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Heavy metal wastewater is a direct threat to the ecological environment and human health because it is
highly toxic at low concentrations. Therefore, it is very important to explore and develop efficient
wastewater treatment agents. MnFe,O4-loaded bamboo pulp carbon-based aerogel (MCA) is prepared
by directional freeze-drying and carbonization. SEM, TEM, XPS, XRD, BET and FTIR are used to evaluate
the physical and chemical properties of MCA. Meanwhile, the adsorption performances of MCA on Pb2*,
Cu?* and Cd?* are also studied by adsorption kinetics, isothermal curves and thermodynamics. The
results show that the adsorption process involves chemical adsorption and physical adsorption, and the
adsorption process is a spontaneous endothermic process. The maximum adsorption capacities of MCA

for Pb%*, Cu?* and Cd?* obtained in the adsorption isotherm experiments were 74.38, 84.21 and
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Accepted 15th December 2024 73.63 mg g -, respectively, showing excellent adsorption performance for Pb“", Cu“" and Cd-<".

Therefore, the MCA has potential application for wastewater purification of heavy metals containing
Pb?*, Cu?* and Cd?*, meanwhile, this study provides some guidance for the design and application of
microspheres for the separation and removal of Pb?*, Cu?* and Cd?*.
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1 Introduction

Water is the foundation of life, and pollution of water resources
will be a disaster in the biological world. Wastewater, especially
industrial wastewater, contains a large amount of toxic heavy
metal ions. If not treated, it will directly threaten the safety of
human, animal and plant life." Heavy metals can cause protein
denaturation in animals and plants, and cause damage to
animal organs, life systems, and even life.> Many scholars have
proposed various solutions, such as the precipitation method,**
electrochemical method,” biological method,*® adsorption
method,*"® etc., to treat the heavy metal contaminated waste-
water. The adsorption method is currently one of the most
favored methods to remove heavy metals due to the large
number of adsorbents, high efficiency, simple operation, good
reversibility, low cost, and strong adsorbent regeneration
ability."
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MnFe,0, is a promising spinel ferrite in metal oxides, and
combines the advantages of iron-based and manganese-based
materials.” In particular, the surface area of MnFe,O, is
larger than that of other spinel ferrites. Therefore, owing to its
saturation magnetization, stability, and high surface area,
MnFe,0, stands out as one of the most suitable spinel ferrites
for adsorbing metal ions."'* MnFe,0, typically exhibits a mixed
spinel structure.’'® In aqueous solutions, the metal oxide
particles can be hydrated and form hydroxyl groups on the
surface of materials. The hydroxyl groups on the surface tend to
dissociate or protonate, depending mainly on the pH in the
solution. When the pH of the solution is higher than the pH of
the zero charge point (PZC), the surface of the particle is
negatively charged. The positive/negative charge of surface can
prevent the aggregation of particles through electrostatic
repulsion.”” Therefore, MnFe,0, has excellent redox properties
for (Fe**/Fe*"), conductive solid structures, and the presence of
hydroxyl (-OH) reaction sites on the material surface, making it
highly promising for the removal of organic and heavy metal
pollutants from wastewater.'® The primary preparation methods
for MnFe,O, including pyrolysis methods, coprecipitation
methods,*?** microemulsion methods,** sol-gel methods,*>*
and hydrothermal (solvothermal) techniques.”*** Among these
methods, the pyrolysis method has the advantages of simple
process, economic efficiency, high productivity, and high
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selectivity. Moreover, the reaction occurs in the absence of
solvents, avoiding solvent related pollution.>®

However, MnFe,0, has a tendency to aggregate in the liquid
phase, resulting in a decrease in its surface area and lower
adsorption capacity. Therefore, the modification of MnFe,0, is
very important for its application as adsorption materials. Li
et al.”” reported that cross-linked chitosan and polyethylene
glycol (PEG) bead-supported MnFe,O, nanoparticles were
formed to adsorb As®**, Cd*", Cu** and Pb**, and the adsorption
capacities were 9.90, 9.73, 43.94 and 11.98 mg g, respectively.
Li et al.®® reported that MFBC prepared by biochar loaded with
MnFe,0, from apple branches was used for U*" removal, and
the maximum adsorption capacity was 83.00 mg g~ " at pH = 6.0
and 313 K. Verma et al.*® reported that graphene oxide sup-
ported MnFe,0, nanocomposite adsorbent was prepared by one
pot hydrothermal method, which effectively reduced the
aggregation of MnFe,0,. The adsorption process followed the
pseudo second order kinetic model and Langmuir adsorption
isotherm model, and the maximum adsorption capacity of Pb>*
was 621.11 mg g~ *. Asadi et al.* reported that a MnFe,O, spinel
ferrites nanoparticles were synthesized via a practical co-
precipitation route to investigate the zinc removal from
aqueous solution. These nanoparticles could remove Zn(i) by
following the Langmuir isotherm model at optimum pH = 6,
with the high adsorption capacities of 454.5 mg g *. Giizel
et al’" reported that a magnetically separable biochar
composite (MWPC) was synthesized by a simple chemical
coprecipitation method, using wild plant-derived biochar
(WPC) and manganese ferrite nanoparticles (MnFe,0,). The
maximum adsorption capacity of Pb(u) determined from
Langmuir isotherms at temperatures of 293, 303, 313 and 323 K
was 90.09, 97.08, 123.45 and 129.87 mg g ', respectively. Liu
et al.* reported that MnFe,0,-biochar composite (MFBC) was
successfully fabricated via coprecipitation method as a novel
and efficient adsorbent for treating TI(1)-contaminated waste-
water. MFBC exhibited high performance across a wide pH
range of 4-11, with the superior TI(1) removal capacity
(170.55 mg g ') based on Langmuir model (pH 6.0, a dosage of
1gL™h.

