gradually increased. The equilibrium adsorp-
tion of MB by TOCN/PDMDAA was 575 mg g~! at
pH 9. This phenomenon can be explained by deproto-
nation of the TOCN/PDMDAAC (pKa 4.23), which
augmented numerous negative active sites to adsorb
cationic dye MB (Chen et al. 2023). It indicated that
electrostatic interaction played a significant role in
the adsorption process. At pH 7, TOCN/PDMDAAC
demonstrated good adsorption capacity for both MO
and MB, which were 390 mg g~! and 515 mg g7},
respectively. All the above data demonstrated that
TOCN/PDMDAAC had an amphoteric adsorption
capacity to adsorb both anionic and cationic dyes,
which can be applied in different pH solutions.

Effect of contact time

To investigate the effect of contact time on the
adsorption of MB and MO by TOCN/PDMDAAC.
Figure 7a shows the pattern of adsorption amount
of TOCN/PDMDAAC with adsorption time at pH 7,
298 K. From Fig. 7a, the adsorption process of the
adsorbent on the dye was carried out in segments.
In the initial stage of 30 min, as the small molecule
dyes fully interacted with the nanocellulose adsor-
bent binding sites, the composite beads showed rapid

@ Springer

and effective adsorption of both MO and MB mak-
ing the adsorption amount increase rapidly in a short
time. As the adsorption proceeded, the adsorption
rate decreased caused by the adsorption sites gradu-
ally reduced. Finally, the adsorption equilibrium was
reached at 90-100 min.

Effect of ionic strength

The electrostatic interaction between the adsorbent and
adsorbate is affected by applied ions that may change
the surface charge of the adsorbent (Chen et al. 2020a).
Ion strength experiments were performed to determine
whether electrostatic interaction was the adsorption
mechanism. NaCl was modeled to explore the effect of
different concentrations of ions on adsorption capacity.
The results in Fig. 6 showed that at low NaCl concentra-
tions (0.001 mol L"), the adsorption capacity of both
dyes increased slightly. MB increased from 505 mg g~!
to 525 mg g~! and MO increased from 382 mg g~! to
391 mg g~!. Rare amounts of NaCl had an enhancing
effect on the adsorption of dyes by oppositely charged
adsorbents (Gomes et al. 2023). As the NaCl concen-
tration increased, C1™ occupied the adsorption sites of
the adsorbent. The adsorption capacity of MO dye was
obviously reduced. The adsorption capacity of MB dye
was not significantly reduced at a Na* concentration of
0.005 mmol L~!. This may be due to the fact that Na™
is a low-affinity ion-exchange counter ion on anionic
materials used for ion exchange and that Na® can be

600

(] 0.001  0.005  0.01 0.05
NaCl concentration (mol L)

Fig. 6 Ionic strength on adsorption of MO and MB by TOCN/
PDMDAAC
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more easily replaced by cationic materials with greater
affinity (MB) (Hubbe et al. 2019). The adsorption
capacity of MB dyes gradually decreased with increas-
ing Na* ion concentration. It is demonstrated that the
adsorption mechanism of MB, MO dyes by amphoteric
adsorbents involves electrostatic interactions.

Adsorption kinetics

Adsorption process of the three mass transfer pro-
cesses are external diffusion (film diffusion), internal
diffusion (intraparticle diffusion) and adsorption onto
the active site. The rate-limiting step of the adsorp-
tion process is revealed by studying the kinetic stud-
ies (Wang and Guo 2023). To explore the adsorption
kinetics of TOCN/PDMDAAC to reveal the rate-
limiting step, Eq. (2) pseudo-first order kinetic model
(PFO) in nonlinear (Tran et al. 2017), Eq. (3) pseudo-
second order kinetic model (PSO) in nonlinear (Tran
et al. 2017) and Eq. (4a,4b) intraparticle diffusion
model (the Weber-Morris model) (IPD) are fitted to
the TOCN/PDMDAAC adsorption data, respectively
(Wang and Guo 2022).

g, = q,(1—e™) )
_ qgkzl
= ®
q, = letO'S 0<r<y (4a)
4 = Qren = kpp(t = 1) 1, <1< (4b)

where ¢, (mg g7") and ¢, (mg g') represent the
adsorbed amount of target adsorbate at time ¢ and

equilibrium. k, (min~") and k, (g mg_1 min~') are
the PFO, PSO and IPD rate constants, respectively.
kp; and kp, (mg (g min®)~!) are the parameter of the
IPD. t is the contact time (min).

The fitting results and kinetic parameters of the
PFO and PSO were shown in Fig. 7b, ¢ and Table 1.
In order to gain more insights into adsorption kinet-
ics, we further explored the intraparticle diffusion
model. IPD investigates whether the adsorbate diffu-
sion in the pores of the adsorbent is the rate-limiting
step in the adsorption process. Equation 4(a), (b) were
employed to fit the adsorption process. Several times
tried to find the optimal division to derive the opti-
mal R? for IPD (Wang and Guo 2022). The intrapar-
ticle diffusion, pseudo-first order kinetic model and
pseudo-second order kinetic model were evaluated
by comparing the R%. IPD was simulated in Fig. 8a-h
and the kinetic parameters were given in Table 1.
The fitting results suggested that pseudo-second

Table 1 PFO, PSO and IPD parameters of TOCN/PDMDAAC

Model Dye MO MB
g.-exp (mg g7l 385.94  504.26
Pseudo-first order q.-cal 36991 480.19
k, 0.0721 0.0982
R pro 0.9893 0.9656
Pseudo-second order q.-cal 41090 52145
ky 0.00024 0.00027
R pso 0.9977 0.9992
Intraparticle diffusion q.-cal 414.68  539.52
model ko 62.003 94.814
ko 9.3437 11.935

optimal R pp) 0.9899 0.9864
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Fig. 8 a—i The IPD’s fitting results of TOCN/PDMDAAC towards MO and MB based on different division

order kinetic model could better model adsorption
process and implied the rate-limiting step of TOCN/
PDMDAAC, while the R? for the pseudo-second
order model were 0.9977 and 0.9992. The saturation
adsorption amount of TOCN/PDMDAAC calculated
from the pseudo-second order model was also closer
to the experimental value. PSO model revealed the
interaction of the TOCN/PDMDAAC active sites
with the MB, MO in the mass transfer process of
adsorption (Wang and Guo 2020). Furthermore, the
interpretation of the relevance of the optimal-fitted
results of PSO is still generally discussed. Hubbe and
coworkers concluded that adsorption behavior con-
sistent with the PSO model can usually be explained
by diffusion or the surface interactions. He pointed
out that the adsorption kinetics of cellulosic materials

@ Springer

depend mainly on diffusion-limited processes, such as
the heterogeneous distribution of the pore sizes, the
affinity and the charge interactions between the adsor-
bent and the adsorbate (Hubbe et al. 2019).

