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The development of adsorbents by using the byproducts or waste from large-scale industrial and
agricultural production is of great significance, and is considered to be an economic and efficient
strategy to remove the heavy metals from polluted water. In this work, a novel chitin/EM@FezO4
nanocomposite hydrogel was obtained from a NaOH/urea aqueous system, where the proteins of egg
shell membrane and FezO4 nanoparticles were chemically bonded to chitin polymer chains with the help
of epichlorohydrin. Due to the existence of a large number of —NH,, —OH, —CONH-, —COOH and
hemiacetal groups, the adsorption efficiency for Pb?" into the absorbent was dramatically enhanced. The
experimental results revealed that the adsorption behavior strongly depends on various factors, such as
initial pH, initial Pb2* concentration, incubation temperature and contact time. The kinetic experiments

indicated that the adsorption process for Pb2* in water solution agreed with the pseudo-second-order
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Accepted 28th January 2022 kinetic equation. The film diffusion or chemical reaction is the rate limiting process in the initial

adsorption stage, and the adsorption of Pb?* into the nanocomposite hydrogel can well fit the Langmuir

DOI: 10.1039/d1ra08744d isotherm. Thermodynamic analysis demonstrated that such adsorption behaviors were dominated by an
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1. Introduction

In response to the national policy on the energy saving and
carbon emission reduction, the electric car/bicycle industries
have developed rapidly in recent years especially in China. As
one of the most important parts, the battery has been paid great
attention. Among those various batteries, the lead acid battery
is still considered to be an essential species and widely used,
due to its high stability, reliability and low cost. However, the
extensive use and potential leakage of Pb>" ions in the related
industries, such as smelting, battery recycling, painting and
mining, can result in high levels of contamination in water and
thus accumulation via the food chain. Even very low levels of
Pb*" intake can give rise to serious irreversible injuries on
human beings' nervous system, reproductive system, immune
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endothermic (AH° > 0) and spontaneous (AG° < 0) process.

system, and organs.® Hence, effective removal of Pb>" from
industrial wastewater will contribute to environmental
sustainability.

Up to now, diverse remediation technologies have been
introduced to remove Pb** from wastewater, such as chemical
reduction, electrocoagulation, ion exchange, membrane sepa-
ration as well as adsorption.*® Of the current strategies,
adsorption has emerged as an effective way for water treatment
due to its many advantages, including cost-efficiency, easy
handling, availability of plentiful adsorbents and environment-
friendly manner. Numerous absorbents, such as activated
carbon, polymeric and lignocellulosic materials, inorganic
nanoparticles and organic frameworks have been well devel-
oped to absorb the heavy metal ions from the aquatic environ-
ments.”™ Recently, concerns have been devoted into the
utilization of biomass and agricultural wastes to remove heavy
metal ions, where these adsorbents are usually derived from the
byproducts or wastes from large-scale industrial and agricul-
tural production.”*™** Such behavior is of high significance for
the developing countries, since huge amounts of agricultural
wastes have been effectively recycled for the sake of saving the
natural resources. For example, the orange and cucumber peels
have been employed to treat the contaminated water."*® The
presence of carboxyl, hydroxyl, and carbonyl groups is likely
responsible for the efficient adsorption of heavy metal ions. Egg
shell membrane (EM) is a naturally-occurring biomaterial
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generated by poultry and regarded as a biowaste. This semi-
permeable membrane is composed of the highly cross-linked
protein fibers, and identified as a highly-value material in
biomedical engineering benefitting from its nontoxic, collagen-
rich and biocompatible characteristics.'® Moreover, the unique
3D fibrous net-work and a large number of functional groups
(-COOH, -NH, and -OH) would render the material with
a strong ability to bind and capture metal ions."”*?

Chitin is another abundant and renewable biomass
resource. It is composed of B-(1-4)-linked 2-acetamido-2-deoxy-
p-glucose, and widely exists in different crustaceans, mollusks,
algae, insects, fungi, and yeasts on earth."** The annual
production of chitin is estimated to be about 10'° to 10" tons
from living organisms, and more than 10 000 tons could be
available every year from shellfish wastes.?* This polysaccharide
possesses a number of amide (-NH-) and hydroxyl (-OH)
groups in the polymer chains, which will facilitate the chelation
to Ar’*, cd*’, Co®, cu®’, Mn** and Pb>" ions in aqueous
system.”” Thus, the chitin-derived materials as the low-cost
absorbents have been largely applicated in the water treat-
ment. This occurrence is further enhanced with the develop-
ment of solvent systems of the chitin. The as-fabricated
materials in terms of chitin fibers, crystals whisker, films,
hydrogels, aerogels, microspheres and hybrid nanocomposites
displayed high performance for the removal of heavy metal
ions, organic dyes or pesticide.*"**"*®

With respect to the advantages of these biomass resources,
in this work, we aim to combine the chitin and egg shell
membrane to create a novel kind of nanocomposite hydrogel to
efficiently remove Pb>" in an economical way. In the design, the
magnetic Fe;O, nanoparticles were also incorporated into the
hydrogel matrix. On one hand, the Fe;O, nanoparticles have
a suitable framework for interaction with Pb**, leading to
enhanced adsorption efficiency;”® on the other hand, the
introduction of magnetic particles could provide the conve-
nience for the ultimate separation. Thus, the impacts of the
environmental pH condition, initial Pb*" concentration and
incubation temperature on Pb®>" adsorption into the chitin/
EM@Fe;0, nanocomposite hydrogel were investigated in
detail, respectively. The corresponding adsorption kinetics and
isotherm behaviors were also explored. We believe that this
work provides a promising strategy for the construction of novel
biomass-based absorbents for rapid and high-capacity removal
of heavy metal ions.