Bamboo pulp, as a natural raw material, plays an important
role in the fields of papermaking and artificial fibers.>® Its
cellulose content is very high, reaching 90-98%.°**> However,
compared to wood pulp, it has only one narrow application
field. Bamboo cellulose is a high molecular weight polymer
composed of many glucose units connected by B-1,4-glycosidic
bonds, with linear, rigid, and highly oriented structural
characteristics.*””* Therefore, the internal hydrogen bonding
leads to high crystallinity, small internal gaps, and single
physical and chemical properties. The main active group is only
hydroxyl, which greatly limits the adsorption capacity and effi-
ciency. As cellulose has appreciable carbon content, is readily
available, renewable and has a proven ability for sorption, it can
be a suitable material for the preparation of carbonaceous
adsorbent.*® Nevertheless, the performance characteristics of
bamboo pulp carbon aerogel based adsorbent materials mainly
depend on factors such as their structural morphology, specific
surface area, pore structure, and functional group type.
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Therefore, by adjusting key factors such as pore size and pore
orientation, the solvent transport capacity can be enhanced and
the transport efficiency can be improved.*® However, the prep-
aration process of adsorbent materials with controllable
compositions remains difficult. And expensive precursors,
surfactants, and organic solvents need to be added in previous
complex synthesis procedures. Therefore, it is highly desirable
to develop cost-effective and environmentally friendly raw
materials and methods to synthesize adsorbent materials for
large-scale applications in water treatment.

Developing simple, green and efficient synthetic methods
has always been the goal of many scientists. Therefore, in this
paper, the green and renewable bamboo pulp was mainly used
as the substrate, and MnFe,0O, was introduced into the bamboo
pulp hydrogel by in situ loading, and the MnFe,O,loaded
bamboo pulp carbon-based aerogel (MCA) was obtained by
simple freeze-drying and carbonization. By these steps MnFe,0,
was uniformly distributed on the carbon aerogel. The size of
MnFe,0, particles was adjusted by studying the amount of raw
materials, reaction temperature, reaction time and other
factors, and the effect of MnFe,0, particle size on the adsorp-
tion of Pb*>", Cu®>", Cd*" and other ions was also studied. By
analyzing the surface morphology, element composition,
particle size, crystal structure, pore size, adsorption selectivity
coefficient and adsorption capacity of MCA, the structure-
activity relationship of MCA for selective adsorption of heavy
metals was established. The structural design, adsorption
kinetics, adsorption isothermal curve and thermodynamic
parameters were studied to reveal the carbonization of bamboo
pulp and the structural regulation and adsorption mechanism
of bamboo pulp carbon based aerogel adsorption material. The
adsorption mechanism of Pb*>*, Cu** and Cd** was revealed by
studying the adsorption kinetics, adsorption isotherm and
thermodynamic parameters.

2 Material and methods
2.1 Chemicals and materials

Bamboo pulp was obtained from Sichuan Tianzhu Bamboo
Resources Development Co., Ltd, Yibin, China. N-Methyl mor-
pholine-N-oxide, (NMMO) (AR, purity = 99%) was purchased
from Bide Pharmatech Ltd, Shanghai, China. Fe(NO;);-9H,0
(AR, purity = 99%), Mn(NO;),-6H,O (AR, purity = 98%),
Pb(NO3;), (AR, purity = 99%), Cu(NO3;), (AR, purity = 99%) and
Cd(NO3), (AR, purity = 99%) were purchased from West Asia
Chemical Technology (Shandong) Co., Ltd, Linyi, China. The
experimental water was self-made, resistivity = 18.25 MQ cm.

2.2 Preparation of MCA

Firstly, a series of mixed solutions were prepared. 4 additives in
different proportions (Mn(NOs), and Fe(NO;); powder) were
weighed, with weights of 0 g and 0 g, 0.3132 g and 0.7065 g,
0.6264 g and 1.4132 g, 0.9395 g and 2.1197 g, respectively, and
diluted to 100 mL volumetric flasks.** Then, 3.04 mL of the
above solutions and 20 g of NMMO powders were transferred to
four 50 mL beakers in turn. After the mixtures were completely