Adsorption isotherms

The isotherm model integrated the equilibrium
data and adsorption properties of the adsorbent and
adsorbent masses, allowing the description of the
interaction mechanism of the adsorbent and adsorb-
ates at a constant temperature (Al-Ghouti and
Da’ana 2020). According to the isotherm model,
the saturation adsorption amount was obtained by
adsorption isotherm experiments at 298 K. The
nonlinear forms of (5) Freundlich isotherm model,
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(6a) Langmuir isotherm model and (6b) R; con-
stant separation factor and (7) Temkin isotherm
model were chosen to discuss the adsorption the-
ory of TOCN/PDMDAAC (Tran et al. 2017).

!
qg = KFCen (5)
9K C,
9e = Tix,C. (6a)
_ 1
Ry = 14K, C, (6b)
g, = BIn(K;C,) (7)

where g, (mg g~') and ¢,, (mg g~!) represent the
adsorbate’s equilibrium and maximum adsorption
capacities, respectively. C, (mg L™') is the dye con-
centration in the aqueous phase at equilibrium. C,
(mg L7 is the initial adsorbate concentration. K, (L
mg~") is a Langmuir constant concerning adsorption
energy. R; is a constant separation factor (dimension-
less) of the solid-liquid adsorption system. K ((mg
g~!) (mg L™")™") represents the Freundlich constants
and n (dimensionless) is the Freundlich intensity
parameter, indicating the magnitude of the adsorp-
tion driving force or the surface heterogeneity. K (L
mg~!) represents the binding constant of the Temkin
isotherm equilibrium and B is the Temkin constant
related to the adsorption energy (Zhan et al. 2021).

The fitting results and the parameters of the
correlated adsorption isotherm model are shown
in Fig. 9 and Table 2. The correlation coefficient
Values(RzL) indicated that the Langmuir isother-
mal model was the most appropriate isothermal
model to describe the interactions of the adsorbent
and adsorbate. The adsorption of dye molecules
occurred at specific homogeneous sites and mon-
olayers were adsorbed on the TOCN/PDMDAA.
The separation factor (R;) (6b) can be calculated
as an indicator of favorable adsorption degree
(Webber and Chakkravorti 1974). In Table 2, the
calculated results of O<R; <1 showed that the
adsorption was favorable. Based on the Langmuir
isotherm model, the saturation adsorption amounts
of MO and MB by TOCN/PDMDAAC were cal-
culated to be 404.86 mg g~! and 520.83 mg g7,
respectively.

Adsorption thermodynamics

In order to investigate the effect of temperature on the
adsorption performance of TOCN/PDMDAAC, the
change in adsorption capacity of the adsorbent at dif-
ferent temperatures (298 K, 308 K, 318 K) was uti-
lized to characterize the thermodynamic behavior of
the adsorbent. Figure 10a described that as the tem-
perature rose, the adsorption of dye molecules per
unit mass of adsorbent increased, it showed an endo-
thermic nature of the absorption process. Thermody-
namic parameters such as Gibbs free energy change
(AG °, kJ mol™!), enthalpy change (AH °, kJ mol™})
and entropy change (AS °, J mol~! K™!) of dye mol-
ecules adsorbed on composite beads were calculated
according to van’t Hoff Eq. (8), (9), (10), which have
been evaluated in Table 3. In Fig. 10b, a plot of q./C,
versus T was constructed and shown.

AH®  AS°

= (42 25)

n8p RT TR ®)
AG®° = —RT In K, )
AG® = AH°® — TAS® (10)

where K|, equaling (q./C.) is the distribution coef-
ficient of the solute ions. R is the ideal gas constant
(8.314 T mol~! K~!) and T is the absolute temperature
in Kelvin (Sheha and El-Zahhar 2008).

With negative AG ° values, the spontaneity and
feasibility of the adsorption process of dye molecules
by TOCN/PDMAAC were confirmed. The posi-
tive value of AH ° further verified that the MO and
MB adsorption process by TOCN/PDMDAAC was
endothermic. The rising temperature increased the
amount of dye adsorption and benefited the adsorp-
tion process.

Binary MB and MO system

In order to investigate the adsorption capacity of the
adsorbent and the synergistic or competitive relation-
ship between MB and MO in the adsorption process.
The initial concentration of one dye was maintained
at the same concentration as the initial concentra-
tion in the single system (5 mmol L™!) and the other
dye at the initial concentration of 0.05 mmol L~! and
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Fig. 9 a Adsorption isotherms for the adsorption of TOCN/PDMDAAC towards MO and MB. Adsorption isotherm models: b Fre-
undlich, ¢ Langmuir, d Temkin for the adsorption of TOCN/PDMDAAC towards MO and MB, respectively