2. Experimental
2.1 Materials

Chitin powder with a degree of acetylation about 98% was
purchased from Jinke Chitin Co. Ltd (Zhejiang, China). The
weight-average molecular weight (M,,) of chitin was evaluated to
be 5.0 x 10> by dynamic light scattering (DLS, ALV/CGS-8F, ALV,
Germany) in 5% LiCl/DMAc (w/w). Raw egg shell membranes
were collected from local school restaurants. All of the chemical
reagents including NaOH, urea, HCIl, Pb(NO;),, epichlorohy-
drin, EDTA-2Na, H,0, and alcohol were analytical grade from
commercial sources in China. Trisodium citrate dihydrate,
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FeCl;-6H,0, NaAc, ethylene glycol were obtained from Aladdin
Chemical Co. Ltd (Shanghai, China).

2.2 Preparation of highly water-dispersible Fe;0,
nanoparticles

The magnetite Fe;O, nanoparticles were prepared through
a modified solvothermal reaction.”” Briefly, 2.025 g of FeCl;-
-6H,0, 5.781 g of NaAc, and 0.684 g of trisodium citrate dihy-
drate were dissolved in 150 mL of ethylene glycol. After vigorous
stir for 1 h at room temperature, the as-formed homogeneous
black mixture was transferred into a Teflon-lined stainless-steel
autoclave (200 mL) with the further incubation at 200 °C for
10 h. During the process Fe** was partly reduced into Fe>'.
Finally, the obtained Fe;O, product was washed with ethanol
for 6-10 times with the help of a magnet field, and then dried in
oven at 60 °C for further use.

2.3 Pre-treatment of raw egg shell membranes

Raw egg shell membranes were obtained by peering manually
from discarded eggshells and composed of both inner and outer
membranes. Subsequently, the membranes were treated with
HCI (5.0 wt%) for 4 h to remove the CaCOj residues, and thor-
oughly washed in deionized water. After incubation in 0.1 mmol
L' EDTA aqueous solution for 24 h and fully rinse with
deionized water, the fresh egg shell membranes (denoted as
EM) were collected. These products were finally dried at 60 °C
and ground into powders for the preparation of nanocomposite
hydrogels.

2.4 Fabrication of the chitin/EM@Fe;0, nanocomposite
hydrogel

The fabrication of chitin/EM@Fe;0, nanocomposite hydrogel
was mainly involved two steps, the dissolution of egg shell
membranes and chitin in NaOH/urea solvent system. Firstly,
1.0 g EM powders were totally dissolved into 11.0 wt% NaOH
aqueous solution upon heating and sonification. After cooling
down to room temperature, certain amount of urea was added
to form the 1.0 wt% EM/11.0 wt% NaOH/4.0 wt% urea/80.0 wt%
H,O mixture system. Subsequently, 4.0 g chitin powders were
dispersed into the above mixture solution with stirring for
5 min, and then was stored under refrigeration (—30 °C) for
4 h.”® The frozen solid was thawed and stirred extensively at
room temperature. After the freeze/thawing manipulation were
repeated 3 cycles, 2.0 mL epichlorohydrin as cross-linker and
1.0 mL Fe;0, aqueous dispersion were added into 100 g of the
mixture solution and stirred at 0 °C for 0.5 h to obtain
a homogeneous solution, which was then subjected to centri-
fugation for 10 min at 4 °C. In the following, the obtained
uniform solution was cast into a Petri dish and kept at ambient
temperature for 12 h allowing the gelation. Finally, the as-
prepared hydrogel was immersed in distilled water for 3 days
to remove any residues. The nanocomposite hydrogel sample
was labeled as chitin/EM@Fe;0,. For the preparation of chitin
and chitin/EM hydrogels, similar experimental procedures with
a fixed concentration of epichlorohydrin (2.0 mL/100 g) were
displayed. For the preparation of nanocomposite hydrogel

© 2022 The Author(s). Published by the Royal Society of Chemistry
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beads, the obtained pre-gel solution was allowed to drip into hot
water by an injector to get the raw beads. After thorough
washing with ultrapure water, the hydrogel beads were
collected.

2.5 Adsorption behaviors studies

The adsorption behaviors of Pb>* into chitin/EM@Fe;0,4
hydrogel including the effects of environmental pH condition
and incubation temperature, kinetic mechanisms, adsorption
isotherms and thermodynamic parameters were explored
intensively. All the experiments were performed in 50 mL plastic
centrifuge tubes containing 30 mL of Pb>" stock solution by
utilizing the batch equilibrium method. During the whole
process, all the tubes were sealed with the caps and placed in
a thermostatic water bath shaker at a speed of 150 rpm. In the
adsorption isotherm, the initial concentrations of Pb** varied
from 0.5 to 20.0 mmol L ™" at the incubation temperature of 293
K. To each container, approximate 1.0 g hydrogel samples were
added. After incubation for 24 h, the equilibrium concentration
of Pb*" in each tube was determined with ICP-OES spectrom-
eter. Thus, the adsorption capacity, g. (mmol g~ ), of Pb*>" into
chitin/EM@Fe;0, hydrogel can be calculated as:*

(co—c)V

de = 7% (1)

where ¢, and c. are the initial and equilibrium concentrations of
Pb>" (mmol L %), respectively, V is the volume of Pb** aqueous
solution (L) in each tube and W is the mass of chitin/EM@Fe;0,
hydrogel samples (g).