© 2024 The Author(s). Published by the Royal Society of Chemistry
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scattered at 90 °C, 0.31 g of bamboo pulps were added in turn,
and the mixtures were stirred and heated for 120 min, pour into
the mold to cool down, the formed gels were aged overnight at
room temperature, and then soaked with water to replace the
NMMO in the gel to prepare hydrogels with different added
amounts (among the four hydrogels obtained, the mass fraction
of Mn(NO3;), and Fe(NOj3); in the mass of bamboo pulp were
0%, 10%, 20% and 30%). Then, the pure water in the hydrogel
was replaced by repeated immersion in 20% tert-butanol-water
solution, pre-frozen in liquid nitrogen at —196 °C, and freeze-
dried for 48 h. Finally, the prepared aerogel was put into
a tube furnace, and then nitrogen gas was passed through to
replace the air in the tube. The temperature was heated to 500 °©
C and carbonized for 5 h at 5 °C min~* and N, flow rate of 100
mL min~". Then it was naturally cooled to room temperature,
and the sample MCA was obtained in turn and put into the
dryer for later use. Samples MCA1-1, MCA1-2, MCA-1-3, and
MCA1-4 represented the additives of 0%, 10%, 20% and 30%,
respectively.

The mixture of 0.6264 g Mn(NOj3), and 1.4132 g Fe(NO3);
additives were accurately weighed and synthesized according to
the above method. MCA2-1, MCA2-2 and MCA2-3 were obtained
by carbonization at 300, 600 and 700 °C, respectively.

2.3 Characterization

The morphology analysis of the samples was tested by SEM
(Regulus 8100, Hitachi, Japan) and TEM (Tecnai G2 F20, FEI,
USA). The specific surface area/porosity of the samples were
analyzed by a BET surface area measurement (ASAP 2020,
Micromeritics, USA). The DFT model was used to analyze the
porosity. The surface functional groups and composition were
analyzed by XPS (Escalab 250Xi, Thermo Fisher, USA), and the
surface functional groups of the samples were measured by
FTIR (IRAffinity-1S, Shimadzu, Japan) using the potassium
bromide table-pressing technique, which was detected in the
wavelength range of 400 to 4000 cm ™. The composition infor-
mation of the samples was obtained by XRD (Bruker AXS, Ger-
many). The X-ray source was Cu-Ka. The tube voltage was 40 kV,
the tube current was 40 mA, and the scanning range was 26 =
10-80°. The charge properties of the sample surface were
measured by a zeta potential analyzer (Zetasizer Nano ZS).

2.4 Adsorption experiment of Pb**, Cu®* and Cd**

The adsorption performance of MCA were evaluated using
single or multi-component heavy metal solutions (Pb>*, Cu**
and Cd**). The solution was adjusted to the desired pH by
0.1 mol per L sodium hydroxide or hydrochloric acid. 0.03 g of
MCA was put into a 150 mL conical flask, and 50 mL of heavy
metal solution was added. The conical flask was placed in
a shaker (WHY-2A, KEXI Instrument, China), and shaken for
180 min at a speed of 120 rpm. At regular intervals, the
concentration of heavy metals in the solution before and after
adsorption was measured by atomic absorption spectrometer
(PinAAcle 900T, PerkinElmer, USA). In the multi-component
solution, the initial concentration of heavy metal ions in each
component was the same. Eqn (1) was used to calculate the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorption capacity (g,), and eqn (2) was used to calculate the
removal efficiency (n). The experiment was repeated three times
in parallel.

¢, (mgg")=(Co— C)) x Vim (1)
7 (%) = (Cy — C)ICy x 100 (2)

where C, is the concentration of heavy metals in the solution
before adsorption, mg mL™'; C; is the concentration of heavy
metals in the solution after adsorption, g mL™"; V is the volume
of sample solution, mL; m is the weight of sample, g.

2.5 Regenerative performance

After the adsorption experiment, MCA was removed from the
solution and regenerated as follows. First, the free Pb*", Cu*"
and Cd”*" attached to the surface of MCA were removed by
soaking in deionized water for 2 h. Then, MCA was eluted in
0.1 mol per L hydrochloric acid aqueous solution. Finally, it was
repeatedly washed with deionized water to neutral, and then
lyophilized. These processes were repeated five times, and the
removal efficiency was used to evaluate this process.

3 Results and discussion
3.1 Characterization

The morphology and element distribution characteristics of
MCA were characterized by SEM-EDS and TEM, and the results
were shown in Fig. 1. The homogeneous bamboo pulp carbon-
based aerogel (MCA1l-1) shown in Fig. 1(a and b). After
carbonization, MCA had rich 3D mesh pore structure. After
further magnification (Fig. 1(b)), it was observed that the
surface showed network structure, which provided more sites
for MnFe,0, particles. Fig. 1(c-e) showed the morphology of
MnFe,0, modified anisotropy bamboo pulp aerogel MCA1-3.
Compared with the homogeneous MCA1-1, the cross section
of MCA1-3 showed the same direction of the pore, while the
longitudinal section showed the circular hole structure, indi-
cating the anisotropy of the pore. Through further amplification
and observation, spherical particles appeared on the surface of
the smooth aerogel, which also confirmed the successful
loading of MnFe,0, particles.

