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Abstract Cellulose-based adsorbents have attracted
extensive attention owing to their ecofriendly char-
acteristics. However, most cellulose-based adsor-
bents possess inadequate adsorption capabilities for
typical pollutants such as heavy-metal ions and dyes.
Herein, we developed a cost-effective and robust
cellulose-based adsorbent with a three-dimensional
network structure based on hydrogen bonds and elec-
trostatic interactions via the simple supramolecular
self-assembly of carboxymethyl cellulose (CMC),
cationic polyacrylamide (CPAM), and tannic acid
(TA) (referred to as CMC-CPAM-TA). Benefit-
ing from the abundant catechol/carboxyl groups and
mesoporous/macroporous channels, CMC-CPAM-
TA could trap Cu(Il) ions and rhodamine B (RhB)
(representing a typical heavy-metal ion and dye,
respectively) by rapidly forming Cu-O coordina-
tion bonds and inducing electrostatic interactions.
CMC-CPAM-TA exhibited high adsorption capaci-
ties for Cu(Il) ions and RhB, which were 669.8 and
202.2 mg/g, respectively. These values are 1.3-23.6
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and 1.1-72.2 times higher than those of commonly
reported cellulose-based adsorbents, respectively.
Furthermore, CMC-CPAM-TA showed high regen-
erative ability for Cu(Il) ions and RhB after five
cycles owing to its robust structure.
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Introduction

Dyes and heavy-metal ions, which mainly result from
printing, dyeing, and metal etching processes, are
two of the most common sources of contamination in
wastewater and may cause teratogenic, carcinogenic,
and mutagenic effects in humans and aquatic organ-
isms (Cai et al. 2021). Various methods have been
employed to remove dyes and heavy-metal ions from
water environments, including adsorption (Arora
2019; Yagub et al. 2014), ion exchange (Bashir et al.
2018), chemical precipitation (Chen et al. 2018),
membrane separation (Li et al. 2019b), and reverse
osmosis (Zhang et al. 2018), among which adsorp-
tion serves as one of the most effective and promising
methods to address this serious environmental issue
(Afroze and Sen 2018).

Among various adsorption materials developed
till date, natural bio-based adsorbents have attracted
extensive attention due to their cost-effectiveness,
easy regeneration, widespread availability, and ecof-
riendly characteristics. In particular, cellulose, which
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is the most abundant natural polymer (Ayouch et al.
2021), has received considerable interest for chemi-
cal modification owing to the presence of abundant
hydroxyl groups in its molecular chain (Marchessault
1983). This structural feature allows the grafting of
different functional groups, such as amino, amide,
carboxyl, and carbonyl sulfide groups, onto the sur-
face of cellulose using various methods (Chen et al.
2019; Li et al. 2019a; Liu et al. 2015b; Wang et al.
2020), rendering modified cellulose suitable as an
adsorbent to remove heavy metals or dyes via coor-
dination bonds and electrostatic effects (Ren et al.
2016). However, the strong intermolecular and intra-
molecular hydrogen bonds in the hydroxyl groups
tend to induce the aggregation of cellulose into bun-
dles and the formation of highly crystalline struc-
tures with reduced porosity (Chen et al. 2019). These
phenomena decrease the grafting rate of functional
groups and negatively affect the mass transfer of an
adsorbate in cellulose, reducing the adsorption capac-
ity. Therefore, increasing the grafting rate of func-
tional groups and modulating the molecular structure
of materials are essential research targets to increase
adsorption capacity and improve mass transfer rate of
cellulose.

Sodium carboxymethyl cellulose (CMC) is an ani-
onic ether polymer containing numerous carboxyl and
hydroxyl groups in its macromolecular chain, which
lead to its good solubility in aqueous media (French
2017; Lin et al. 2013; Wu et al. 2015). Therefore,
as a precursor for preparing adsorbents, CMC can
be expected to considerably improve the availabil-
ity of natural cellulose (Ren et al. 2016). In recent
years, many CMC-based adsorbents, such as CMC
hydrogels (Wang et al. 2020), CMC-grafted gra-
phene oxide/polyethylene glycol (Ayouch et al. 2021;
Tohamy et al. 2020), and CMC-sulfonated graphene
oxide composites (Liu et al. 2021; Sekine et al. 2020;
Zhu et al. 2021), have been developed for the removal
of heavy metals and dyes from wastewater. However,
the practical applications of cellulose hydrogels and
graphene oxide are restricted due to their complex
production processes, lower mass transfer rates, and
regeneration concerns (Afroze and Sen 2018). There-
fore, addressing these issues by skillfully designing
adsorption materials based on CMC constitutes an
important yet challenging task.

Previous studies have reported that tannic acid
(TA) can adsorb heavy metals and dyes owing to its
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catechol structure (Liu et al. 2015a; Uger et al. 2006;
Yao et al. 2021; Zou et al. 2019); however, its solubil-
ity in aqueous media hinders its individual application
for adsorption (Xia et al. 2021). Combining CMC and
TA can be an effective approach to address the issue
of regeneration because of the numerous carboxyl and
hydroxyl groups of CMC and TA, which would lead
to hydrogen bonds and electrostatic interactions with
positively charged polymers. In addition, the carboxyl
and hydroxyl groups in TA and CMC may function
as adsorption sites to remove heavy metals and dyes.

As a proof of concept, herein, we report the use of
CMC and TA as functional raw materials and cati-
onic polyacrylamide (CPAM) as a crosslinking agent
to obtain a self-assembled cellulose-based nanopo-
rous adsorbent exhibiting a three-dimensional (3D)
network (CMC-CPAM-TA) based on electrostatic
interactions and hydrogen bonds (Fig. la—c). This
nanoporous adsorbent can remove Cu(Il) ions and
rhodamine B (RhB) via the coordination between
the catechol structure and Cu(Il) ions and the elec-
trostatic interaction between the hydroxyl/carboxyl
groups and RhB (Fig. 1d, e). The adsorption capaci-
ties of CMC-CPAM-TA for Cu(Il) ions and RhB
reached 669.80 and 202.15 mg/g, respectively, out-
performing most previously reported bio-based
adsorbents. Its good recyclability and low cost render
CMC-CPAM-TA suitable for wastewater purification
via adsorption.