For the kinetic studies, 1.0 g chitin/EM@Fe;0, hydrogel
samples were added to 30 mL of Pb®>" aqueous solution. The
concentration was kept at 5.0 mmol L™ " and the pH value was
set to be 5.0. At different time intervals, the final concentration
of Pb>* in each container was analyzed by ICP-OES. To investi-
gate the effect of pH on the Pb>" adsorption capacity, the pH
values were changed from 1.0 to 5.0 by adding diluted HCI
solution. At higher pH condition, the Pb** ions are easy to
precipitate. In order to investigate the impact of incubation
temperature on the adsorption efficiency, the batch adsorption
studies were performed at the temperatures of 277, 293 and 310
K, respectively.

2.6 Desorption and regeneration studies

In order to evaluate the desorption and regeneration abilities of
chitin/EM@Fe;0, hydrogel, 1.0 g samples were fistly placed in
30 mL of 5.0 mmol L' Pb** aqueous solution. After incubation
for 24 h at 293 K, the adsorbents and aqueous solution were
collected, respectively. The aqueous solution was used to eval-
uate the adsorption capacity and desorption efficiency. The
adsorbents were regenerated by using 10 mL of 0.05 mol L™"
HCl as the static eluting solution for 3 times. Each static elution
time was set to be 4 h. Then, the adsorbent was fully washed
with deionized water for the subsequent adsorption studies. For
comparison, the hydrogel samples were also regenerated by
using 10 mL of 0.1 mol L' EDTA as the static eluting solution
for 3 times. Each static elution time was set to be 4 h. After that,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the adsorbent was fully washed by 1.0 mol L ™" NaCl solution
and deionized water for the succeeding adsorption perfor-
mance. This adsorption-desorption cycle in both cases was
repeated 3 times under the same condition.

2.7 Characterization

The wide-angle X-ray diffraction (XRD) patterns for each sample
were recorded in reflection mode on a Rigaku SmartLab
diffractometer equipped with a CuKa radiation source (A =
1.542 A) operated at 40 kv and 30 mA. The samples were
scanned at 4° min~ ' and at a step size of 2.5° in 26. The FT-IR
spectra were recorded in the wavenumber range from 4000 to
700 cm ™! using the attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR, PerkinElmer, USA) at
room temperature. The samples were freeze-dried in a conven-
tional freezer dryer and then dried at 45 °C in a vacuum
chamber to eliminate water from the samples. Thermogravi-
metric analysis (TGA) tests were performed on a TG instrument
(PerkinElmer Co., USA) in an atmosphere of nitrogen at a heat-
ing rate of 10 °C min~" from 50 to 650 °C. High resolution
transmission electron microscopy (HR-TEM) and SAED images
were acquired using a JEM-2011 transmission electron micro-
scope (JEOL Ltd, Japan) operated at 200 kV. Magnetic charac-
terization was carried out on a vibrating sample magnetometer
(PPMS-9, Quantum Design, USA). Particle size and zeta poten-
tial were measured using a Nano-ZS ZEN3600 (Malvern Instru-
ments, UK) at 25 °C. The exact concentration of Pb>" in solution
was determined by the ICP-OES instrument with an RF gener-
ator power 1150 W (Thermo, USA). The auxiliary, carrier and
plasma gas (Ar) flow rates were set to be 0.5, 0.5 and 12.0
L min ", respectively. The wavelength of emission line for Pb is
220.353 nm. The leaching concentration of Fe>*/Fe*" in solution
was determined by the ICP-MS instrument (Agilent 7700, USA),
and the total weight content of Fe in chitin/EM@ZFe;0, hydrogel
sample was measured by the ICP-OES instrument (Agilent
725ES, USA). The wavelength of emission line for Fe is
239.56 nm.