In order to explore the effect of addition amount and
carbonization temperature on the morphology of MnFe,O,
particles on the surface of the material more scientifically and
intuitively, MCA1-1, MCA1-2, MCA1-3, MCA1-4, MCA2-1, MCA2-
2 and MCA2-3 obtained by directional freezing are characterized
by TEM, and the results were shown in Fig. 1(j-o). Fig. 1(j)
(inset) showed that the surface of MCA1-1 without additives
appeared particle-free, which were consistent with the SEM
results. Fig. 1(j-1) showed that as the amount of additives
increases, the point distribution of MnFe,O, particles on the
surface of the material tended to be obvious. Fig. 1(m-o)
showed that when the carbonation temperature increased, the
size of MnFe,0, particles would increase significantly, and then
the color of the particles in the picture would be deepened. In
order to further explore the change of MnFe,0, particle size,
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Oxygen

Iron Manganese

Fig. 1 (a and b) SEM images of MCA1-1 obtained by non directional
freezing at different magnifications; (c—e) SEM images of MCA1-3
obtained by directional freezing at different magnifications; MCA1-3
element mapping ((f) carbon; (g) oxygen; (h) iron; (i) manganese); (j)
MCA1-2 (inset: MCA1-1); (k) MCA1-3; () MCA1-4; (m) MCA2-1; (n)
MCA2-2; (o) MCA2-3.
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100 data points was collected in Fig. 1(j-0), and Origin 8.5 was
used to analyze the relevant data and Gaussian fit, the results
were shown in Fig. S1.f With the increase of additive dosage,
the average diameter of the synthesized MnFe,O, particles
increased from 2.75 nm to 3.29 nm. When the carbonation
temperature increased from 300 °C to 700 °C, the average
diameter of MnFe,0, particles increased from 2.25 nm to
3.64 nm.

The type of functional groups and pore structure have great
influence on the adsorption performance of porous materials.
In order to disclose the chemical and physical structure of MCA,
the surface groups were characterized by XPS and XRD, and the
pore structure was analyzed by BET. The obtained MCA1-1,
MCA1-2, MCA1-3, and MCA2-3 after directional freezing were
analyzed by XPS and XRD. The XPS full spectrum of MCA were
shown in Fig. 2(a). The characteristic peaks of 284 eV, 552 eV,
642 eV and 711 eV represented C 1s, O 1s, Mn 2p and Fe 2p,
respectively.”” In addition, it was found that the peaks of Mn 2p
(642 eV) and Fe 2p (711 eV) increased gradually with the
increase of additives, while these two characteristic peaks
(642 eV and 711 eV) were not found in the spectrogram of MCA1-
1 without the addition of MnFe,O,, which also indicated that
the successful loading of MnFe,O, particles. It was consistent
with the analysis of Fig. 1. The O 1s (552 eV) peak strengthened
with the increase of the carbonation temperature, which was
mainly caused by the increase of the precursor ablation effi-
ciency after the temperature increased. In order to further
explore the functional group structure of MCA, therefore, high-
resolution XPS (C 1s, O 1s, Fe 2p, and Mn 2p) analysis of MCA1-3
was performed, and the results are shown in Fig. 2(b-e).
Fig. 2(b) showed the fitting spectra of C 1s, which showed that
there were three peaks associated with C-C (284.8 eV), C-O-C
(286.3 eV), and O-C=O (288.6 eV) on the MCA surface,
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Fig. 2
curves of MCA, pore size distribution of MCA (inset).
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(a) XPS spectrum of MCA; high-resolution XPS of MCA1-3: (b) C 1s, (c) O 1s, (d) Fe 2p; (e) Mn 2p; (f) N, adsorption—desorption isothermal
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indicating the presence of multiple C-containing functional
groups. Fig. 2(c) showed the fitting spectra of O 1s, with three
independent peaks at 530.1 eV, 531.6 eV and 532.82 eV, which
represented Mn-O/Fe-O, C-O and C=0, respectively.* Fig. 2(d)
showed the fitting spectra of Fe 2p, which had spin-orbit
doublets of Fe 2p;/, and Fe 2p;/,. The Fe 2p3,, orbital could be
divided into two peaks at binding energies of 711.0 eV and
712.3 eV, corresponding to the characteristic peaks of Fe** and
Fe**, respectively.* Fig. 2(e) showed the fitting spectra of Mn 2p,
which had spin-orbit doublets of Mn 2p;,, and Mn 2p,,, with an
orbital energy difference of 12 eV. The Mn 2p3,, orbit had two
peaks at 641.87 eV and 643.82 eV, corresponding to Mn** and
Mn*", respectively.” These results indicated that the MCA
surface had a variety of functional groups (-C=0, -OH, Mn-O,
and Fe-0), which played a key role in heavy metal adsorption.
Fig. S2t showed the XRD results of MCA obtained from different
preparation conditions. The diffraction peak of 20 at 21°
showed a graphitic (002) plane, which indicated that MCA was
composed of graphitic microcrystals. The diffraction peaks at
35.6,44.8, 57.7 and 42.9 were represented (311), (400), (511) and
(440) planes, indicating the presence of MnFe,0, spinite ferrite
structures on the MCA surface. These results were consistent
with the previous XPS results.***