Table 2 Adsorption isotherm parameters for the adsorption of
TOCN/PDMDAAC

Model Dye MO MB
go-exp (mg g7 38594  504.26
Freundlich isotherm Kg 17.520  5.9500
model n 1.8283 1.5918
R%: 0.9782 0.9842
Langmuir isotherm K, 0.0055 0.0023
model g, (mg g™ 59426  688.59
R% 0.9998 0.9994
Ry 0.0999 0.2134
Temkin isotherm model Ky 0.1621 0.3931
B 60.7730 76.4974
R’ 0.7894 0.8177
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0.5 mmol L™! were blended, respectively. The result
was shown in Fig. 11, in the binary dye system, com-
pared with the single system, the adsorption capacity
decreased when the other dye was added at a lower
concentration (Cyo=5 mmol L™!, Cyp=0.05 mmol
L' or Cy;p=0.05 mmol L™!, Cyyz=5 mmol L),
which showed a competitive relationship, while the
adsorption capacity increased when the other dye
was added at a higher concentration (Cy;o=35 mmol
L™, Cyg=0.5 mmol L™ or Cy;o=0.5 mmol L7,
Cyp=5 mmol L"), which showed a synergistic
relationship between the two dyes in the adsorption
process. It could be explained that in high dye initial
concentration, as all the surface adsorption sites were
occupied, some previously adsorbed dye molecules
become new adsorption sites, and positively charged
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Table 3 Thermodynamic parameters for the adsorption of
TOCN/PDMDAAC

Dye AH°((kImol™) AS°({ AG ° (kJ mol™)
mol™'k™") 298K, 308K, 318 K
MO 7.83 19.78 -5.89, -6.08, -6.28
MB  6.04 19.38 -5.77,-5.96, -6.16
700
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Fig. 11 Comparison of adsorption capacity of binary MB and
MO systems with single dye system

MB dyes can be adsorbed onto MO molecules by
electrostatic attraction, as well as MO (Ma et al.
2018; Shi et al. 2022a, b). Meanwhile, due to the aro-
matic structure of MB, MO molecules, dimers can be
formed between dye molecules through EDA inter-
actions, and excess dyes can form larger aggregates
through electrostatic interactions, which indicated
that oppositely charged MO and MB dyes can pro-
mote each other’s adsorption ability (Shi et al. 2022a,
b). On the contrary, in the lower concentration of
the applied dyes, the adsorption behavior was influ-
enced by a certain amount and limited third dimen-
sion (Hubbe 2021) of adsorption sites, which showed
a competitive relationship.

Conclusion

The TOCN/PDMDAAC amphoteric adsorbent with
carboxylic acid and quaternary ammonium groups
was successfully obtained. TOCN/PDMDAAC was
measured by FT-IR, BET, SEM-EDS and XPS
tests. Accordingly, the corresponding results con-
firmed that DMDAAC successfully polymerized
in situ with TOCN as the anchor point. The carbox-
ylic acid content of TOCN/PDMDAAC determined
by conductivity titration was 0.83 mmol g~'. Initial
concentrations of dyes, pH, contact time, tempera-
ture and ionic strength had effects on the perfor-
mance of composite beads to adsorb MO and MB.
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The higher pH was more favorable for the uptake
of MB, while the adsorption capacity of TOCN/
PDMDAAC containing cationic polymers for MO
was significantly higher than TOCN beads at the
same pH, since electrostatic interaction was the
driving force in the adsorption process of TOCN/
PDMDAAC. At pH 7, based on the equilibrium
adsorption capacity of MO (390 mg g~!) and MB
(515 mg g!), TOCN/PDMDAAC can be proved
to be an effective amphoteric adsorbent. Redshift
of MO-TOCN/PDMDAAC and MB-TOCN/PDM-
DAAC hydroxyl peaks in FT-IR indicated that
hydrogen bonding was also one of the interactions
between dyes and TOCN/PDMDAAC. Various
models were analyzed for the adsorption behav-
ior of TOCN/PDMDAAC towards MO and MB.
Adsorption kinetic studies showed that the adsorp-
tion process of TOCN/PDMDAAC was more com-
patible with PSO, which implied that the interaction
between the dyes and adsorbent adsorption active
sites played a decisive role in the mass transfer pro-
cess of adsorption. According to the adsorption iso-
therm model, the adsorption process of MO and MB
on TOCN/PDMDAAC was in general agreement
with the Langmuir isotherm model. The adsorp-
tion of dyes occurred at specific homogeneous sites
and monolayers were adsorbed on the TOCN/PDM-
DAA. Thermodynamic studies showed that it was
an endothermic and spontaneous process in which
the absorption capacity of TOCN/PDMDAAC
increased with rising temperature. The adsorp-
tion behavior of binary mixed dye systems of MO
and MB has also been investigated. Notebly, the
addition of the other dye at a higher concentration
exhibited a synergistic adsorption. In conclusion, a
nanocellulose-based amphoteric adsorbent was suc-
cessfully constructed by an economical, environ-
mentally friendly and simple method. Therefore, we
expect that the work will promote the development
of wastewater purification.

Acknowledgments The research was financially supported
by the Shandong Provincial Natural Science Foundation of
China (No. ZR20210302328).

Author Contributions Ru Song: Writing—original draft,
Investigation, Methodology, Formal analysis. Enwen Zhu:
Writing—review & editing, Validation, Investigation, Data
curation, Visualization. Runqing Hou: Investigation. Fukun
Niu: Investigation. Jiangkai Bao: Investigation. Dan Chen:
Investigation. Zhuqun Shi: Conceptualization, Methodology,

@ Springer

Project administration, Writing—review & editing, Supervi-
sion. Quanling Yang: Investigation, Writing—review & edit-
ing. Chuanxi Xiong: Writing—review & editing.

Funding Funding was provided by the Shandong Provincial
Natural Science Foundation of China (No. ZR20210302328).

Availability of data and materials The datasets used and/or
analysis during the current study are available from the corre-
sponding author on reasonable request.

Declarations

Competing interests The authors declare no competing inter-
ests.

Ethics approval and consent to participate Compliance
with Ethical Standards.

Consent for publication All authors were informed and
agreed to publish in Cellulose.

