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ARTICLE INFO ABSTRACT

Keywords: Centimeter-scale composite biochar-alginate gel beads (MoS;B/CaCO3/Alg) were designed for the adsorption of
Sodium alginate gel beads Pb(ID) in water using MoS, modified biochar as the filler, alginate as the matrix, and CaCOs as the active additive
Biochar

component. The composite gel beads were characterized using scanning electron microscope (SEM), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR), X-ray diffraction (XRD), and other tech-
niques. MoSyB/CaCO3/Alg showed excellent adsorption capacity over a wide range of pH 4-7. The maximum
adsorption capacities obtained using the Langmuir model were 769.2, 833.3, and 909.1 mg g~ ! at 10, 25 and
40 °C, respectively. At a dosing rate of 0.4 g L™, MoS,B/! CaCO3/Alg was able to reduce the Pb(II) concentration
to below 0.05 ppm in complex simulated lead battery wastewater. After 10 repeated cycles, MoS2B/CaCOs3/Alg
maintained a high removal rate of 98.4 %. This spherical adsorbent is simple to prepare and easy to recover, has
an ultra-high adsorption capacity, and is mechanically stable and resistant to interference, thus it is expected to
be suitable for application in industrial wastewater treatment.

High capacity
Lead removal
Room temperature adsorption

Hydrogels, as newly developed polymeric material with a three-
dimensional network structure, can be both hydrophilic and hydro-

1. Introduction

Lead is the largest non-radioactive element in terms of atomic weight
and has a low melting point, high corrosion resistance and good plas-
ticity, making it suitable for wide use in industry [1]. Current lead-
containing wastewater mainly comes from the battery, electroplating
and non-ferrous metal mining and smelting industries, and most of the
lead element in industrial wastewater exists in the form of Pb(II). Lead
enters the human body through the digestive and respiratory tracts, and
its excessive deposition in the human body can substantially impair the
normal development and functioning of the nervous and cardiovascular
systems, two of the major body systems [2], and these negative effects
are particularly more severe for children. Therefore, it is important to
reduce the concentration of Pb(Il) in industrial effluents to a safe level.
Adsorption is currently regarded as a well-established and inexpensive
method for removing heavy metal ions, in which selection of an efficient
and economical adsorbent is crucial.

* Corresponding authors.

phobic, absorbing and retaining part of the water in aqueous solutions
but not dissolving themselves [3]. Natural polysaccharide hydrogels are
sourced from natural and microbial resources, are inexpensive, and can
be broken down by microorganisms into water, carbon dioxide, and
inorganic small molecules following disposal without the formation of
any secondary contamination [4]. Sodium alginate, a linear hydroxyl-
rich natural anionic polysaccharide can form a hydrogel network with
most of the divalent metal ions [5,6]. Alginate hydrogels have received
much attention in the field of adsorption in recent years and contain
abundant macro and mesoporous structures which can be designed into
desirable shapes and sizes [7,8]. However, the poor mechanical strength
of alginate hydrogels and their highly pH-dependent adsorption process
limit their practical applicability [9]. By introducing inorganic or
organic fillers (graphene oxide [10], biochar [11], metals and metal
oxides [12], clay minerals [13], silica-based materials [14], etc.) into the
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hydrogel system, its physical and chemical properties can be modified
enhancing the adsorption properties as well as the mechanical strength,
while also solving the problem of the difficult recovery of nanomaterials.
MoS; nanomaterials contain abundant active S-functional groups and
exhibit strong affinity for metal ions. It is currently considered to be a
promising adsorbent and has been used to adsorb arsenic [15], chro-
mium [16], and cadmium [17] in water. However, pure nano-MoS;
particles have low dispersibility in solution and tend to aggregate, and
its S atoms are difficult to expose and combine with heavy metal ions. As
one of the world’s recognized harmful invasive plants, water hyacinth is
rich in cellulose, hemicellulose and nitrogen. Water hyacinth can form
self-doped nitrogen porous biochar after pyrolysis, which provides a
large specific surface area and the ability to act as an electron shuttle and
electron donor [18], and is an excellent carrier for supporting MoS,
nanoparticles.