Experimental
Materials

Sodium carboxymethyl cellulose (CMC, Degree of
substitution=0.7, M, =90,000 g/mol) and Tannic
acid (TA, AR) were purchased from Shanghai Alad-
din Biochemical Technology Co., Ltd. Cationic poly-
acrylamide (CPAM, Mw =8-10 million g/mol) and
rhodamine B (RhB, AR) were purchased from Shang-
hai Macklin Biochemical Co., Ltd. Copper chloride
(CuCl,, AR) and sodium hydroxide (NaOH, AR)
were purchased from the Damao Chemical Reagent
Factory. Absolute ethanol (AR) was purchased from
Tianjin Fuyu Fine Chemical Co., Ltd. Hydrochloric
acid (HCI) was purchased from Yantai Far East Fine
Chemical Co., Ltd.
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Fig. 1 Synthesis route for CMC—CPAM-TA and adsorption mechanism for Cu(Il) ions and rhodamine B

Experimental methods
Preparation of the CMC-CPAM-TA adsorbent

First, TA, CMC, and CPAM solutions were pre-
pared by dissolving 1 g of TA in 100 mL of distilled
water at 40 °C, 2 g of CMC in 200 mL of distilled
water at 70 °C, and 1 g of CPAM in 500 mL of
4 wt% ethanol solution at 70 °C, respectively, using
a magnetic stirrer (700 r/min).

Then, the CMC solution was dropped into the TA
solution at a rate of 5 mL/min under a stirring rate
of 500 r/min. After titration, the CPAM solution
was added to the mixed solution under the same
conditions. In the reaction process, a large amount
of sediment appeared. The reaction was considered
to reach completion when no more sediment was
formed. Finally, CMC-CPAM-TA was obtained by
freeze drying for 48 h.

Adsorption of Cu(Il) ions and RhB

Batch adsorption experiments were conducted in a
250 mL conical flask with a constant stirring rate of
150 r/min in a thermostatic oscillator. The effects of
pH, initial concentration, amount of adsorbent, contact
time, and temperature on the adsorption capacity for
Cu(II) ions and RhB were investigated. The concentra-
tion of Cu(Il) ions was determined via inductively cou-
pled plasma optical emission spectrometry (ICP-OES;
Agilent 5110). The concentration of RhB was deter-
mined via ultraviolet—visible (UV—vis) spectrophotom-
etry at a wavelength of 553 nm.

The adsorption capacities of CMC-CPAM-TA for
Cu(Ill) ions and RhB were determined according to
Eq. 1.

q = (co—¢,)v/1000g 6}
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where ¢ is the adsorption capacity (mg/g); ¢, and c,
are the concentrations of Cu(Il) ions or RhB before
and after adsorption, respectively (mg/L); v is the
volume of the adsorption solution (mL); and g is the
weight of CMC-CPAM-TA used (g).

The pseudo-first-order and pseudo-second-order
kinetic models were used to explain the adsorption
dynamics according to Egs. 2 and 3 (He et al. 2021):

q, = q,(1—e™h" 2)

q; = sz§f/(1 + quet) 3)

where g, and g, (mg/g) are the adsorption capaci-
ties at equilibrium and at time #, respectively, and k;
(min~') and k, (g/mg-min~") represent the reaction rate
constants corresponding to the pseudo-first-order and
pseudo-second-order adsorption models, respectively.

The Langmuir and Freundlich isothermal models
were used to evaluate the adsorption process between
CMC-CPAM-TA and Cu(l) ions and RhB using
Eqgs. 4 and 5 (Cai et al. 2021):

Qe = quLCe/(l + KLCe) (4)

g, = KpC\/" (5)

where ¢, is the maximum adsorption capacity
(mg/g), c, is the equilibrium concentration (mg/L),
K; is the Langmuir constant (L/mg), K- is the Freun-
dlich constant (mg/g), and n is the Freundlich linear-
ity index.

Thermodynamic parameters of adsorption from
solutions provide a great deal of information concern-
ing the type and mechanism of the adsorption pro-
cess. Thermodynamic parameters of Gibbs free energy
(AG®, kJ/mol), enthalpy (AH®, kJ/mol) and entropy
(AS®, kJ/mol/K) can be used to analyze the thermody-
namics based on the following equations Eqs. 6 and 7
(Zhan et al. 2023):

AG° = AH? — TAS (6)
0

where, R is 8.314 J/(mol K). K, represented thermo-
dynamic constant, the value of which was equal to
that of the Langmuir equilibrium constant.
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Regeneration

After the adsorption experiments, CMC-CPAM-TA
was put into a conical flask containing 200 mL of dis-
tilled water and the pH value was adjusted to 2. Then,
desorption was performed in a thermostatic oscillator
for 2 h under stirring at 200 r/min at 25 °C. After des-
orption, the concentration of Cu(Il) ions and RhB in
the desorption solution was determined via ICP-OES
and UV-vis spectroscopy, respectively. The desorp-
tion ratios were calculated using Eq. 8:

E(%) = (C,V,/1000Q) x 100% 8)

where C, denotes the detected concentration of Cu(II)
ions or RhB in the desorption solution (mg/L), V; is
the volume of the desorption solution (mL), and Q
is the adsorption capacity of CMC-CPAM-TA for
Cu(Il) ions or RhB (mg/g).

Characterization

Fourier-transform infrared spectroscopy (FTIR;
Bruker VERTEX70, Karlsruhe, Germany) was
employed to investigate the changes in the functional
groups of the materials before and after the self-
assembly using the KBr pellet technique. The sur-
face microstructure of the material before and after
the self-assembly was observed via scanning electron
microscopy (SEM; Gemini300, Carl Zeiss, Germany).
Elemental mapping was performed during SEM
analysis via energy-dispersive X-ray spectroscopy
(EDS) using an Oxford X-MAX detector. The surface
area and porous structure of CMC-CPAM-TA were
observed using a specific surface analyzer (Maike
2460, Georgia, USA) using nitrogen as the adsorb-
ate. All samples were degassed at 120 °C for more
than 6 h before analysis. The thermal stability of
CMC, CPAM, TA, and CMC-CPAM-TA was stud-
ied via thermogravimetric analysis (TGA; Mettler
Toledo TGA/DSC 3+, Switzerland) under a nitro-
gen atmosphere at 30-800 °C with a heating rate
of 10 °C/min. The zeta potentials of CMC, CPAM,
TA, and CMC-CPAM-TA were determined using a
Malvern Zetasizer Nano ZS90 instrument (Malvern,
UK). The surface chemical compositions of the sam-
ples before and after adsorption was explored via
X-ray photoelectron spectroscopy (XPS; Thermo
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Fisher ESCALAB XI+, Waltham, MA, USA) with Al
ka (hv=1486.6 eV) excitation, a passing energy of
50 eV for the full spectrum and 20 eV for the narrow
spectra, and a step length of 0.05 eV. The concentra-
tions of Cu(Il) ions and RhB were analyzed via ICP-
OES (Agilent 720ES, California USA) and UV-vis
spectroscopy (Shimadzu UV-2600, Japan) at a wave-
length of 553 nm, respectively.