3. Results and discussion
3.1 Structure characterization of chitin/EM@Fe;0, hydrogel

The prerequisite for preparation of chitin/EM@Fe;0, nano-
composite hydrogel is the dissolution of both chitin and egg
shell membrane in an appropriate solvent system. In the
design, we attempted to fabricate this novel adsorbing material
by dissolving them in the 11.0 wt% NaOH/4.0 wt% urea solvent
system. One possible reason for the choice can be attributed to
the fact that as-prepared hydrogel from the alkali/urea solvent
system is expected to display excellent mechanical properties,*
which will guarantee the stability and integrity of the absor-
bents in the recycle processing. During the whole preparation,
egg shell membranes were firstly allowed to be dissolved in
11.0 wt% NaOH aqueous solution upon heating, and then the
chitin powders were dispersed and finally dissolved in the
11.0 wt% NaOH/4.0 wt% urea solution via freeze-thawing cycle
treatment. By addition of water-dispersible Fe;O, nanoparticles
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and chemical-crosslink agent of epichlorohydrin into the
mixture, the chitin/EM@Fe;0, nanocomposite hydrogel was
obtained after thorough washing in water. As shown in Fig. 1a,
the hydrogel samples showed different morphologies. The pure
chitin hydrogel is transparent and colorless, while the chitin/
EM hydrogel displays the yellowish color and higher swelling
behavior, indicating the successful chemical crosslinking
between EM protein and chitin polymer chains. By comparison,
the chitin/EM@Fe;0, nanocomposite hydrogel shows the dark-
brown color, as a result of the existence of Fe;0, nanoparticles
in the matrix. Meanwhile, by immersing the nanocomposite
hydrogel into water for 1 week, the Fe;O, nanoparticles were
hardly observed and separated from the hydrogel matrix, illus-
trating the strong affinity to the matrix and high stability of the
bio-absorbents. It should be mentioned that we didn't adopt the
fabrication strategy by in situ synthesis of Fe;O, in the hydrogel
matrix, because Fe** ions are not easy to penetrate into the deep
interior of the hydrogel, finally leading to the gradient distri-
bution of Fe;0, in the matrix. This heterogeneous structure will
display an adverse effect on the adsorption capacity.

Chitin/EM

Chitin/EM@Fe;0,

View Article Online
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The existence of Fe;0, nanoparticles in the nanocomposite
hydrogel was firstly studied using a vibrating sample magne-
tometer (shown in Fig. 1b). The results demonstrate that the
nanocomposite hydrogel possesses a superparamagnetic char-
acter. Both the chitin/EM@Fe;0, hydrogel samples and Fe;0,
nanoparticles had no remanence or coercivity at 300 K, and the
magnetization saturation values (Ms) were evaluated to be 2.8
and 58.2 emu g, respectively. The smaller Ms value can be
ascribed to the lower content of Fe;O, nanoclusters in the
nanocomposite hydrogel. Nevertheless, the as-prepared hydro-
gel beads (shown in Fig. S17) can be still easily separated from
aqueous solution under an external magnetic field.

Further evidence was collected from the EDS pattern
(Fig. 1c). The observation for the elements of Fe and O in the
spectrum confirmed the successful synthesis of the magnetite
particles. The particle size analysis and TEM images (Fig. 1d
and e) reveal that the Fe;O, particles have a uniform size of
about 290 nm, and dispersed in the hydrogel matrix. The
particles are composed of nanocrystals with the size of about 5-
20 nm, where the nanocrystals seem to be connected with each
other similar like the appearance of pomegranate. Selected-area
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(a) Photographs of the as-prepared hydrogel samples. (b) Magnetic hysteresis loops of FesO4 particles and chitin/EM@FezO4 hydrogel

sample. (Inset) Pictures of Fez04 nanoparticles in agueous solution before and after suffering from a magnetic field. (c) EDS spectra for the chitin/
EM@FesO4 hydrogel sample. (d) TEM image and (e) high resolution TEM image of the FesO4 nanoparticles dispersed in chitin/EM@FezO,4
hydrogel. (Inset) The corresponding size distribution of the FesO4 particles. (f) SAED pattern for the corresponding location. XRD patterns (g), TGA

curves (h) and (i) FT-IR spectra for the specimens.
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electron diffraction (SAED) (Fig. 1f) recorded on the edge of
a magnetite particle presents the polycrystalline-like phase
pattern. This structure may provide them with a large surface
area for adsorption of guest molecules, such as the heavy metal
ions or organic dyes.*

Fig. 1g presents the XRD patterns for Fe;Oy,, chitin, chitin/
EM and chitin/EM@Fe;0,, respectively. The typical pattern of
Fe;0, particles exhibits the strong diffraction peaks at 26
=30.1°, 35.4°, 43.1°, 57.0° and 62.7°, corresponding to the
reflection planes of (220), (311), (400), (511) and (440), respec-
tively. This result indicates that the magnetite particles possess
the polycrystalline structure, which is in good agreement with
the SAED. In the case of chitin pure hydrogel, two main semi-
crystalline peaks at 260 =8.6° and 19.4° occurred, which are
assigned to the (020) and (110) reflections, respectively. For the
chitin/EM nanocomposite hydrogel, it shows the similar
diffraction behavior to the chitin, implying that the EM was
greatly degraded into small peptide sections during the fabri-
cation process. The occurrence of the diffraction peaks at 26
=30.1° and 35.4° in the chitin/EM@Fe;0, nanocomposite
hydrogel samples proves that Fe;O, particles have been well
incorporated into the hydrogel matrix. In addition, the diffrac-
tion peak at 20 =8.6° in the chitin/EM sample shifted to 9.3°.
The strong interaction between the Fe;O, particles and hydrogel
polymer network and certain chemical-crosslink reaction may
commonly contribute to this phenomenon. More information
on the mutual interactions was identified from ATR-FTIR
spectra (Fig. 1h). As shown, all the tested samples show the
prominent absorption bands around 3287-3432 cm ', which
are ascribed to the stretching mode of O-H and N-H groups.
These features ensure that the EM proteins and Fe;0, particles
could be chemically bonded to chitin in presence of epichlo-
rohydrin. The respective peaks in the nanocomposite hydrogel
located at 1652 cm ™', 1538 cm ™" and 1376 cm™ " mainly origi-
nate from the amide I, amide II and amide-III bands of chitin.
The characteristic peaks at 1559 and 1382 cm ™" associated with
carboxylate groups in the Fe;O, particles shifted to the lower
wavenumber region, and seem to be overlapped by the amide (II
and III) bands, suggesting the strong hydrogen bonding inter-
actions between Fe;0, particles and the polymer chains. Ther-
mogravimetric analysis (Fig. 1i) illustrate that the thermal
stability of chitin/EM@Fe;0, nanocomposite hydrogel was
slightly enhanced by incorporation of EM and Fe;O, particles.
According to the percentage of weight loss in N, atmosphere,
the contents for EM and Fe;O, particles in the given nano-
composite system were estimated to be 23.1 wt% and 3.1 wt%,
respectively.