References

Abouzeid RE, Khiari R, EI-Wakil N, Dufresne A (2019) Cur-
rent state and new trends in the use of cellulose nanoma-
terials for wastewater treatment. Biomacromol 20(2):573—
597. https://doi.org/10.1021/acs.biomac.8b00839

Aimonen K, Imani M, Hartikainen M, Suhonen S, Vanhala E,
Moreno C, Rojas OJ, Norppa H, Catalan J (2022) Sur-
face functionalization and size modulate the formation of
reactive oxygen species and genotoxic effects of cellulose
nanofibrils. Part Fibre Toxicol 19(1):19. https://doi.org/
10.1186/s12989-022-00460-3

Al-Ghouti MA, Da’ana DA (2020) Guidelines for the use and
interpretation of adsorption isotherm models: A review.
J Hazard Mater 393:122383. https://doi.org/10.1016/j.
jhazmat.2020.122383

An YY, Xiao P, Zheng HL, Zhao R, Han MX, Mao WW, Li
YS (2021) Multi-functionalized self-floating microspheres
for dyes capture: amphoteric adsorption and rapid surface
solid-liquid separation. J Clean Prod 296:126535. https://
doi.org/10.1016/j.jclepro.2021.126535

Andreas A, Winata ZG, Santoso SP, Angkawijaya AE, Yuliana
M, Soetaredjo FE, Ismadji S, Hsu H-Y, Go AW, Ju Y-H
(2021) Biocomposite hydrogel beads from glutaralde-
hyde-crosslinked phytochemicals in alginate for effective
removal of methylene blue. J Mol Liq 329:115579. https://
doi.org/10.1016/j.molliq.2021.115579

Antoniw JM, Hallman MT, Kiriakou MV, Morse T, Cranston
ED (2023) Colloidal stability window for carboxylated
cellulose nanocrystals: considerations for handling, char-
acterization, and formulation. Langmuir 39(30):10321-
10334. https://doi.org/10.1021/acs.langmuir.3c00319

Azha SF, Sellaoui L, Shamsudin MS, Ismail S, Bonilla-Petri-
ciolet A, Ben Lamine A, Ert A (2018) Synthesis and
characterization of a novel amphoteric adsorbent coating
for anionic and cationic dyes adsorption: Experimental


https://doi.org/10.1021/acs.biomac.8b00839
https://doi.org/10.1186/s12989-022-00460-3
https://doi.org/10.1186/s12989-022-00460-3
https://doi.org/10.1016/j.jhazmat.2020.122383
https://doi.org/10.1016/j.jhazmat.2020.122383
https://doi.org/10.1016/j.jclepro.2021.126535
https://doi.org/10.1016/j.jclepro.2021.126535
https://doi.org/10.1016/j.molliq.2021.115579
https://doi.org/10.1016/j.molliq.2021.115579
https://doi.org/10.1021/acs.langmuir.3c00319

Cellulose (2024) 31:5077-5095

5093

investigation and statistical physics modelling. Chem Eng
J 351:221-229. https://doi.org/10.1016/j.cej.2018.06.092

Celestino GG, Henriques RR, Shiguihara AL, Con-
stantino VRL, Melo RD, Amim J (2019) Adsorp-
tion of gallic acid on nanoclay modified with
poly(diallyldimethylammonium chloride). Environ Sci
Pollut Res 26:28444-28454. https://doi.org/10.1007/
$11356-018-3505-x

Chang CY, Zhang LN (2011) Cellulose-based hydrogels: Pre-
sent status and application prospects. Carbohydr Polym
84(1):40-53.  https://doi.org/10.1016/j.carbpol.2010.12.
023

Chen F, Zhao E, Kim T, Wang JX, Hableel G, Reardon PIT,
Wang TY, Ananthakrishna SJ, Arconada-Alvarez S,
Knowles JC, Jokerst JV (2017) Organosilica nanoparti-
cles with an intrinsic secondary amine: an efficient and
reusable adsorbent for dyes. ACS Appl Mater Interfaces
9(18):15566-15576. https://doi.org/10.1021/acsami.
700418

Chen B, Long FX, Chen SJ, Cao YR, Pan XJ (2020a) Mag-
netic chitosan biopolymer as a versatile adsorbent for
simultaneous and synergistic removal of different sorts
of dyestuffs from simulated wastewater. Chem Eng J
385:123926. https://doi.org/10.1016/j.cej.2019.123926

Chen CJ, Kuang YD, Zhu SZ, Burgert I, Keplinger T, Gong A,
Li T, Berglund L, Eichhorn SJ, Hu LB (2020b) Structure-
property-function relationships of natural and engineered
wood. Nat Rev Mater 5(9):642-666. https://doi.org/10.
1038/s41578-020-0195-z

Chen Y, Huang SA, Yu K, Guo JZ, Wang YX, Li B (2023)
Adsorption of lead ions and methylene blue on acrylate-
modified hydrochars. Bioresour Technol 379:129067.
https://doi.org/10.1016/j.biortech.2023.129067

Cheng F, Liu CY, Wei XJ, Yan TS, Li HB, He JM, Huang YD
(2017) Preparation and characterization of 2,2,6,6-Tetra-
methylpiperidine-1-oxyl (TEMPO)-oxidized cellulose
nanocrystal/alginate biodegradable composite dress-
ing for hemostasis applications. ACS Sustain Chem Eng
5(5):3819-3828. https://doi.org/10.1021/acssuschemeng.
6b02849

de Oliveira GR, Fernandes NS, de Meloa JV, da Silva DR,
Urgeghe C, Martinez-Huitle CA (2011) Electrocatalytic
properties of Ti-supported Pt for decolorizing and remov-
ing dye from synthetic textile wastewaters. Chem Eng J
168(1):208-214. https://doi.org/10.1016/j.cej.2010.12.070

Dong X, Zhang Z et al (2022) Bio-inspired non-iridescent
structural coloration enabled by self-assembled cellulose
nanocrystal composite films with balanced ordered/disor-
dered arrays. Compos Part B-Eng 229:109456. https://doi.
org/10.1016/j.compositesb.2021.109456

Fraschini C, Chauve G, Bouchard J (2017) TEMPO-medi-
ated surface oxidation of cellulose nanocrystals (CNCs).
Cellulose 24:2775-2790. https://doi.org/10.1007/
s10570-017-1319-5

French AD (2017) Glucose, not cellobiose, is the repeating unit
of cellulose and why that is important. Cellulose 24:4605—
46009. https://doi.org/10.1007/s10570-017-1450-3

Gan S, Zakaria S, Chia CH, Kaco H (2018) Effect of gra-
phene oxide on thermal stability of aerogel bio-
nanocomposite from cellulose-based waste biomass.