Results and discussion

To prepare the three-dimensional network of the cel-
lulose-based adsorbent, CMC and TA were first dis-
solved in water and slowly mixed; then, CPAM was
slowly dropped into the resulting solution at a rate
of 5 mL/min under a stirring rate of 500 r/min. The
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formed precipitate was collected using a filter and
vacuum freeze-dried to obtain the CMC-CPAM-TA
adsorbent.

FTIR analysis was performed to investigate the
structural changes in CMC, CPAM, and TA before
and after the self-assembly. As shown in Fig. 2a,
peaks corresponding to the -NH,/-NH- and
—OH groups of CMC-CPAM-TA were observed at
3200-3600 cm™! (Gupta et al. 2018). The spectra
of TA and CMC-CPAM-TA exhibited prominent
absorption peaks at 1607 and 1533 cm~!, which
correspond to the vibrations of the benzene ring
skeleton. Unlike in the case of TA, a new absorp-
tion peak at 1660 cm™! was observed in the spec-
trum of CMC-CPAM-TA, possibly corresponding
to the strong chemical interactions between the
chemical groups connected to the benzene ring in
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Fig. 2 Structural characterization results of CMC, CPAM, TA, and CMC-CPAM-TA. a FTIR spectra, b TGA results, ¢ zeta poten-

tial measurement results, and d UV-vis spectra of the samples
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TA and other chemical groups. In addition, the peak
corresponding to the C=0 stretching vibration was
observed at 1721 cm™' in the spectra of TA and
CMC-CPAM-TA. Although CMC and CPAM con-
tain C=0 groups, no absorption peak attributable
to this functional group was observed. Instead, an
absorption peak was observed at 1666 cm™!, which
may be attributed the interactions between C=0
in CMC, CPAM, and TA and different groups sur-
rounding it. Moreover, the corresponding absorp-
tion peak of CMC—CPAM-TA may overlap with the
absorption peak of the benzene ring skeleton. These
results indicate the occurrence of the self-assembly
of CMC and CPAM, followed by the occurrence
of strong chemical interactions, which are most
likely hydrogen bonding and electrostatic interac-
tions according to the structural analysis of CMC,
CPAM, and TA.

TGA was performed to investigate the ther-
mal stability of the materials. Figure 2b shows
that the thermal degradation of CMC, CPAM, and
TA occurred at 295 °C and 206 °C, 400 °C and
280 °C, 310 °C, respectively. When the temperature
reached 800 °C, the weight of CMC, CPAM, and TA
decreased to 40.34%, 15.80%, and 27.73%, respec-
tively. Meanwhile, the thermal degradation tempera-
ture of CMC-CPAM-TA was 250 °C and its weight
decreased to 38.80%, which was between that of
CMC, CPAM, and TA and close to that of CMC. This
indicates the presence of chemical bonds between
CMC, CPAM, and TA in the material.

To study the mechanism of the self-assembly of
the raw materials into CMC—CPAM-TA, the zeta
potentials of the materials were analyzed before
and after the self-assembly. As shown in Fig. 2c,
the zeta potential of CMC was — 18 mV, indicating
its negative charge. In contrast, CPAM and TA were
positively charged, with zeta potentials of 16.9 and
11.6 mV, respectively. This potential difference pro-
vided a strong driving force for the self-assembly. The
zeta potential of CMC-CPAM-TA was —10.2 mV,
which considerably differed from those of CMC,
CPAM, and TA. This indicates the presence of elec-
trostatic interactions between CMC, CPAM, and TA
during self-assembly. Moreover, the negative charge
of CMC-CPAM-TA implies that the negative car-
boxyl and phenoxy groups originating from CMC and
TA tend to locate at the surface of CMC-CPAM-TA,
which is beneficial for the removal of positive Cu(Il)
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ions and RhB via coordination and electrostatic
effects, respectively.

UV-vis spectra shown in Fig. 2d show that CMC
and CPAM exhibited no obvious absorption peaks
in the range of 200-800 nm. Meanwhile, TA showed
an absorption peak at 276 nm corresponding to
the catechol group (Lee et al. 2023). After the self-
assembly, this characteristic absorption peak was
blue-shifted in the spectrum of CMC-CPAM-TA
compared with that of TA, further confirming the
self-assembly of CMC, CPAM, and TA. Thus, FTIR
analysis results, zeta potential measurement results,
and UV-vis spectra confirmed the successful self-
assembly of the materials via hydrogen bonds or elec-
trostatic interactions among the —OH, —COOH, and
—NH,/-NH- groups.

To further explore the micromorphology of
CMC-CPAM-TA, SEM analysis was performed.
Fig. S1 shows that CMC, CPAM, and TA exhibited
bulk morphologies with smooth surfaces. However,
obvious interconnected nanoparticles were observed
in CMC-CPAM-TA (Fig. 3a). The average size of
the nanoparticles was determined to be ca. 44 nm
using Gaussian function fitting (Fig. 3b). Moreo-
ver, the interconnection between the nanoparticles
led to a mesoporous/macroporous structure, which
was conducive to mass transfer and diffusion dur-
ing the adsorption of Cu(Il) ions and RhB. These
observations indicate that the hydrogen bonds and
electrostatic interactions between CMC, CPAM, and
TA were the driving force for the supramolecular
self-assembly.