3.2 Adsorption kinetics of Pb** into chitin/EM@Fe;0,
hydrogel

Fig. 2 presents the equilibrium adsorption capacity for Pb*" into
different adsorbents. As indicated, three hydrogel species dis-
played the differentiated efficiency. A relatively higher g, value
was observed in the chitin/EM hydrogel samples than chitin
pure hydrogel, implying that the abundant groups such as the
-NH, and -COOH in the EM protein will provide more

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The equilibrium adsorption capacity of Pb?* in chitin, chitin/EM
and chitin/EM@FezO4 hydrogels at 20 °C in pH = 5 aqueous solution.

feasibility to anchor the heavy metal ions. Among these adsor-
bents, the chitin/EM@Fe;0, nanocomposite hydrogel showed
the highest g. value. The addition of Fe;0, nanoparticles in the
hydrogel matrix is favorable for the chelation to Pb** ions. The
citrate stabilized Fe;O, nanoparticles own a large number of
—-COOH groups on the surface.*® Besides, the magnetite nano-
particles show the characteristics of high surface area and
unique cubic inverse spinel structure. There features are
conductive to the interactions with Pb>" ions.?® With respect to
the improvement in adsorption capacity, the chitin/EM@Fe;0,
nanocomposite hydrogel can be taken as the promise candidate
for water treatment.

The adsorption behaviors of Pb** into chitin/EM@Fe;0,4
hydrogel were extensively investigated. Fig. 3a depicts the
dependence of the g. value for Pb>" adsorption into nano-
composite adsorbent versus the incubation time in aqueous
solution. The g, increased almost linearly in the initial period,
implying a quick and efficient adsorption process on the surface
of chitin/EM@Fe;0, hydrogel. Upon 24 h incubation, the bio-
sorption equilibrium was established. The time profile for the
Pb>" uptake in water was smooth and continuous until the
equilibrium, suggesting that the monolayer adsorption possibly
occurred.’* To analyze the adsorption kinetics of Pb** into the
as-prepared nanocomposite hydrogel, several basic models
including the pseudo-first-order, kinetics pseudo-second-order
kinetics, and intraparticle diffusion models were applied. The
related parameters obtained from these equations will cast
great significance on how to design and model the adsorption
process. The pseudo-first-order kinetic equation can be
expressed as follows:**

1 ISAWA! 1

EIOE
q: 9 l q

The pseudo-second-order kinetic model can be depicted as:*

LANNES S (i>z 3)
4 kago? 92
where g, is the adsorption amount of Pb®* (mmol ¢~ ') in chitin/

EM@Fe;0, hydrogel at different time ¢. g; (mmol g~ ') and &,
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Fig. 3 (a) The effect of contact time on the Pb?* adsorption in chitin/EM@Fes0., hydrogel at 20 °C in pH = 5 aqueous solution. The corre-
sponding pseudo-first-order model (b), pseudo-second-order model (c), intra-particle diffusion plots (d) and (e) Boyd plots for Pb?* adsorption

in chitin/EM@Fez04 hydrogel at 20 °C in pH = 5 aqueous solution.

(h™") are the maximum adsorption capacity and rate constants
for the pseudo-first-order model, while g, (mmol g ') and &, (g
mmol ' h™") represent the maximum adsorption capacity and
rate constants for the pseudo-second-order model. The values of
k1, k2, g1, ¢ and correlation coefficients of R;> and R, for Pb>*
adsorption can be easily drawn from the linear fitting plots of
In(ge — q¢) versus t (Fig. 3b) and t/q, versus t (Fig. 3c), respectively.
As listed in Table 1, the maximum adsorption capacity of g, for
Pb”>* in aqueous solution is almost same to the actual experi-
mental data (Fig. 3a). Meanwhile, the correlation coefficients
(R,?) for pseudo-second-order kinetic model is 0.9966, which is
much closer to 1.0. Hence, the adsorption in water solution
follows the pseudo-second-order kinetic model, implying that
Pb** adsorption in chitin/EM@Fe;0, hydrogel is controlled by
the inner surface adsorption. In other words, the adsorption
behavior for Pb*>* is dominated by chemical adsorption.®

The adsorption process was further investigated by employ-
ing the intra-particle diffusion model. Generally, in many cases
the intra-particle diffusion into the interior of the adsorbent
through the pores is considered to be the rate-controlling step,
where the uptake amount of solutes increases almost linearly
with ¢*° rather than with the contact time ¢.3* Therefore, the
adsorption equation can be referred to:

4= kot + G (4)

where k;,, is the intra-particle diffusion rate constant at stage i
(mmol g~ " h™%). The intercept of C; represents the thickness of
boundary layer. According to the theory, g, versus t*> should be
linear when the intra-particle diffusion occurred in the
adsorption process. Otherwise, additional mechanisms may be
involved. As shown in Fig. 3d, the intra-particle diffusion fitting
plot for Pb*>" uptake into chitin/EM@Fe;0, hydrogel is consist
of three stages. All the linear lines for each stage did not pass
through the origin, demonstrating that the intra-particle diffu-
sion could not solely determine the overall rate of mass transfer
at the initial stage of adsorption process. Both the film diffusion
(chemical reaction) at the first linear region and the following
pore diffusion at the second linear segments contribute to the
adsorption rate. More evidence could be clarified from the
Boyd's model,* which is given as:
F=1- £exp(—Bt) (5)
)
where F is the fractional attainment of equilibrium at different
contact times ¢, and Bt is a function of F

q:
F== 6
m (6)
where ¢, and ¢, are the amount of Pb** loaded (mmol g™ ') into
chitin/EM@Fe;0, hydrogel at time ¢ and at equilibrium state,
respectively. Then the eqn (5) could be rewritten as:

Table 1 Kinetic parameters for adsorption of Pb2* into chitin/EM@FezO, hydrogel at 20 °C in aqueous solution

Pseudo-first-order kinetics

ki (b7 ge (mmol g™ R

Pseudo-second-order kinetics

ky (g mmol™* h™1) ge (mmol g™ R,?

0.0034 0.0214 0.9199
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Bt = —-0.4977 — In(1 — F) (7)

The rate-controlling step in the adsorption process of Pb>*
into chitin/EM@Fe;0, hydrogel will be easily distinguished
from the Boyd plots. If the values of Bt change linearly along
with the incubation time ¢ and pass through the origin, the rate
of mass transfer is controlled by the pore diffusion. If the plot
profile is nonlinear or linear without passing through the
origin, the film diffusion or chemical reaction will mainly
dominate the adsorption rate. As illustrated in Fig. 3e, the
fitting plot for the adsorption process of Pb>" exhibit the
nonlinear behavior, clearly indicating that the film diffusion or
chemical reaction is the rate-limiting step in the initial period
and then follows the intra-particle diffusion.

3.3 Adsorption isotherms of Pb*" into chitin/EM@Fe;0,
hydrogel

The adsorption efficiency strongly depends on the initial
concentration of heavy metal ions in solution. Usually, the
adsorption capacity is enhanced along with the increase of the
concentration of metal ions in the solution.** As shown in
Fig. 4a, the amount of Pb*>" (g.) adsorbed into chitin/EM@Fe;0,
hydrogel increased from 0.013 to 0.070 mmol g~ ', when the
initial concentration of Pb>" increased from 0.7 to 18.0 mmol
L~ " at 293 K. This relationship between the adsorption capacity
at the fixed temperature and the ions concentration at equi-
librium can be easily described by the equilibrium adsorption
isotherms, including the Langmuir and Freundlich equations.
It is of great importance to learn more about the mutual

View Article Online
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interactions and optimize the dosage of adsorbents. The
Langmuir isotherm model is established in the following
form:**

U S S
—=—+

qe qmax

qmaxb CC ( )
where gma (mmol g™') is the maximum adsorption capacity
associated with the monolayer coverage on the surface, and b is
the Langmuir constant (L mmol '), reflecting the uptake effi-
ciency. Unlike Langmuir model, the Freundlich isotherm is
supposed to be an empirical equation to study the multilayer
adsorption process on heterogeneous surface:*®
In e = (9)
where Ky is the Freundlich constant, and the exponent 1/n is the
heterogeneity factor, indicating the adsorption capacity and
intensity, respectively.
Fig. 4b and c present the Langmuir and Freundlich profiles
for Pb** adsorption in absorbents at 293 K, respectively, and the

1
—Inc. +1n Kg
n

Table2 Langmuir and Freundlich parameters for Pb?* adsorption into
chitin/EM@Fez0O4 hydrogel at 20 °C in agqueous solution

Langmuir parameters Freundlich parameters

B

Gmax (mmol g1} (L mmol™") R? 1/n Ky (mmolg™") R

0.079 0.259 0.9727 0.542 0.017 0.9301

o
X
T

0.7

1.6 38 88
C,/ mmol . L

18.0

l/qe(g.mmol']) -2
W s N3 X®
S oo C O

-

[

>
T
n

[y
>
T
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Fig. 4 (a) Adsorption isotherms for Pb?* adsorption on chitin/EM@FesO4 hydrogel at 20 °C in pH = 5 aqueous solution. The related Langmuir
isotherms (b) and (c) Freundlich isotherms for Pb?* adsorption in chitin/EM@FezO,4 hydrogel.
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related parameters are summarized in Table 2. In Langmuir
model, the value of g, Was estimated to be 0.079 mmol g™,
implying that the as-fabricated -chitin/EM@Fe;0,
composite hydrogel could display high adsorption capacity for
Pb** in aqueous solution. As for the Freundlich plot fitting, the
value of 1/n was determined to be 0.542 at 293 K, revealing that
Pb>" could be easily anchored into the absorbents. In Freund-
lich equation, the constant (1/n) is closely related to the
adsorption intensity of the adsorbent. When the value of 1/n
ranges 0.5 < 1/n = 1, adsorbates are easy to be anchored on the
matrix.’” Based on the fact that the regression coefficient of R>
obtained from the Langmuir model (R* = 0.9727) is higher than
that for the Freundlich model (R* = 0.9301), it can be concluded
that the uptake process of Pb*' into the chitin/EM@Fe;0,
hydrogel prefers to the Langmuir adsorption. Namely, the
adsorption process in water solution is primarily dominated by
monolayer adsorption.