Cellulose  25(9):5099-5112.
s10570-018-1946-5

Gomes AS, Leal MVG, Tolosa GR, Cabrera FC, Dognani G,
Job AE (2023) Cationic dialdehyde cellulose microfibers
for efficient removal of eriochrome black T from aqueous
solution. Bioresour Technol 380:129096. https://doi.org/
10.1016/j.biortech.2023.129096

Gupta SV, Kulkarni VV, Ahmaruzzaman M (2024) Fabrication
of a bio-adsorbent material by grafting CeO, quantum
dots (QDts) over Areca nut shell biochar using Saccharum
officinarum extract as a solvent/capping agent for adsorp-
tion of Methylene blue dye: Synthesis, material analyses,
adsorption kinetics and isotherms studies. Colloids Surf
A Physicochem Eng Asp 680:132611. https://doi.org/10.
1016/j.colsurfa.2023.132611

Gurav R, Bhatia SK, Choi T-R, Choi Y-K, Kim HJ, Song
H-S, Lee SM, Park SL, Lee HS, Koh J, Jeon J-M, Yoon
J-J, Yang Y-H (2021) Application of macroalgal biomass
derived biochar and bioelectrochemical system with She-
wanella for the adsorptive removal and biodegradation of
toxic azo dye. Chemosphere 264(2):128539. https://doi.
org/10.1016/j.chemosphere.2020.128539

He T, Hua JQ, Chen R-P, Yu L (2021) Adsorption characteris-
tics of methylene blue by a dye-degrading and extracellu-
lar polymeric substance-producing strain. J Environ Man-
age 288:112446. https://doi.org/10.1016/j.jenvman.2021.
112446

Hu ZY, Guo C, Wang P, Guo R, Liu XW, Tian Y (2022) Elec-
trochemical degradation of methylene blue by Pb modified
porous SnO, anode. Chemosphere 305:135447. https://
doi.org/10.1016/j.chemosphere.2022.135447

Hubbe MA (2021) Insisting upon meaningful results from
adsorption experiments. Sep Purif Rev 51(2):212-225.
https://doi.org/10.1080/15422119.2021.1888299

Hubbe MA, Azizian S, Douven S (2019) Implications of
apparent pseudo-second-order adsorption kinetics onto
cellulosic materials: a review. Bioresour 14, 7582-7626.
https://doi.org/10.15376/biores.14.3.7582-7626

Isogai A (2021) Emerging nanocellulose technologies: recent
developments. Adv Mater 33(28):2000630. https://doi.
org/10.1002/adma.202000630

Isogai A, Sait T, Fukuzumi H (2011) TEMPO-oxidized cellu-
lose nanofibers. Nanoscale 3(1):71-85. https://doi.org/10.
1039/CONRO0583E

Jawad AH, Abdulhameed AS, Reghioua A, Yaseen ZM (2020)
Zwitterion composite chitosan-epichlorohydrin/zeolite for
adsorption of methylene blue and reactive red 120 dyes.
Int J Biol Macromol 163:756-765. https://doi.org/10.
1016/j.ijbiomac.2020.07.014

Jia X, Qian MH, Peng WH, Xu X, Zhang YJ, Zhao XL
(2023) Synthesis and demulsification properties of poly
(DMDAAC-co-DAMBAC) (9:1) copolymer. Polymers
15(3):562. https://doi.org/10.3390/polym 15030562

Jin YH, Liu F, Li YH, Du QJ, Song FL, Chen B, Chen KW,
Zhang Y, Wang MZ, Wang DC (2023) Efficient adsorp-
tion of azo anionic dye Congo Red by micro-nanometal-
organic framework MIL-68(Fe) and MIL-68(Fe)/chitosan
composite sponge: Preparation, characterization and
adsorption performance. Int J Biol Macromol 120:88—
116. https://doi.org/10.1016/j.ijjbiomac.2023.126198

https://doi.org/10.1007/

@ Springer


https://doi.org/10.1016/j.cej.2018.06.092
https://doi.org/10.1007/s11356-018-3505-x
https://doi.org/10.1007/s11356-018-3505-x
https://doi.org/10.1016/j.carbpol.2010.12.023
https://doi.org/10.1016/j.carbpol.2010.12.023
https://doi.org/10.1021/acsami.7b0418
https://doi.org/10.1021/acsami.7b0418
https://doi.org/10.1016/j.cej.2019.123926
https://doi.org/10.1038/s41578-020-0195-z
https://doi.org/10.1038/s41578-020-0195-z
https://doi.org/10.1016/j.biortech.2023.129067
https://doi.org/10.1021/acssuschemeng.6b02849
https://doi.org/10.1021/acssuschemeng.6b02849
https://doi.org/10.1016/j.cej.2010.12.070
https://doi.org/10.1016/j.compositesb.2021.109456
https://doi.org/10.1016/j.compositesb.2021.109456
https://doi.org/10.1007/s10570-017-1319-5
https://doi.org/10.1007/s10570-017-1319-5
https://doi.org/10.1007/s10570-017-1450-3
https://doi.org/10.1007/s10570-018-1946-5
https://doi.org/10.1007/s10570-018-1946-5
https://doi.org/10.1016/j.biortech.2023.129096
https://doi.org/10.1016/j.biortech.2023.129096
https://doi.org/10.1016/j.colsurfa.2023.132611
https://doi.org/10.1016/j.colsurfa.2023.132611
https://doi.org/10.1016/j.chemosphere.2020.128539
https://doi.org/10.1016/j.chemosphere.2020.128539
https://doi.org/10.1016/j.jenvman.2021.112446
https://doi.org/10.1016/j.jenvman.2021.112446
https://doi.org/10.1016/j.chemosphere.2022.135447
https://doi.org/10.1016/j.chemosphere.2022.135447
https://doi.org/10.1080/15422119.2021.1888299
https://doi.org/10.15376/biores.14.3.7582-7626
https://doi.org/10.1002/adma.202000630
https://doi.org/10.1002/adma.202000630
https://doi.org/10.1039/C0NR00583E
https://doi.org/10.1039/C0NR00583E
https://doi.org/10.1016/j.ijbiomac.2020.07.014
https://doi.org/10.1016/j.ijbiomac.2020.07.014
https://doi.org/10.3390/polym15030562
https://doi.org/10.1016/j.ijbiomac.2023.126198