The transmission electron microscopy (TEM)
image presented in Fig. 3c shows the intercon-
nected nanoparticles and apparent mesopores/
macropores in CMC-CPAM-TA. The correspond-
ing EDS mapping result revealed that C, N, and O
were uniformly distributed in CMC-CPAM-TA
(Fig. 3d). To determine the surface area and porous
structure of CMC-CPAM-TA, which can be cor-
related to the number of adsorption sites available
for the removal of Cu(Il) ions and RhB, nitrogen
adsorption—desorption measurements were per-
formed. According to Fig. 3e, the surface area of
CMC-CPAM-TA was 37.02 m%/g. A clear hysteresis
loop in the relative pressure (p/p°) range of 0.82—1.0
was observed in the nitrogen adsorption—desorp-
tion isotherm of CMC-CPAM-TA, indicating the
presence of mesopores. Furthermore, when the p/p°
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value approached 1.0, the nitrogen adsorption capac-
ity drastically increased, indicating the presence of
macropores in CMC-CPAM-TA. The mesoporous/
macroporous structure of CMC-CPAM-TA was
confirmed by pore size distribution, which was in
the range of 10-110 nm (Fig. 3f). This result is in
agreement with the SEM and TEM observations
(Fig. 3a, c¢). The large surface area and mesoporous/
macroporous supramolecular network = structure
of CMC-CPAM-TA are expected to improve the
adsorption of Cu(Il) ions and RhB by exposing more
adsorption sites (i.e., catechol of TA and carboxyl
groups of CMC) and enabling fast mass transport of
Cu(II) ions and RhB from the solution to the adsorp-
tion sites.

Adsorption experiments using CMC-CPAM-TA
Effect of adsorbent dosage

Figure S2 shows the effect of adsorbent dosage on the
adsorption capacity of CMC-CPAM-TA for Cu(Il)
ions and RhB determined using 200 mL of Cu(Il)-
ion and RhB solutions with an initial concentration
of 200 mg/L at 25 °C for 120 min. The adsorption
capacity of CMC-CPAM-TA for Cu(Il) ions and
RhB decreased with increasing adsorbent dosage
because the contact probability between the adsorbent
and Cu(Il) ions or RhB decreased with increasing
adsorbent dosage per unit volume.

Effect of pH

The pH of a solution affects the surface charge of
CMC-CPAM-TA, which influences the adsorption
capacity of CMC-CPAM-TA for Cu(Il) ions and
RhB. To evaluate the optimum pH for the removal of
Cu(II) ions and RhB at 25 °C, the pH of the adsorp-
tion solution was controlled at 4-9. As shown in
Fig. 4a, the adsorption capacity of CMC-CPAM-TA
for Cu(Il) ions increases as the pH rises from 3 to
6, which can be attributed to the protonation of the
active carboxyl, phenoxy, and amino groups at low
pH values. The presence of high concentration of
H* at low pH values causes a competition between
H* ions and Cu(l) for the adsorption sites of
CMC-CPAM-TA (Teow et al. 2018; Zhang et al.
2021). When the pH increases, the surface sites of
CMC-CPAM-TA are deprotonated, which promotes
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the coordination and electrostatic interaction between
Cu(Il) ions and the adsorption sites (Gupta et al.
2018), enhancing the adsorption capacity. At pH> 6,
a precipitate generated from the reaction of Cu(Il)
and OH™ is formed. For RhB, the adsorption capac-
ity of CMC-CPAM-TA gradually increases with
increasing pH, and the growth rate tends to stabi-
lize at pH>5. This is mainly due to the increase in
the potential difference between CMC-CPAM-TA
and RhB with increasing pH for pH<5 (Fig. 4b),
which increases the adsorption capacity for RhB
by improving the electrostatic interaction between
CMC-CPAM-TA and RhB (Liu et al. 2015a). At
pH> 5, the adsorption capacity changes only slightly
because the potential difference between CMC and
RhB tends to stabilize (Fig. 4b). Thus, the pH values
of 6 and 5 were selected as the optimal pH values for
the adsorption of Cu(Il) ions and RhB, respectively.

Effect of contact time and adsorption kinetics

To explore the equilibration time for the maxi-
mum adsorption capacity and adsorption kinetics
of CMC-CPAM-TA, the adsorption capacity for
Cu(II) ions and RhB was evaluated as a function of
time. As shown in Fig. 4c, d, the adsorption capac-
ity gradually increased with time. When the adsorp-
tion time for Cu(Il) ions reached 60 min, the growth
rate of the adsorption capacity decreased and
reached equilibrium at 180 min. In the case of RhB,
the turning point of the growth rate of the adsorp-
tion capacity was observed at 90 min and the equi-
librium was reached at 240 min. This result was due
not only to the presence of abundant adsorption sites
but also to the macropores/mesopores and large sur-
face area of CMC—-CPAM-TA, which facilitated the
exposure of adsorption sites and rapid mass trans-
fer of Cu(Il) ions and RhB from the solution to the
adsorption sites within 60 and 90 min, respectively.
The adsorption capacities of CMC-CPAM-TA for
Cu(Il) ions and RhB reached equilibrium at 180
and 240 min, respectively. Furthermore, the adsorp-
tion kinetics of CMC-CPAM-TA were studied
using the pseudo-first-order and pseudo-second-
order rate models. Figures 4c, d and Table Sl
show that the pseudo-second-order rate model
described the adsorption of Cu(Il) ions and RhB by
CMC-CPAM-TA better compared with the pseudo-
first-order rate model due to its higher correlation
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coefficient (R?), which suggests that the removal of
Cu(Il) ions and RhB by CMC-CPAM-TA probably
occurred via a chemical adsorption process.

Effect of initial Cu(Il)-ion and RhB concentration
and adsorption isotherms

Next, the effect of the initial concentrations of Cu(II)
ions and RhB on the adsorption capacity was inves-
tigated. The corresponding adsorption isotherms are
shown in Fig. 4e, f. As illustratedshown in Fig. 4f, the
adsorption capacity of CMC-CPAM-TA increased
with increasing initial concentrations of Cu(Il) ions
and RhB. In particular, when the RhB concentra-
tion exceeded 500 mg/L, the adsorption capacity
stabilized, implying that the number of available
adsorption sites became the limiting factor for the
adsorption capacity. To further determine the maxi-
mum adsorption capacities of CMC-CPAM-TA
for Cu(Il) ions and RhB, Langmuir and Freundlich
adsorption isotherm models were used. The fitting
parameters are provided in Table S2, and the fitting
curves are shown in Fig. 4e, f. The Langmuir model
for Cu(Il) and RhB yielded R? values of 0.9996 and
0.9808, respectively, which were higher than those
obtained using the Freundlich model, demonstrating
that the former described the adsorption behavior of
CMC-CPAM-TA for Cu(Il) ions and RhB better.
These results indicate that CMC-CPAM-TA adsorbs
Cu(II) ions and RhB in a monolayer adsorption mode.
Moreover, the n values were greater than 1, indicat-
ing a high adsorption intensity and favorable adsorp-
tion of Cu(Il) ions and RhB by CMC-CPAM-TA
(Chen et al. 2019). According to the Langmuir model,
the maximum adsorption capacity (g,) values of
CMC-CPAM-TA for Cu(Il) ions and RhB were
calculated to be 669.8 and 202.1 mg/g, respectively,
which are 1.3-23.6 and 1.1-72.2 times higher than
those of commonly reported cellulose-based adsor-
bents (Fig. 4g, h and Tables S3-S4).