The amount of additive had a great influence on the pore
structure of MCA. Therefore, in order to explore the effect of
MnFe,0, on the pore structure of MCA, the pore structure of
MCA1-1, MCA1-2, MCA1-3 and MCA1-4 was analyzed by BET.
The results were shown in Fig. 2(f), and the relevant data were
shown in Table S1.f The N, adsorption-desorption isothermal
curves of MCA loaded with MnFe,0, or without MnFe,O, being
loaded showed the typical type IV curves.*® In addition, the N,
adsorption volume of MCA1-1, MCA1-2, MCA1-3, and MCA1-4
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increased rapidly with increasing relative pressure at lower
relative pressures, which indicated that the carbonization
process caused more micropores in MCA. With the increase of
MnFe,0, loading, the adsorption volume of N, decreased,
which indicated that MnFe,O, occupied part of the micropores
in MCA, resulting in the decrease of the specific surface area
from 182.67 to 109.72 m? g~ '. There were obvious hysteresis
loops in the range of P/P, = 0.40-1.00, indicating the occurrence
of capillary condensation, which indirectly proved the existence
of mesoporous structures in MCA.

3.2 Adsorption studies of Pb**, Cu** and Cd**

3.2.1 Effects of preparation and adsorption conditions on
adsorption performance of Pb>*, Cu** and Cd**. In order to
explore the effects of additive amount, freezing method,
carbonization temperature, pH and initial concentration on
Pb*", Cu®*, Cd*" adsorption performance. MCA1-1, MCA1-2,
MCA1-3, MCA1-4, MCA2-1, MCA2-2 and MCA2-3 prepared by
directional and non-directional freezing, were selected for the
adsorption evaluation, and the results were shown in Fig. 3. In
general, the adsorption amount of MCA obtained by directional
freezing was slightly higher than that obtained by non-
directional freezing. With the increase of MnFe,O, loading,
the adsorption capacity of MCA prepared by directional freezing
or non-directional freezing on Pb**, Cu®>" and Cd*' showed
a trend of first increasing and then decreasing. Due to the
increase of MnFe,0, loading, the adsorption sites increased.
However, the excessive loading led to the formation of MnFe,0,
particle size was too large, the adsorption capacity began to
decrease. Fig. 3(a-c) showed that when MnFe,O, loading
reached 20% and directional freezing was adopted, the
adsorption capacities of MCA on Pb*", Cu®* and Cd** all reached

7% (c)

Directional freezing
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-
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Fig. 3 Effects of MCA1-1, MCA1-2, MCAL-3 and MCA1-4 on adsorption capacity of (a) Pb2*, (b) Cu?* and (c) Cd?*; effect of (d) carbonation
temperature, (e) pH and (f) initial concentration on the adsorption capacities of MCA1-3 towards Pb?*, Cu®>* and Cd®*.
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the maximum value, which were 10.60 mg g ', 13.23 mg g
and 7.86 mg g, respectively.

The carbonation temperature played a crucial role in the
morphology and surface functional groups,” and then the
adsorption effect could be affected. Therefore, the adsorption
capacity of MCA2-1, MCA1-3, MCA2-2 and MCA2-3 for Pb>", Cu®*
and Cd*>" was investigated, and the results were shown in
Fig. 3(d). With the increase of carbonization temperature, the
adsorption capacity of Pb*", Cu®" and Cd*>" by MCA firstly
increased and then decreased. The reason for this phenomenon
was that when the carbonization temperature was low (300 °C),
the degree of MCA carbonization was incomplete. Meanwhile,
the amount of MnFe,0, generated by the loading was insuffi-
cient, resulting in the lower adsorption capacity. When the
carbonization temperature reached 500 °C, the adsorption
capacities of MCA on Pb®*", Cu** and Cd* reached the
maximum, and the adsorption capacities were 10.69 mg g,
12.50 mg g~ ' and 7.86 mg g~ ', respectively. When the carbon-
ization temperature was further increased (>500 °C), the
carbonization degree of the matrix tended to stabilize. Never-
theless, according to the previous SEM results, it was found that
high temperature caused the aggregation of the loaded
MnFe,0,, the effective contact surface with heavy metals
became decreasing, resulting in the decrease of adsorption
capacity. In summary, considering the adsorption capacity of
Pb**, Cu®>" and Cd*" by anisotropy and isotropic MCA, MCA1-3
obtained by directional freezing was adopted as the main
research object to conduct the following research work.

Fig. 3(e) showed that MCA had a significant impact on the
adsorption capacity of Pb**, Cu®>" and Cd>" at different pH,
showing the trends of first increasing and then decreasing. Due

)
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to the binding of surface functional groups of MCA with H' at
lower pH conditions, a repulsive force was formed between
MCA and heavy metal ions, resulting in a decrease of adsorption
capacity.® Therefore, the adsorption capacity of MCA for Pb*",
Cu** and Cd** reached the maximum at pH = 6, which were
10.48 mg g~ !, 12.97 mg g ' and 9.23 mg g~ ', respectively. The
results showed that the adsorption capacity of MCA for the three
heavy metals was Cu®>* > Pb*>" > cd>".