5094

Cellulose (2024) 31:5077-5095

Kaur P, Shin MS, Park JS, Verma G, Sekhon SS (2018)
Supramolecular modification of Carbon Nanofibers with
Poly(diallyl dimethylammonium) chloride and Triton
X-100 for electrochemical application. Int J Hydrog
Energy 43(13):6575-6585. https://doi.org/10.1016/j.
ijhydene.2018.02.075

Kayan GO, Kayan A (2021) Composite of natural polymers
and their adsorbent properties on the dyes and heavy
metal ions. J Polym Environ 29(11):3477-3496. https://
doi.org/10.1007/s10924-021-02154-x

Khasevani SG, Shahsavari S, Gholami MR (2021) Green
synthesis of ternary carbon dots (CDs)/MIL-88B (Fe)/
Bi,S; nanocomposite via MOF templating as a reus-
able heterogeneous nanocatalyst and nano-photocatalyst.
Mater Res Bull 138:111204. https://doi.org/10.1016/j.
materresbull.2021.111204

Li N, Yang H (2021) Construction of natural polymeric
imprinted materials and their applications in water treat-
ment: A review. J] Hazard Mate 403(5):123643. https://
doi.org/10.1016/j.jhazmat.2020.123643

Li Y, Xiao HN, Pan YF, Wang LD (2018) Novel composite
adsorbent consisting of dissolved cellulose fiber/micro-
fibrillated cellulose for dye removal from Aqueous Solu-
tion. ACS Sustain Chem Eng 6(5):6994-7002. https://
doi.org/10.1021/acssuschemeng.8b00829

Li HJ, Miao L, Zhao GQ, Jia WZ, Zhu ZR (2022) Prepara-
tion of high-performance chitosan adsorbent by cross-
linking for adsorption of Reactive Red 2 (RR2) dye
wastewater. J Environ Chem Eng 10(6):108872. https://
doi.org/10.1016/j.jece.2022.108872

Ma J, Ma Y, A, Yu F, (2018) Novel One-Pot Route for
Large-Scale Synthesis of Novel Magnetic CNTs/
Fe@C Hybrids and Their Applications for Binary Dye
Removal. ACS Sustain Chem Eng 6(7):8178-8191.
https://doi.org/10.1021/acssuschemeng.7b04668

Mittal H, Babu R, Alhassan SM (2020) Utilization of gum
xanthan based superporous hydrogels for the effective
removal of methyl violet from aqueous solution. Int J
Biol Macromol 143:413-423. https://doi.org/10.1016/].
ijbiomac.2019.11.008

Mittal H, Al Alili A, Morajkar PP, Alhassan SM (2021) GO
crosslinked hydrogel nanocomposites of chitosan/car-
boxymethyl cellulose-A versatile adsorbent for the treat-
ment of dyes contaminated wastewater. Int J Biol Mac-
romol 167:1248-1261. https://doi.org/10.1016/j.ijbio
mac.2020.11.079

Momina, Ahmad K (2023) Feasibility of the adsorption as
a process for its large scale adoption across industries
for the treatment of wastewater: Research gaps and eco-
nomic assessment. J Clean Prod 388:136014. https://doi.
org/10.1016/j.jclepro.2023.136014

Munk M, Camargo LSA, Quintdo CCR, Silva SR, Souza ED,
Raposo NRB, Marconcini JM, Jorio A, Ladeira LO,
Brandao HM (2016) Biocompatibility assessment of
fibrous nanomaterials in mammalian embryos. Nano-
medicine 12(5):1151-1159. https://doi.org/10.1016/].
nano.2016.01.006

Nan BF, Wu K, Qu ZC, Xiao LQ, Xu CG, Shi J, Lu MG
(2020) A multifunctional thermal management paper
based on functionalized graphene oxide nanosheets

@ Springer

decorated with nanodiamond. Carbon 161:132-145.
https://doi.org/10.1016/j.carbon.2020.01.056

Oyarce E, Butter B, Santander P, Sanchez J (2021) Polyelectro-
lytes applied to remove methylene blue and methyl orange
dyes from water via polymer-enhanced ultrafiltration. J
Environ Chem Eng 9(6):106297. https://doi.org/10.1016/j.
jece.2021.106297

Pandey A (2021) Pharmaceutical and biomedical appli-
cations of cellulose nanofibers: a review. Environ
Chem Lett 19(3):2043-2055. https://doi.org/10.1007/
s10311-021-01182-2

Pathania D, Araballi A, Fernandes F, Shivanna JM, Sriram G,
Kurkuri M, Hegde G, Aminabhavi TM (2023) Cost effec-
tive porous areca nut carbon nanospheres for adsorptive
removal of dyes and their binary mixtures. Environ Res
224:115521. https://doi.org/10.1016/j.envres.2023.115521

Routoula E, Patwardhan SV (2020) Degradation of anthraqui-
none dyes from effluents: A review focusing on enzymatic
dye degradation with industrial potential. Environ Sci
Technol 54(2):647-664. https://doi.org/10.1021/acs.est.
9b03737

Shan H, Poredos P, Ye ZY, Qu H, Zhang YX, Zhou MJ, Wang
RZ, Tan SC (2023) All-Day Multicyclic Atmospheric
Water Harvesting Enabled by Polyelectrolyte Hydrogel
with Hybrid Desorption Mode. Adv Mater. https://doi.org/
10.1002/adma.202302038