nano-

3.4 Thermodynamic parameters of Pb>* adsorption

Fig. 5a depicts the effects of incubation temperature on the
uptake capacity for Pb>" adsorption into chitin/EM@Fe;0,
hydrogel in water solution. The equilibrium adsorption capacity
slightly increased from 0.043 to 0.050 mmol g ', as the
temperature was elevated from 4 to 37 °C, revealing the endo-
thermic nature of this adsorption process. With the aim to
intensively explore the endothermic nature in the adsorption
process, the thermodynamic parameters, such as standard free
energy (AG®), enthalpy change (AH°) and entropy change (AS°)
are determined by utilizing the following equations®®:

AG°= —RT'In K4 (10)
1000 g.
Ky = Tq (11)

The values of AH® and AS° can be calculated by van't Hoff
equation:
AS°  AH°

In Kd =
R RT

(12)

0.05

—_~

=< 0.04
o0

D
< 0.01

0.00

37.0

4.0 20.0

T/C
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where Ky is the standard thermodynamic equilibrium constant
at the absolute temperature of T (K), R is the gas constant (8.314
Jmol " K1)

As shown in Table 3, the value of AG° for Pb®>" adsorption
into chitin/EM@Fe;0, hydrogel was negative, indicating that
the adsorption of Pb>* into absorbents underwent a favorable
and spontaneous process. The decreased value of AG° with an
increase in temperature suggests that the higher temperature is
beneficial to the Pb*" adsorption in solution. Furthermore,
according to the linear fitting profile of In Ky versus 1/T (Fig. 5b),
the values of AH® and AS° in water solution were determined to
be 48.6 k] mol~* and 267.3 ] mol ! K. The positive value of
AH° demonstrates the endothermic nature of the adsorption
process and the existence of an energy barrier. The large posi-
tive value of AS° proves the higher binding ability of Pb** to the
nanocomposite matrix and the increased randomness at the
solid-solution interface.*

3.5 Effects of pH on Pb>* adsorption behavior

Plenty of function groups such as the hydroxy, amino, carboxyl,
acetyl amino and hemiacetal groups exist in the chitin/
EM@Fe;0, nanocomposite hydrogel. The protonation/
deprotonation of these groups is susceptible to the environ-
mental pH conditions. Therefore, pH plays an important role in
regulating the adsorption behavior for metal ions. To avoid the
precipitation of Pb®" in higher condition, the pH values of the
solutions were adjusted within the range of 1.0-5.0 for investi-
gation. As illustrated in Fig. 6, the as-prepared adsorbent
performs different behaviors for Pb>* adsorption during the pH
ranges. The adsorption capacity increased sharply as the pH
value increased from 1.0 to 5.0. The zeta potentials for the

Table 3 Thermodynamic parameters for Pb2* adsorption into chitin/
EM@FeszO4 hydrogel at 20 °C in agueous solution

Temperature AH° AS° AG°
(K) (k] mol ™) (mol 'K (k] mol™™)
277 48.6 267.3 —5.58
293 —6.05
310 —6.74
b 14.4F

13.8F .

13.2+
-
2 12.6f
S

120 [

1141 -

10.8¢

0.0032 0.0033 0.0034 0.0035 0.0036
1/T&

Fig.5 (a) Effects of temperature on uptake capacity of Pb>* adsorption into chitin/EM@FesO,4 hydrogel at 20 °C in pH = 5 aqueous solution. (b)
The corresponding Van't Hoff plots for Pb?* adsorption in chitin/EM@FezO,4 hydrogel.
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hydrogel samples are positive (Fig. S21), revealing that the
amino groups are protonated in the whole pH range. This
occurrence would result in the electrostatic repulsive force with
Pb** and prevent the metal complex formation. Hence, the
increase in adsorption capacity is mainly relevant to the de-
protonation of the carboxyl groups and the electronegative
oxygen atoms in hydroxy, acetyl amino and hemiacetal groups.
In condition of low pH, the protonation of active sites such as
carboxylates takes place, which is unfavorable for the Pb**
binding to the biosorbents. Meanwhile, abundant hydrogen
ions (H") will restrain the activity of electronegative oxygen, thus
leading to the decrease in adsorption capacity.*® As the pH
increases, the ionization of -COOH groups from the citric
stabilized Fe;O4 nanoparticle and EM protein occurred, and in
turn the increased negative charges of -COO™ groups will give
rise to the stronger binding ability to heavy metal ions.*
Moreover, the lone pair of electrons in the neutral oxygen atoms
(the hemiacetal oxygen atom of the anhydro-glucose at the non-
reducing end and the hydroxyl groups of an anhydro-glucose
unit at the reducing end) under high pH condition is benefi-
cial to the formation of coordination bonds between O atoms
and the lead atoms.*