The initial heavy metal concentration is another important
factor for the adsorption process. Therefore, the effects of initial
heavy metal concentration on removal efficiency of anisotropic
MCA successively with the concentration of Pb**, Cu** and Cd**
of 10-40 pg mL ™" were tested at the adsorption temperature of
25 °C, pH of 6, and the adsorption time of 240 min. The results
were shown in Fig. 3(f). The removal efficiency of Pb**, Cu*" and
Cd** all showed a trend of increasing at first and then stabi-
lizing with adsorption time. In addition, with the increase of
initial concentrations, the removal efficiency decreased gradu-
ally. Due to some adsorption sites on the MCA surface were
incompletely occupied at low initial concentrations, so the
removal efficiency was high. When the initial concentration was
high, there was no excess adsorption sites on the MCA surface
to adsorb heavy metals, so the removal efficiency gradually
decreases.>

3.2.2 Adsorption kinetics and isotherms.
elucidate the adsorption rate control steps and absorption
types, the adsorption kinetic data were fitted with pseudo-
first-order and pseudo-second-order kinetic models,
following formulae eqn (S1) and (S2).t Fig. 4 showed the
kinetics studies of single, binary, and ternary systems of Pb>",
Cu®", and Cd*" at different concentrations (20-60 ug mL ") by
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50 20 T30
5 (a) =0 (b) " () = (4)
= i E '5 ‘ % v‘_'
] 2 2 . =
= 2 ISRt = —— " 20
53 X —ptas=—m D > z -
g 2 //A' 3 g . A
g§20 & d =3 5 ’
37 __pees———== 39 210 /,_i g0
= > s I i 2 i I G il
210 s & £ > 2 z o
3 - pb 3 Pb™/Cu* 2’( PbCa % Pb?/Cu™/Cd
R o0 0 150 20 207 Y 50 00 150 200 250 0 100 10 200 250 % S0 100 150 20 250
o Time (min) =0 Wne (miny S Time (min) 0 Time (min)
®
27" (e) = (D 2" (g) g7 (h)
g = < E
£ o E
;& e =3 L3
o] o O o
2 e T %
g o £20 52 ?l A
3 aaaa @ g’ P
£ //' 5 g & /’i_ﬁ
g 3 5 ,
5 y S,/ = &y Bl T
Z 10 5 / E : et
g E B 2 e
20 Cut 2 0 Cu*'/Pb? < ( Cu?'/Cd? 24 Cu*/Pb*/Cd?
o 0 10 10 20 250" Y% 50 150 200 250 b s 100 10 200 25000 SO 100 10 200 250
- Time (min) = Time (min) =S Time (min) =25 Time (min)
3 Fs (s C %
29 (i) s (i) % (1)
o 40 20 L aiieacas A0 20
o A % —— —
— 15 I8 / i
A//AE i g * T =

/

50 100 150
Time (min)

Adsorption capacity of Cd** (mg
w 3

£
§
E10
<

0 50 100 150 200 250
Time (min)

|

~
|

Adsorption capacity of Cd** (mg/g
o i
= I

\I

Cd/cw? . Cd/Pb/Cu*
50 00 150 200 250 O 50 100 150 200 250
Time (min) Time (min)

Fig. 4 Pseudo-first-order and pseudo-second-order models for Pb?* in the system of: (a) Pb*, (b) Pb>*/Cu?*, (c) Pb2*/Cd?*, (d) Pb>*/Cu?*/
Cd?*; Cu®* in the system of: (e) Cu?*, (f) Cu?*/Pb?*, (g) Cu®*/Cd?", (h) Cu?*/Pb%*/Cd?*; Cd?* in the system of: (i) Cd?*, (j) Cd®*/Pb?*, (k) Cd®*/
Cu?*, () Cd*>*/Pb2*/Cu?* on the MCA, at pH = 6 and temperature = 25 °C.
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MCA. The results showed that with the extension of adsorp-
tion time, the adsorption capacity increased rapidly from the
beginning and gradually became stable. With the increase of
time, the adsorption sites of MCA was occupied, and then the
adsorption rate gradually decreased. Meanwhile, the adsorp-
tion of Pb>*, Cu®" and Cd*" by MCA increased gradually with
the increase of heavy metal concentration. This phenomenon
was mainly explained by the fact that the high concentration
of heavy metals would strengthen transferring of heavy metal
to the surface of MCA and finally provide a greater possibility
for MCA adsorption. In addition, the adsorption capacity of
Pb>*, Cu®" and Cd** by MCA in the solution of single system
was higher than that of binary and ternary systems, which was
mainly because heavy metals competed with each other for
the adsorption sites on the surface of MCA in the multi-
system system. The correlation coefficient in the adsorption
process were fitted, and the results were shown in Tables S2-
S4.1 The pseudo-first-order kinetic model was better fitted
than the pseudo-second-order kinetic model for most
adsorption processes. The adsorption process involved not
only physical adsorption process, but also chemical adsorp-
tion process.