Effect of temperature and thermodynamics

The effect of the temperature on the adsorption capac-
ity of Cu(Il) ions and RhB on the CMC-CPAM-TA
was investigated. As shown in Fig. 4e, f, the adsorp-
tion capacities increased with increasing tempera-
ture. Heating is conducive to the Brownian motion
of the molecules and free movement of the molecular
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chains on the adsorbent, thus increasing the con-
tact probability of the Cu(Il) ions and RhB (Zhan
et al. 2023). By changing the temperature, we fur-
ther examined the absorption thermodynamic of
CMC-CPAM-TA. According to the fitting results
of Fig. 4e, f, CMC-CPAM-TA still followed the
Langmuir isotherm model in the temperature range
of 298-318 K. Based on this model and Eq. 6 and 7,
we calculated Gibbs free energy (AG®) and entropy
(AS%) (Fig S3 and Table S5). The positive values of
AH? indicated the adsorption process was endother-
mic. The positive values of AS° reveal that the order-
liness of the entire system decreases during adsorp-
tion. The absolute value of the Gibbs free energy
increased, indicating that heating promoted the
adsorption (Wang et al. 2023).

Effect of ionic strength

Here, NaCl was used to investigate the effect of ionic
strength on the removal efficiency of Cu(Il) ions and
RhB. As shown in Fig. S4, the adsorption of Cu(Il)
ions and RhB on CMC-CPAM-TA decreased with
increasing NaCl content from 0 to 1 mol/L in the
Cu(II) ion and RhB solutions. This result was attrib-
uted to the following reasons: (1) the competition
between the salt ions (Na™ and C17) and Cu(Il) ions
and RhB on the functional surface of the adsorbent
(-COO", -N*, and —OH). (2) NaCl is a strong elec-
trolyte that exerts a salt effect on Cu(Il) ions and
RhB, hindering their contacts with the adsorbent. In
this regard, how to modulate the selective adsorp-
tion capability of adsorbent is worth exploring in our
future study.

Structural analysis of CMC-CPAM-TA
after adsorption

According to the SEM images, the interconnected
nanoparticle morphology of CMC-CPAM-TA was
preserved after the adsorption of Cu(Il) ions and RhB
(Fig. 5a, b). The EDS mapping results obtained after
the adsorption of Cu(Il) ions revealed the presence
of Cu(Il) ions and a decrease in the C and O con-
tents in CMC-CPAM-TA (Fig. 5c, d and Table S6),
which indicates that a large amount of Cu(Il) ions
was adsorbed on CMC-CPAM-TA. After RhB
adsorption, the EDS mapping revealed an increase
in the C content and a decrease in the O content in
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CMC-CPAM-TA, which is consistent with the
mass ratio of C and O in RhB (Table S6), indicat-
ing that a large amount of RhB was adsorbed on
CMC-CPAM-TA.

Next, XPS analysis was performed to investi-
gate the interaction between the adsorption sites and
Cu(II) ions and RhB. As shown in Fig. 6a, an obvi-
ous Cu2p peak appeared in the XPS Cu2p spec-
trum of CMC-CPAM-TA after adsorption of Cu(Il)
ions, suggesting its efficient adsorption capability
for Cu(Il) ions. As RhB contains no other elements
except C, O, and N, no new peak appeared after
adsorption of RhB.

Before adsorption, the Ols XPS spectrum of
CMC-CPAM-TA showed two peaks at 532.5 and
531.0 eV, which can be assigned to C=0 and C-O
bonds (Xia et al. 2023), respectively (Fig. 6b).

However, upon adsorption of Cu(Il) ions, the C-O
peak shifted from 531.0 to 531.25 eV (Fig. 6d),
which indicates that the C—O bond of catechol in TA
coordinated with Cu(Il). Further, after adsorption, no
remarkable change in the peak at 399.25 eV attrib-
uted to the C-N group in CPAM was observed in the
N1s XPS spectrum (Fig. 6¢, e). These findings indi-
cate that adsorption by CMC-CPAM-TA proceeds
via the formation of Cu—O coordination bonds, high-
lighting the role of the catechol groups in the removal
of Cu(Il) ions. Meanwhile, the N1s XPS spectrum
of RhB showed two peaks at 401.25 and 399.35 eV;
the former, which corresponds to protonated N,
shifted to 402.35 eV after adsorption (Fig. 6g, h).
Similarly, the Ols XPS spectrum of RhB showed a
peak at 531.75 eV and another at 533.55 eV, which
is attributed to —C=0 and shifted to 532.35 eV after

@ Springer



3758

Cellulose (2024) 31:3747-3761

d| — Beforeadsorption Ofs  c1s b Before adsorption .-C=0 ots| C Before adsorption . ~-C-N N1s
w ¥ 532.5eV 7, 399.25 eV
——Adsorption of Cu > 531.0 eV >
a a a
g 2 -Protonated N #
= I= &
1400 1200 1000 800 600 400 200 0 536 534 530 528 404 402 400 398 396
Binding Energy (eV) Binding energy (eV) Binding energy (eV)
d Adsorption of Cu O1s| @ | Adsorption of Cu 2.,~CN N1s f Adsorption of RhB -C-0 O1s
Y, 399.25eV
-£=0 -C-0 X 5
5325eV g% 531.25eV
z 2 z
S g -Protonated N g
s £ 402.1 eV ]
536 534 532 530 528 404 402 400 398 396 536 534 532 530 528
Binding energy (eV) Binding energy (eV) Binding energy (eV)
J| AdsorptionofRhB SN Nis h RhB N Nis| | [RhB <=0 <0 ols
S 399.35eV /399,35 eV 533.55 eV i 531.75 eV
8| -Protonated N g -Protonated N ¢ %
£ 402.35 eV € 401.45eV 4 €
404 402 400 398 396 404 402 400 398 396 536 534 532 530 528

Binding energy (eV)

Fig. 6 XPS spectra of CMC-CPAM-TA before and after
adsorption. a Full XPS spectra, b, ¢ Ols and N1s XPS spectra
before adsorption, d, e Ols and N1s XPS spectra after adsorp-

adsorption (Fig. 6f, 1). These results suggest that the
adsorption of RhB on CMC-CPAM-TA occurred
via electrostatic interactions between Nt and -C=0
in RhB and -C=0 and Nt in CMC-CPAM-TA,
respectively.