3.6 Regeneration

As an ideal adsorbent, how to recover and maintain the original
adsorption capacity is vital for the practical application. In this
study, Pb>"-loaded nanocomposite hydrogels were regenerated
by using 0.05 mol L™" HCI aqueous solution. For comparison,
0.1 mol L™" EDTA aqueous solution was also introduced as
another static eluting agent. Since the component of Fe;O,
nanoparticles in chitin/EM@Fe;0, nanocomposite hydrogel
may be dissolved or chelated in the eluting solution, the weight
loss of Fe was firstly explored. According to the original and
final weight contents of Fe in hydrogel samples, the weight loss
can be calculated as:

mo(Fe) — m,(Fe)

Lossg. =
OSSF mo(Fe)

(13)
where mo(Fe) (g) is the original weight content of Fe in hydrogel
sample, and m,(Fe) (g) is the weight content of Fe after incu-
bating the hydrogel sample in the eluting solution for the given

0.05
_I',-\ 0.04F
=1}
=0.03}
£
€ 0.02f
[-*]
(=2
0.01}
0.00 —-
1.0 25 4.0 5.0
pH

Fig. 6 Effects of pH on the uptake capacity of Pb>* adsorption in
chitin/EM@Fez0O4 hydrogel at 20 °C in aqueous solution.
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Fig.7 The weight loss of Fe as a function of immersing time for chitin/
EM@FezO4 hydrogel samples in different eluting media at 20 °C.

time of ¢. As shown in Fig. 7, after immersing the hydrogel
samples in the eluting agents of diluted HCl and EDTA aqueous
solutions for 48 h, the corresponding loss amounts of Fe from
the matrix were evaluated to be 10.6% and 5.7%, respectively.
The values of weight loss for the hydrogel samples in HCI
aqueous solution are relatively higher than those in EDTA
aqueous solution, implying that the nanocomposite bio-
sorbents displayed higher stability in EDTA solution during
the regenerated process. Although the phenomena of weight
loss would occur in both cases, the values are acceptable and
can still be utilized as the candidate eluting agents. Alterna-
tively, in order to maximally reduce the weight loss of Fe during
the regeneration, the elution time can be limited to be 0.5-1 h in
each cycle, which has been demonstrated to be sufficient to
remove the adsorbed heavy metal ions from the matrix. Similar
processing methods have been readily applicated in the regen-
eration of various adsorbents, such as Fe;0,/sawdust carbon,*
Fe;0,-modified sugarcane bagasse** or CMC/alginate/graphene
oxide@Fe;0,.%

Further, the regeneration behaviors were investigated. As
listed in Table 4, the desorption ratios of Pb** from the matrix
by using EDTA aqueous solution were slightly higher than
diluted HCI solution in each cycle, confirming the better elution
ability. Irrespective of the experimental deviation, these results
reveal that most of the Pb®>" adsorbed in chitin/EM@Fe;0,
hydrogel could be removed in both cases, testifying the poten-
tial re-usability of the adsorbents. When the regenerated
materials were placed in Pb** aqueous solution upon the same

Table 4 Repeated adsorption capacity and desorption efficiency of
Pb?* into chitin/EM@Fez0, hydrogel in the desorption—regeneration
cycle

Adsorption capacity Desorption efficiency

Cycle number (mmol g™ ) (%)

HCI-1 0.0453 88.96
HCI-2 0.0403 92.01
HCI-3 0.0387 81.27
EDTA-1 0.0467 94.43
EDTA-2 0.0436 94.21
EDTA-3 0.0407 92.17
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incubation condition, they displayed a slight decrease tendency
in the loading efficiency after each cycle. The existence of the
small and reasonable decrease in adsorption capacity may be
due to the static elution method, resulting in the incomplete
desorption of ions from the matrix. In spite of this, the devel-
oped chitin/EM@Fe;0, hydrogel could still be a good candidate
for future application.

4. Conclusion

A novel kind of chitin/EM@Fe;0, nanocomposite hydrogel
derived from the biowastes of egg shell membrane and chitin
was successfully prepared from the NaOH/urea aqueous system.
The obtained hydrogel adsorbent could display the enhanced
adsorption efficiency for Pb>" in aqueous solution with the
addition of egg shell membrane and citric stabilized Fe;0O,
nanoparticles in the matrix. The good correlation coefficient
(0.9966) demonstrates that the adsorption process in water
solution obeys the pseudo-second-order kinetic model,
implying that the Pb*>" uptake into the hydrogel is mainly
controlled by the inner surface adsorption. Moreover, the
adsorption behaviors strongly depend on the initial concen-
tration of the Pb>", pH value and the incubation temperature.
The adsorption process of Pb>" into this absorbent can be
suitably described by the Langmuir isotherm, and the thermo-
dynamic analysis indicates that the adsorption behavior was
spontaneous and endothermic. In addition, the nanocomposite
bio-sorbents could still display high uptake capacity after three
cycles. This work will pave a way for the utilization of novel
biomass-based absorbents for rapid and high-capacity removal
of heavy metal ions.
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