In order to accurately describe the adsorption mechanism of
MCA on Pb**, Cu®" and Cd*" at a certain temperature, Langmuir
adsorption isothermal model and Freundlich adsorption
isothermal model were used to fit the relevant data, following
formulae eqn (S3) and (S4).t Fig. 5 showed the adsorption
isothermal curves of MCA for Pb*", Cu®>" and Cd*" in the single,
binary and ternary systems discussed at different temperatures.
At the same time, the adsorption capacity of MCA for Pb>*, Cu®*
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and Cd** increased with the increase of temperature, indicating
that the adsorption process was endothermic and the increase
of temperature was conducive to the adsorption. Relevant data
were fitted and the adsorption isothermal curve parameters
were shown in Tables S5-S7.7 The results showed that most of
the adsorption isothermal curves of MCA for Pb**, Cu** and
Cd*" could be described by Langmuir isothermal curves, indi-
cating that the process was involved in chemisorption. Finally,
when the temperature was at 45 °C, the maximum adsorption
capacity of MCA for Pb*" in the systems of Pb>*, Pb**/Cu>*, Pb>"/
Cd** and Pb**/Cu”*/Cd** were 74.38 mg g ', 37.01 mg g/,
55.26 mg g ' and 37.49 mg g ', respectively. The maximum
adsorption capacities for Cu®" in the systems of Cu®*, Cu**/Pb*",
Cu**/Cd*" and Cu*'/Pb*"/Cd>" were 84.21 mg g™ ', 67.07 mgg ',
52.63 mg g " and 36.14 mg g~ ', respectively. The maximum
adsorption capacity for Cd*" in the systems of Cd**, Cd**/Pb*",
Cd**/Cu®" and Cd**/Pb**/Cu®" systems were 73.63, 26.47, 55.35
and 36.29 mg g, respectively.

In order to clearly understand the energy change in the
adsorption process, eqn (S5)-(S8) were used to calculate the
thermodynamic parameters of the adsorption process, and the
results are shown in Tables S8-S10.f In single, binary and
ternary systems, the adsorption thermodynamic parameter of
MCA to Pb*", Cu®*" and Cd*', AG’ was negative, indicating that
the adsorption processes were spontaneous. AH’ > 0 reflected
the endothermic nature of the adsorption process. AS’ >
0 indicated an increase in degrees of freedom at the solid-liquid
interface during adsorption. It showed that the increase of
temperature in the adsorption process was beneficial to the
adsorption.>*

o PbiCd
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Fig. 5 Langmuir and Freundlich adsorption isothermal curves for Pb2* in the system of: (a) Pb?*, (b) Pb?*/Cu?*, (c) Pb?*/Cd?*, (d) Pb?*/Cu?*/

Cd?*; Cu®* in the system of: (e) Cu?*, (f) Cu®*/Pb?*, (g) Cu®*/Cd?*, (h)
Cu?*, () Cd**/Pb?*/Cu?* on the MCA.
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Table 1 Adsorption distribution coefficient and selectivity factor of
MCA for Pb?*, Cu?* and Cd?* in single, binary and ternary systems®

Adsorbate Kaa Kam oy
Pb* 2.0039 — —
cu** 3.0623 — —
cd* 1.3424 — —
Pb**/Cu** 0.5792 0.9110 0.6358
Pb>*/Cd** 0.9620 0.9375 1.0262
cu?'/cd** 1.3873 0.4755 2.9176
Pb*'/Cu?*/Cd* 0.4780 0.9305 1.0478
cu*'/pb**/Ccd* 0.5723 0.8362 1.3863
cd*'/pb**/cu* 0.3582 1.0503 0.6820

% The first metal ion represents the target ion A, the other ions represent
the interfering ion M.

3.3 Adsorption selectivity

In order to explore the selective adsorption of MCA to Pb>*, Cu®>*
and Cd*" in the binary, and ternary systems, 20 ug per mL heavy
metals concentration were selected for evaluation by the
distribution coefficient (K4) and adsorption ajy selectivity factor.
The calculation formulae were shown in eqn (S7) and (S8),t
respectively.

Table 1 showed the adsorption distribution coefficients and
selectivity factors of Pb**, Cu®" and Cd** by MCA in single,
binary and ternary systems. The results showed that MCA
adsorbed Cu** preferently, followed by Pb** and Cd>". At the
same time, it was found that there was a competitive adsorption
among Pb**, Cu** and Cd** during the adsorption process of
MCA. A similar result could be obtained by studying the selec-
tivity factor.

3.4 Adsorption mechanism

In order to explore the functional group changes on the surface
of MCA, FTIR analysis was performed on MCA1-1 and MCA1-3
before and after adsorption, and the results were shown in