Sheha RR, El-Zahhar AA (2008) Synthesis of some ferromag-
netic composite resins and their metal removal character-
istics in aqueous solutions. J Hazard Mater 150(3):795—
803. https://doi.org/10.1016/j.jhazmat.2007.05.042

Shi YW, Chang Q, Zhang TW, Song GB, Sun Y, Ding GH
(2022a) A review on selective dye adsorption by different
mechanisms. J Environ Chem Eng 10(6):108639. https://
doi.org/10.1016/j.jece.2022.108,639

Shi YW, Song GB, Li AQ, Wang J, Wang HA, Sun Y, Ding
GH (2022b) Graphene oxide-chitosan composite aero-
gel for adsorption of methyl orange and methylene blue:
Effect of pH in single and binary systems. Colloid Surface
A 641:128595. https://doi.org/10.1016/j.colsurfa.2022.
128595

Surendran G, Sherje AP (2022) Cellulose nanofibers and com-
posites: An insight into basics and biomedical applica-
tions. J Drug Deliv Sci Technol 75:103601. https://doi.
org/10.1016/j.jddst.2022.103601

Tan Q, Jia XY, Dai R, Chang HQ, Woo MW, Chen H (2023)
Synthesis of a novel magnetically recyclable starch-based
adsorbent for efficient adsorption of crystal violet dye. Sep
Purif Technol 320(1):124157. https://doi.org/10.1016/j.
seppur.2023.124157

Tran HN, You SJ, Hosseini-Bandegharaei A, Chao HP (2017)
Mistakes and inconsistencies regarding adsorption of con-
taminants from aqueous solutions: a critical review. Water
Res 120:88-116. https://doi.org/10.1016/j.watres.2017.04.
014

Uddin F (2021) Environmental hazard in textile dyeing waste-
water from local textile industry. Cellulose 28(17):10715—
10739. https://doi.org/10.1007/s10570-021-04228-4

Wang JL, Guo X (2020) Adsorption kinetic models: Physical
meanings, applications, and solving methods. J Hazard
Mater  390:122156.  https://doi.org/10.1016/j.jhazmat.
2020.122156


https://doi.org/10.1016/j.ijhydene.2018.02.075
https://doi.org/10.1016/j.ijhydene.2018.02.075
https://doi.org/10.1007/s10924-021-02154-x
https://doi.org/10.1007/s10924-021-02154-x
https://doi.org/10.1016/j.materresbull.2021.111204
https://doi.org/10.1016/j.materresbull.2021.111204
https://doi.org/10.1016/j.jhazmat.2020.123643
https://doi.org/10.1016/j.jhazmat.2020.123643
https://doi.org/10.1021/acssuschemeng.8b00829
https://doi.org/10.1021/acssuschemeng.8b00829
https://doi.org/10.1016/j.jece.2022.108872
https://doi.org/10.1016/j.jece.2022.108872
https://doi.org/10.1021/acssuschemeng.7b04668
https://doi.org/10.1016/j.ijbiomac.2019.11.008
https://doi.org/10.1016/j.ijbiomac.2019.11.008
https://doi.org/10.1016/j.ijbiomac.2020.11.079
https://doi.org/10.1016/j.ijbiomac.2020.11.079
https://doi.org/10.1016/j.jclepro.2023.136014
https://doi.org/10.1016/j.jclepro.2023.136014
https://doi.org/10.1016/j.nano.2016.01.006
https://doi.org/10.1016/j.nano.2016.01.006
https://doi.org/10.1016/j.carbon.2020.01.056
https://doi.org/10.1016/j.jece.2021.106297
https://doi.org/10.1016/j.jece.2021.106297
https://doi.org/10.1007/s10311-021-01182-2
https://doi.org/10.1007/s10311-021-01182-2
https://doi.org/10.1016/j.envres.2023.115521
https://doi.org/10.1021/acs.est.9b03737
https://doi.org/10.1021/acs.est.9b03737
https://doi.org/10.1002/adma.202302038
https://doi.org/10.1002/adma.202302038
https://doi.org/10.1016/j.jhazmat.2007.05.042
https://doi.org/10.1016/j.jece.2022.108,639
https://doi.org/10.1016/j.jece.2022.108,639
https://doi.org/10.1016/j.colsurfa.2022.128595
https://doi.org/10.1016/j.colsurfa.2022.128595
https://doi.org/10.1016/j.jddst.2022.103601
https://doi.org/10.1016/j.jddst.2022.103601
https://doi.org/10.1016/j.seppur.2023.124157
https://doi.org/10.1016/j.seppur.2023.124157
https://doi.org/10.1016/j.watres.2017.04.014
https://doi.org/10.1016/j.watres.2017.04.014
https://doi.org/10.1007/s10570-021-04228-4
https://doi.org/10.1016/j.jhazmat.2020.122156
https://doi.org/10.1016/j.jhazmat.2020.122156

Cellulose (2024) 31:5077-5095

5095

Wang JL, Guo X (2022) Rethinking of the intraparticle diffu-
sion adsorption kinetics model: Interpretation, solving
methods and applications. Chemosphere 309(2):136732.
https://doi.org/10.1016/j.chemosphere.2022.136732

Wang JL, Guo X (2023) Adsorption kinetics and isotherm
models of heavy metals by various adsorbents: an over-
view. Crit Rev Environ Sci Technol 53(21):1837-1865.
https://doi.org/10.1080/10643389.2023.2221157

Webber TW, Chakkravorti RK (1974) Pore and solid diffusion
models for fixed-bed adsorbers. AIChE J 20:228-238.
https://doi.org/10.1002/aic.690200204

Wei JJ, Zhou CL, Zeng ZH, Pan F, Wang FQ, Lei LW, Nystrom
G, Fu ZY (2022) Bioinspired cellulose-integrated MXene-
based hydrogels for multifunctional sensing and elec-
tromagnetic interference shielding. Interdiscip Mater
1(4):495-506. https://doi.org/10.1002/idm2.12026