Regeneration performance

To evaluate the regeneration, stability, and reusability
of CMC-CPAM-TA, desorption experiments were
conducted using distilled water as the desorption
solvent. After adsorption, the Cu- and RhB-loaded
CMC-CPAM-TA adsorbents were immersed in dis-
tilled water for 30 min and the pH of the solution was
adjusted to three. Next, the spent CMC-CPAM-TA
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Binding energy (eV)

Binding energy (eV)

tion of Cu(Il) ions, f, g Ols and N1s XPS spectra after adsorp-
tion of RhB, and h, i Ols and N1s XPS spectra of RhB

was freeze-dried and reused. The adsorption perfor-
mance of CMC-CPAM-TA for Cu(Il) ions and RhB
was evaluated in 200 mL of Cu(II) and RhB solu-
tions (200 mg/L) for 60 min at pH values of 6 and
5, respectively, at 25 °C. As shown in Fig. 7a, d,
CMC-CPAM-TA retained 79% and 63% of the initial
adsorption capacity for Cu(Il) ions and RhB, respec-
tively, after five cycles. The SEM image obtained
after regeneration showed that CMC-CPAM-TA still
exhibited the interconnected nanoparticle morphol-
ogy of the pristine sample (Fig. 7b, e). Furthermore,
the corresponding EDS mapping revealed that the
signal corresponding to the Cu element considerably
decreased when CMC-CPAM-TA was regenerated
(Fig. 7c—f and Table S7). These data indicate that
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the regeneration performance of CMC-CPAM-TA
dereased after five cycles. In this sense, it is worth
exploring how to improve the regenerative ability in
our future, which would promote this adsorbent to
move towards application for large-scale wastewater
treatment.

Conclusion

Herein, we developed an efficient cellulosed-based
adsorbent (CMC-CPAM-TA) using a facile, envi-
ronmentally friendly, and economical method based
on the formation of hydrogen bonds and electrostatic
interactions between the catechol, carboxyl, and
amino groups in CMC, CPAM, and TA, respectively.
This cellulose-based adsorbent exhibited a clear 3D
mesoporous/macroporous network structure and large
surface area (37.02 m%/g), enabling the exposure of
abundant adsorption sites and fast mass transfer of
Cu(Il) ions and RhB during adsorption. The adsorp-
tion capacity of CMC-CPAM-TA for Cu(ll) ions and
RhB was 669.8 and 202.15 mg/g, respectively. The
investigation of the adsorption mechanism revealed
that the removal of Cu(Il) ions proceeded via the

"
C "

Cu

0 1 2 78 9 10
Energy (keV)

0 1 2 s 9 10
Energy (keV)

desorption of Cu(ll) ions. d Desorption capacity of CMC—
CPAM-TA for RhB. e SEM image and f EDS curve of CMC-
CPAM-TA after desorption of RhB

formation of Cu—O coordination bonds between the
Cu(II) ions and catechol groups, whereas that of RhB
proceeded via the occurrence of electrostatic inter-
actions between the hydroxyl/carboxyl groups and
RhB, which followed the Langmuir isotherm adsorp-
tion model. Regeneration experiments revealed that
CMC-CPAM-TA maintained high adsorption capac-
ity for Cu(Il) ions and RhB after five cycles due to
its robust structure. The high adsorption capacity and
regenerative ability of CMC-CPAM-TA render this
low-cost bio-based adsorbent potentially useful for
application in wastewater purification and environ-
mental remediation.

Author contributions All authors contributed to the study
conception and design. Material preparation and data collec-
tion and analysis were performed by NNX, QW, and SLB.
The first draft of the manuscript was written by NNX and all
authors commented on previous versions of the manuscript. All
authors read and approved the final manuscript.

Funding This work was supported by the Natural Science
Foundation of Shandong (Grant Number ZR2021ME042),
QUTJBZ Program (Grant Number 2022JBZ01-05), Pilot Pro-
ject for Integrating Science, Education and Industry (Grant
Number 2022PY1007), and we thank Shiyanjia Lab (www.

@ Springer


http://www.shiyanjia.com

3760

Cellulose (2024) 31:3747-3761

shiyanjia.com), where TEM and XPS measurements were per-
formed, and lab staff for their support.

Declarations

Conflict of interest The authors have no relevant financial or
non-financial interests to disclose.

Ethical approval This study did not involve human or animal
subjects, and thus, no ethical approval was required. The study
protocol adhered to the guidelines established by the cellulose.

References

Afroze S, Sen TK (2018) A review on heavy metal ions and
dye adsorption from water by agricultural solid waste
adsorbents. Water Air Soil Pollut 229:1-50. https://doi.
org/10.1007/s11270-018-3869-z

Arora R (2019) Adsorption of heavy metals-a review. In: Mate-
rias Today Proceedings, vol 18. pp 47454750 https://doi.
org/10.1016/j.matpr.2019.07.462

Ayouch I, Kassem I, Kassab Z, Barrak I, Barhoun A, Jac-
quemin J, Draoui K, Achaby ME (2021) Crosslinked
carboxymethyl cellulose-hydroxyethyl cellulose hydrogel
films for adsorption of cadmium and methylene blue from
aqueous solutions. Surf Interfaces 24:101124. https://doi.
org/10.1016/j.surfin.2021.101124

Bashir A, Malik LA, Ahad S, Manzoor T, Bhat MA, Dar GN,
Pandith AH (2018) Removal of heavy metal ions from
aqueous system by ion-exchange and biosorption meth-
ods. Environ Chem Lett 17:729-754. https://doi.org/10.
1007/s10311-018-00828-y

Cai L, Ying D, Liang X, Zhu M, Lin X, Xu Q, Cai Z, Xu X,
Zhang L (2021) A novel cationic polyelectrolyte micro-
sphere for ultrafast and ultra-efficient removal of heavy
metal ions and dyes. Chem Eng J 410:128404. https://doi.
org/10.1016/j.cej.2021.128404

Chen Q, Yao Y, Li X, Lu J, Zhou J, Huang Z (2018) Compari-
son of heavy metal removals from aqueous solutions by
chemical precipitation and characteristics of precipitates. J
Water Process Eng 26:289-300. https://doi.org/10.1016/].
jwpe.2018.11.003