Eletrostatic attraction

(o)
@

@®cd

D >
replace

®rb » Cu
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L1 1) \rcphcc
®

® on exchange
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Fig. 6. According to the MCA1-1 FTIR results, the peaks of
3420 cm ™', 1620 cm™ " and 1040 cm™ ' represented the stretch-
ing vibration of O-H, the stretching vibration of C=0 and the
bending vibration of C-O, respectively. Compared with the
MCA1-1, MCA1-3 loaded with MnFe,O0, showed a new peak at
523 cm ', and 1440 cm™ !, which were mainly caused by Fe-0/
Mn-O and the bending vibration of O-H. Moreover, when
MCA1-3 adsorbed Pb>", Cu®* and Cd**, the peak of 523 cm ™"
became smaller and the wave number moved to 605 cm™'. At
the same time, the peak of 3420 cm ™" moved to 3410 cm ™" and
the peak of 1440 cm ' disappeared, indicating that a large
amount of hydroxyl groups had ion exchange with the heavy
metals. In conclusion, the surface functional groups of MCA1-1
were mainly oxygen-containing groups such as hydroxyl,
carbonyl and carboxyl. When loaded with MnFe,0,, additional
surface functional groups were added including Fe-O, Mn-O,
etc. The results were similar to those results for the adsorption
process of magnetic MnFe,O,-biochar composites by Zhang
et al.>® Therefore, the adsorption reaction of MCA surface
functional groups on heavy metal ions M>" (M*" = Pb*", Cu*",
Cd*") involved the following eqn (i)-(iv):

(Mn)Fe-OH + M?* — (Mn)Fe-O-M?" + H; (i)
((Mn)Fe-OH), + M** — ((Mn)Fe-O-),-M** + 2H*; (i)
(iii)
(iv)

~COOH + M** - -COO-M?** + H™;

(-COOH), + M?*" — (-COO-),-M>" + 2H";

Zeta potential was an important parameter to evaluate the
nature of the surface charge of adsorbent particles, while the pH
zero point of charge (pHgp) represented the electrophoretic
mobility when the net total particle charge was zero.* The zeta
potential of MCA1-3 at room temperature was studied under
different pH conditions, as shown in Fig. S3.7 It could be

20% tert butanol water solution

MCAI-1

MCA -3 before ads

2000 3
Wavenumber (cm™)

Fig. 6 FTIR of before and after adsorption and possible mechanism of the adsorption of MCA on Pb2*, Cu®* and Cd?*.
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Fig. 7 Removal efficiency of Pb?*, Cu?" and Cd®* by MCA in 5
adsorption—desorption cycles.

confirmed that the surface charge of MCA was positive at pH <
4.89, leading to a repulsion between the MCA and the heavy
metals. However, when pH > 4.89, the surface charge of MCA
became negative. The negative charge on the surface favored the
adsorption of heavy metals by electrostatic interactions.

3.5 Desorption and regeneration

The regeneration of adsorbent was an important index to
determine the cost and stability of materials. The MCA after
adsorption was repeatedly immersed in 0.1 mol per L hydro-
chloric acid to desorb Pb?", Cu** and Cd>". Then, the desorbed
MCA was washed repeatedly using deionized water until the
washed water was nearly neutral. At low pH, there is a fairly high
concentration of hydrogen ions around the binding site of the
adsorbent, which competes strongly with the positively charged
heavy metal ions, resulting in strong electrostatic repulsion of
metal cations and a longer distance between the adsorbent and
adsorbate.>>*® After 5 cycles (the results are shown in the Fig. 7),
the removal efficiency of Pb**, Cu** and Cd** were 63.97%,
72.73% and 60.29%, respectively, which were slightly lower than
those at the beginning (decreased by 3.32%, 3.96% and 8.69%,
respectively). Therefore, MCA was a good candidate material for
adsorption in future, due to its remarkable regenerative and
recyclability. For comparison, we retrieved the metal ion
adsorption capacity of other biomass carbon-based adsorbents,
and systematically listed adsorbents, adsorbates and the
adsorption capacity. As shown in Table S11,} in our work, MCA
was used as a capture agent for adsorption of heavy metals Pb>",
Cu**, Cd*" with the maximum adsorption capacities of 74.38,
84.21 and 73.63 mg g~ ', respectively, which was better than the
related research progress.””% It has a certain application pros-
pect in water pollution control.

4 Conclusions

In this paper, MnFe,O4-modified bamboo pulp carbon-based
aerogel (MCA) was prepared by in situ loading MnFe,Oy,,
freeze-drying and carbonization. MCA had a 3D network struc-
ture, and the pores were anisotropy with high porosity (80.88%)
and large specific surface area (>100 m> g~'). Because of its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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magnetic properties, it was easy to recycle after use. The surface
had a variety of functional groups such as -C=0, -OH, Mn-0O,
and Fe-O, which played a key role in heavy metal adsorption.
Through the study of adsorption kinetics, adsorption
isothermal curve and adsorption thermodynamic parameters, it
was found that MCA had a heterogeneous surface and the
adsorption process involved not only physical adsorption, but
also chemical adsorption in the single, binary and ternary
systems, and the adsorption process was also a spontaneous
endothermic process. The maximum adsorption capacities of
MCA for Pb>*, Cu®>" and Cd** were 74.38, 84.21 and 73.63 mg
¢!, respectively. The removal ability of MCA for Pb>", Cu®>" and
Cd*" in the multi-system adsorption process was as follows:
Cu”* > Pb** > Cd”', and there was competitive adsorption
among heavy metals during the adsorption process. Therefore,
MCA had potential applications in the purification of heavy
metal wastewater containing Pb>*, Cu®>" and Cd**. The results
provided basic scientific basis and theoretical reference for the
development of environmental functional materials with high
efficiency in removing heavy metals from water using bamboo
pulp as raw material.
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