Wu T, Song YH, Shi ZQ, Liu DN, Chen SL, Xiong CX, Yang
QL (2021) High-performance nanogenerators based on
flexible cellulose nanofibril/MoS, nanosheet composite
piezoelectric films for energy harvesting. Nano Energy.
https://doi.org/10.1016/j.nanoen.2020.105541

Xiang YF, Banks MK, Wu RX, Xu WJ, Chen S (2018) Syn-
thesis of thermo-sensitive PDDA-co-PNIPAM/graphene
hybrid via electrostatic interactions and its thermal mod-
ulated phase transition. Mater Chem Phys 220:58-65.
https://doi.org/10.1016/j.matchemphys.2018.08.070

Xu DS, Kong QM, Wang XJ, Lou T (2022) Preparation of car-
boxymethyl cellulose/chitosan-CuO giant vesicles for the
adsorption and catalytic degradation of dyes. Carbohydr
Polym  291:119630. https://doi.org/10.1016/j.carbpol.
2022.119630

Xue JH, Zhu EW, Zhu HF, Liu DN, Cai HP, Xiong CX, Yang
QL, Shi ZQ (2022) Dye adsorption performance of nano-
cellulose beads with different carboxyl group content.
Cellulose  30(3):1623-1636.  https://doi.org/10.1007/
$10570-022-04964-1

You JY, Liu C, Feng X, Lu BW, Xia L, Zhuang XP (2022)
In situ synthesis of ZnS nanoparticles onto cellulose/chi-
tosan sponge for adsorption-photocatalytic removal of
Congo red. Carbohydr Polym 288:119332. https://doi.org/
10.1016/j.carbpol.2022.119332

Yu SJ, Pang HW, Huang SY, Tang H, Wang SQ, Qiu MQ,
Chen ZS, Yang H, Song G, Fu D, Hu BW, Wang XX
(2021) Recent advances in metal-organic framework
membranes for water treatment: A review. Sci Total Envi-
ron 800:149662. https://doi.org/10.1016/j.scitotenv.2021.
149662

Zhan YF, Yang L, Lan JW, Shang JJ, Chen SQ, Guan XM, Li
WX, Lin SJ (2021) Mussel-inspired polydopamine deco-
rated pomelo peel as a durable biosorbent for adsorption
of cationic dyes. Cellulose 28(1):453-470. https://doi.org/
10.1007/s10570-020-03541-8

Zhao HY, Dong WX, Deng Y, Chen LF, Zhang CF, Zhang CL,
Zhou J, Qu LF, Li YS, Li DJ, Yu SH (2022) Biomass-
based biomimetic-oriented Janus nanoarchitecture for effi-
cient heavy-metal enrichment and interfacial solar water
sanitation. Interdiscip Mater 1(4):537-547. https://doi.
org/10.1002/idm?2.12057

Zhou YB, Hu YH, Huang WW, Cheng G, Cui CZ, Lu J (2018)
A novel amphoteric beta-cyclodextrin-based adsorbent
for simultaneous removal of cationic/anionic dyes and
bisphenol A. Chem Eng J 341:47-57. https://doi.org/10.
1016/j.cej.2018.01.155

Zhu HF, Zhu EW, Xie YY, Liu DN, Hu Y, Shi ZQ, Xiong CX,
Yang QL (2022) Hydrangea-like nanocellulose micro-
spheres with high dye adsorption and drug encapsula-
tion prepared by emulsion method. Carbohydr Polym
296:119947. https://doi.org/10.1016/j.carbpol.2022.
119947

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


https://doi.org/10.1016/j.chemosphere.2022.136732
https://doi.org/10.1080/10643389.2023.2221157
https://doi.org/10.1002/aic.690200204
https://doi.org/10.1002/idm2.12026
https://doi.org/10.1016/j.nanoen.2020.105541
https://doi.org/10.1016/j.matchemphys.2018.08.070
https://doi.org/10.1016/j.carbpol.2022.119630
https://doi.org/10.1016/j.carbpol.2022.119630
https://doi.org/10.1007/s10570-022-04964-1
https://doi.org/10.1007/s10570-022-04964-1
https://doi.org/10.1016/j.carbpol.2022.119332
https://doi.org/10.1016/j.carbpol.2022.119332
https://doi.org/10.1016/j.scitotenv.2021.149662
https://doi.org/10.1016/j.scitotenv.2021.149662
https://doi.org/10.1007/s10570-020-03541-8
https://doi.org/10.1007/s10570-020-03541-8
https://doi.org/10.1002/idm2.12057
https://doi.org/10.1002/idm2.12057
https://doi.org/10.1016/j.cej.2018.01.155
https://doi.org/10.1016/j.cej.2018.01.155
https://doi.org/10.1016/j.carbpol.2022.119947
https://doi.org/10.1016/j.carbpol.2022.119947

	Nanocellulose-based composite beads as the amphoteric adsorbent for effective adsorption of cationic and anionic dyes
	Abstract 
	Graphic Abstract 

	Introduction
	Materials and methods
	Materials
	Preparation of TOCNs
	Preparation of TOCN hydrogel beads
	Preparation of TOCNPDMDAAC composite aerogel beads
	Characterization
	Adsorption experiments

	Results and discussion
	Characterization of TOCN beads and TOCNPDMDAAC​
	Fourier transform infrared spectroscopy (FT–IR)
	X-ray photoelectron spectroscopy (XPS)
	Conductometric titration
	pH titration
	Scanning electron microscopy and Energy-dispersive X-ray spectroscopy (SEM–EDS)
	Brunauer–Emmett–Teller (BET)
	Swelling test

	TOCNPDMDAAC adsorption performance analysis
	Effect of the initial concentration of the dye
	Effect of pH
	Effect of contact time
	Effect of ionic strength

	Adsorption kinetics
	Adsorption isotherms
	Adsorption thermodynamics
	Binary MB and MO system

	Conclusion
	Acknowledgments 
	References