Chen Q, Zheng J, Wen L, Yang C, Zhang L (2019) A multi-
functional-group modified cellulose for enhanced heavy
metal cadmium adsorption: performance and quantum
chemical mechanism. Chemosphere 224:509-518. https://
doi.org/10.1016/j.chemosphere.2019.02.138

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

Gupta M, Gupta H, Kharat DS (2018) Adsorption of Cu(Il) by
low cost adsorbents and the cost analysis. Environ Tech-
nol Innov 10:91-101. https://doi.org/10.1016/j.eti.2018.
02.003

He X, Zhang T, Xue Q, Zhou Y, Wang H, Bolan NS, Jiang
R, Tsang DCW (2021) Enhanced adsorption of Cu(II)
and Zn(II) from aqueous solution by polyethyleneimine

@ Springer

modified straw hydrochar. Sci Total Environ 778:146116.
https://doi.org/10.1016/j.scitotenv.2021.146116

Lee SJ, Gwak MA, Chathuranga K, Lee JS, Koo J, Park WH
(2023) Multifunctional chitosan/tannic acid compos-
ite films with improved anti-UV, antioxidant, and anti-
microbial properties for active food packaging. Food
Hydrocoll 136:108249. https://doi.org/10.1016/j.foodh
yd.2022.108249

Li B, Li M, Zhang J, Pan Y, Huang Z, Xiao H (2019a)
Adsorption of Hg (II) ions from aqueous solution by
diethylenetriaminepentaacetic acid-modified cellulose.
Int J Biol Macromol 122:149-156. https://doi.org/10.
1016/j.ijjbiomac.2018.10.162

Li J, Yuan S, Zhu J, Van der Bruggen B (2019b) High-flux,
antibacterial composite membranes via polydopamine-
assisted PEI-TiO,/Ag modification for dye removal.
Chem Eng J 373:275-284. https://doi.org/10.1016/j.ce;j.
2019.05.048

Lin X, Li Y, Chen Z, Zhang C, Luo X, Du X, Huang Y
(2013) Synthesis, characterization and electrospinning
of new thermoplastic carboxymethyl cellulose (TCMC).
Chem Eng J 215-216:709-720. https://doi.org/10.
1016/j.cej.2012.10.089

Liu K, Li H, Wang Y, Gou X, Duan Y (2015a) Adsorption
and removal of rhodamine B from aqueous solution by
tannic acid functionalized graphene. Colloids Surf A
Physicochem Eng Asp 477:35-41. https://doi.org/10.
1016/j.colsurfa.2015.03.048

Liu L, Gao ZY, Su XP, Chen X, Jiang L, Yao JM (2015b)
Adsorption removal of dyes from single and binary
solutions using a cellulose-based bioadsorbent. ACS
Sustain Chem Eng 3:432-442. https://doi.org/10.1021/
5¢500848m

Liu Y, Nie P, Yu F (2021) Enhanced adsorption of sulfona-
mides by a novel carboxymethyl cellulose and chitosan-
based composite with sulfonated graphene oxide. Biore-
sour Technol 320:124373. https://doi.org/10.1016/j.biort
ech.2020.124373

Marchessault SPR (1983) Cellulose. The polysaccharides 2:
12-90. ISBN: 0-12-065-602-7

Ren H, Gao Z, Wu D, Jiang J, Sun Y, Luo C (2016) Efficient
Pb(I) removal using sodium alginate-carboxymethyl
cellulose gel beads: preparation, characterization, and
adsorption mechanism. Carbohydr Polym 137:402-409.
https://doi.org/10.1016/j.carbpol.2015.11.002

Sekine Y, Nankawa T, Yunoki S, Sugita T, Nakagawa H,
Yamada T (2020) Eco-friendly carboxymethyl cellulose
nanofiber hydrogels prepared via freeze cross-linking and
their applications. ACS Appl Polym Mater 2:5482-5491.
https://doi.org/10.1021/acsapm.0c00831

Teow YH, Kam LM, Mohammad AW (2018) Synthesis of cel-
lulose hydrogel for copper (II) ions adsorption. J Environ
Chem Eng 6:4588-4597. https://doi.org/10.1016/j.jece.
2018.07.010

Tohamy H-AS, El-Sakhawy M, Kamel S (2020) Carboxyme-
thyl cellulose-grafted graphene oxide/polyethylene glycol
for efficient Ni(Il) adsorption. J Polym Environ 29:859—
870. https://doi.org/10.1007/s10924-020-01920-7

Uger A, Uyanik A, Aygiin SF (2006) Adsorption of Cu(Il),
Cd(II), Zn(I), Mn(II) and Fe(Ill) ions by tannic acid


http://www.shiyanjia.com
https://doi.org/10.1007/s11270-018-3869-z
https://doi.org/10.1007/s11270-018-3869-z
https://doi.org/10.1016/j.matpr.2019.07.462
https://doi.org/10.1016/j.matpr.2019.07.462
https://doi.org/10.1016/j.surfin.2021.101124
https://doi.org/10.1016/j.surfin.2021.101124
https://doi.org/10.1007/s10311-018-00828-y
https://doi.org/10.1007/s10311-018-00828-y
https://doi.org/10.1016/j.cej.2021.128404
https://doi.org/10.1016/j.cej.2021.128404
https://doi.org/10.1016/j.jwpe.2018.11.003
https://doi.org/10.1016/j.jwpe.2018.11.003
https://doi.org/10.1016/j.chemosphere.2019.02.138
https://doi.org/10.1016/j.chemosphere.2019.02.138
https://doi.org/10.1007/s10570-017-1450-3
https://doi.org/10.1016/j.eti.2018.02.003
https://doi.org/10.1016/j.eti.2018.02.003
https://doi.org/10.1016/j.scitotenv.2021.146116
https://doi.org/10.1016/j.foodhyd.2022.108249
https://doi.org/10.1016/j.foodhyd.2022.108249
https://doi.org/10.1016/j.ijbiomac.2018.10.162
https://doi.org/10.1016/j.ijbiomac.2018.10.162
https://doi.org/10.1016/j.cej.2019.05.048
https://doi.org/10.1016/j.cej.2019.05.048
https://doi.org/10.1016/j.cej.2012.10.089
https://doi.org/10.1016/j.cej.2012.10.089
https://doi.org/10.1016/j.colsurfa.2015.03.048
https://doi.org/10.1016/j.colsurfa.2015.03.048
https://doi.org/10.1021/sc500848m
https://doi.org/10.1021/sc500848m
https://doi.org/10.1016/j.biortech.2020.124373
https://doi.org/10.1016/j.biortech.2020.124373
https://doi.org/10.1016/j.carbpol.2015.11.002
https://doi.org/10.1021/acsapm.0c00831
https://doi.org/10.1016/j.jece.2018.07.010
https://doi.org/10.1016/j.jece.2018.07.010
https://doi.org/10.1007/s10924-020-01920-7

Cellulose (2024) 31:3747-3761

3761

immobilised activated carbon. Sep Purif Technol 47:113—
118. https://doi.org/10.1016/j.seppur.2005.06.012

Wang W, Hu J, Zhang R, Yan C, Cui L, Zhu J (2020) A pH-
responsive carboxymethyl cellulose/chitosan hydrogel
for adsorption and desorption of anionic and cationic
dyes. Cellulose 28:897-909. https://doi.org/10.1007/
$10570-020-03561-4

Wang Z, Wang K, Yao X, Jiang J, Wang M, Yuan S (2023)
Ultrasound-assisted preparation of Fe(OH);@bacterial
cellulose aerogel for efficient removal of organic contami-
nation in water. Appl Surf Sci 607:154959. https://doi.org/
10.1016/j.apsusc.2022.154959

Wu Q, Li W, Wu Y, Zong G, Liu S (2015) Effect of reaction
time on structure of ordered mesoporous carbon micro-
spheres prepared from carboxymethyl cellulose by soft-
template method. Ind Crops Prod 76:866—872. https://doi.
org/10.1016/j.indcrop.2015.07.047

Xia NN, Zhang HY, Hu ZH, Kong F, He F (2021) A function-
alized bio-based material with abundant mesopores and
catechol groups for efficient removal of boron. Chemos-
phere 263:128202. https://doi.org/10.1016/j.chemosphere.
2020.128202

Xia NN, Hu ZH, Su JQ, Kong F (2023) Ultrafast removal of
Ni(Il) ions over a bio-based antibacterial adsorbent. J
Environ Chem Eng 11(1):109187. https://doi.org/10.
1016/j.jece.2022.109187

Yagub MT, Sen TK, Afroze S, Ang HM (2014) Dye and its
removal from aqueous solution by adsorption: a review.
Adv Colloid Interface Sci 209:172-184. https://doi.org/
10.1016/j.¢is.2014.04.002

Yao G, Liu X, Zhang G, Han Z, Liu H (2021) Green synthe-
sis of tannic acid functionalized graphene hydrogel to
efficiently adsorb methylene blue. Colloids Surf A Phys-
icochem Eng Asp 625:126972. https://doi.org/10.1016/j.
colsurfa.2021.126972

Zhan J, Sun H, Chen L, Feng X, Zhao Y (2023) Flexible fab-
rication chitosan-polyamidoamine aerogels by one-step

method for efficient adsorption and separation of anionic
dyes. Environ Res 234:116583. https://doi.org/10.1016/j.
envres.2023.116583

Zhang H, Wang X, Li N, Xia J, Meng Q, Ding J, Lu J (2018)
Synthesis and characterization of TiO,/graphene oxide
nanocomposites for photoreduction of heavy metal ions
in reverse osmosis concentrate. RSC Adv 8:34241-34251.
https://doi.org/10.1039/c8ra06681g

Zhang P, Zhang X, Yuan X, Xie R, Han L (2021) Characteris-
tics, adsorption behaviors, Cu(Il) adsorption mechanisms
by cow manure biochar derived at various pyrolysis tem-
peratures. Bioresour Technol 331:125013. https://doi.org/
10.1016/j.biortech.2021.125013

Zhu W, Jiang X, Jiang K, Liu F, You F, Yao C (2021) Fabrica-
tion of reusable carboxymethyl cellulose/graphene oxide
composite aerogel with large surface area for adsorption
of methylene blue. Nanomaterials 11(6):1609. https://doi.
org/10.3390/nano11061609

Zou L, Shao P, Zhang K, Yang L, You D, Shi H, Pavlostathis
SG, Lai W, Liang D, Luo X (2019) Tannic acid-based
adsorbent with superior selectivity for lead(I) capture:
adsorption site and selective mechanism. Chem Eng J
364:160-166. https://doi.org/10.1016/j.cej.2019.01.160

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.seppur.2005.06.012
https://doi.org/10.1007/s10570-020-03561-4
https://doi.org/10.1007/s10570-020-03561-4
https://doi.org/10.1016/j.apsusc.2022.154959
https://doi.org/10.1016/j.apsusc.2022.154959
https://doi.org/10.1016/j.indcrop.2015.07.047
https://doi.org/10.1016/j.indcrop.2015.07.047
https://doi.org/10.1016/j.chemosphere.2020.128202
https://doi.org/10.1016/j.chemosphere.2020.128202
https://doi.org/10.1016/j.jece.2022.109187
https://doi.org/10.1016/j.jece.2022.109187
https://doi.org/10.1016/j.cis.2014.04.002
https://doi.org/10.1016/j.cis.2014.04.002
https://doi.org/10.1016/j.colsurfa.2021.126972
https://doi.org/10.1016/j.colsurfa.2021.126972
https://doi.org/10.1016/j.envres.2023.116583
https://doi.org/10.1016/j.envres.2023.116583
https://doi.org/10.1039/c8ra06681g
https://doi.org/10.1016/j.biortech.2021.125013
https://doi.org/10.1016/j.biortech.2021.125013
https://doi.org/10.3390/nano11061609
https://doi.org/10.3390/nano11061609
https://doi.org/10.1016/j.cej.2019.01.160

	Ultra efficient removal of heavy-metal ions and dyes using a novel cellulose-based three-dimensional network
	Abstract 
	Introduction
	Experimental
	Materials
	Experimental methods
	Preparation of the CMC–CPAM–TA adsorbent
	Adsorption of Cu(II) ions and RhB
	Regeneration
	Characterization


	Results and discussion
	Adsorption experiments using CMC–CPAM–TA
	Effect of adsorbent dosage
	Effect of pH
	Effect of contact time and adsorption kinetics
	Effect of initial Cu(II)-ion and RhB concentration and adsorption isotherms
	Effect of temperature and thermodynamics
	Effect of ionic strength
	Structural analysis of CMC–CPAM–TA after adsorption
	Regeneration performance


	Conclusion
	References