In this study, MoS; nanosheets were incorporated on the surface of
biochar using a hydrothermal one-pot synthesis method to form a cluster
structure. Owing to the presence of sulfur, MoS; has an excellent affinity
for metal ions and therefore, improves the adsorption capacity [19]. The
introduction of MoSy-modified biochar into the alginate mechanism,
using the coupling between components contributed to the formation of
the gel network and enhanced adsorption performance. We found that
the dense particle structure after the addition of biochar slowed down
the diffusion process of heavy metal ions in the gel beads, and the
adsorption rate was slow. To address this issue, CaCO3 was used as a
porogenic agent to create pore-like structures within the hydrogel,
which enhances the adsorption rate, while the residual CaCOs3 can act as
a pH bulffer to expand the available pH range for the adsorption process.
Residual CaCOj3 can also act as an active ingredient for Pb(II) adsorption.

MoS,B/CaCOs3/Alg gel beads were synthesized using MoS; modified
biochar as a filler, alginate as a carrier and CaCOs as a porogenic agent
and active ingredient. The adsorbent has a “core-shell” bead structure,
which eliminates the problem of the super-micron size of the adsorbent
material and the difficulty of separation and recovery. Various charac-
terizations of the MoS,;B/CaCOs/Alg gel beads were carried out to
investigate the adsorption mechanism. The effects of pH, adsorption
kinetics, adsorption isotherms, adsorption thermodynamics and recov-
erability as well as the effect of Pb(II) adsorption on simulated real lead
battery wastewater were investigated.

2. Experiment method

The materials and characterization methods used for the experiments
conducted are described in the Supplementary information (SI).

2.1. Preparation of MoSy/biochar

Details of all experimental reagents are provided in the SI. Water
hyacinth was washed with alternating ethanol and water, dried, and
powdered. The temperature was raised to 500 °C using a tube furnace at
a heating rate of 10 °C min ! and held for 2 h. The obtained biochar was
washed with 1 M HCI to remove excess ash. After washing with deion-
ized water to neutral pH, it was filtered and dried to obtain the biochar.

For the hydrothermal reaction, 1 g of biochar of anemone, 1.24 g of
ammonium molybdate tetrahydrate, and 1.07 g of thiourea were poured
into 60 mL of water; the solution was stirred for 30 min and the hy-
drothermal reaction was carried out at 180 °C for 6 h. After cooling to
room temperature, the powder was filtered, washed with deionized
water, and dried to obtain MoS,B.

2.2. Preparation of porous MoS;B/CaCO3/Alg gel beads

First, 0.45 g (3 %, w/v) of sodium alginate and CaCO3 were dissolved
in 15 mL of water, stirred well, and MoS;B powder was added to it and
again stirred for 24 h. Then, a 3 % (w/v) CaCl, solution was added to
form gel beads and left overnight. The gel beads were transferred to 400
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mL of 0.05 M HCI, soaked for 3 h, and then filtered and washed to
neutral using deionized water. After freezing for 30 min, the samples
were freeze-dried for 12 h to obtain the porous MoS;B/CaC0O3/Alg gel
beads. Of which 0-3% (w/v) for CaCO3 and 0-2 % (w/v) for MoS,B
powder.

2.3. Batch adsorption tests

The adsorption behavior of the porous MoS,B/CaCOs3/Alg gel beads
was investigated through a series of adsorption tests including the pro-
portion of adsorbent filler, solution pH, adsorption time, temperature,
competing ions, simulated wastewater, and number of cycles. Typical
adsorption tests were conducted by adding a solid-to-liquid ratio of 0.2 g
L' of MoS3B/CaCO3/Alg to the Pb(II) solution and shaking for 24 h.
The shaker speed was 150 rpm and all tests were repeated three times.

The effects of initial pH on Pb(II) adsorption were first investigated.
The effects of the addition of MoSy/biochar and CaCOs on the adsorp-
tion of Pb(II) were carried out at pH 4. The adsorption isotherms were
measured at 10, 25, and 40 °C, and the initial concentrations of Pb(II)
varied between 200 and 1,000 ppb. MoS,;B/CaCO3/Alg with a solid-to-
liquid ratio of 0.2-1.2 g L™! was added to simulated lead battery
wastewater with a complex composition containing other metal ions at
pH 4. A binary solution of Pb(II)/Co(II), Pb(II)/Ni(II), Pb(I)/Cd(II), Pb
(II)/Cu(Il) with a concentration of 100 ppm of both the metal ions was
also adjusted to investigate the effect of competing ions on the adsorp-
tion of Pb(II) by MoS,;B/CaC0O3/Alg. The adsorption—desorption exper-
iments of MoS,B/CaCOs/Alg were carried out at 100 ppm Pb(II). The
adsorption and desorption experiments were performed 10 times
consecutively. The adsorbed gel beads were filtered and shaken with 40
mL of 0.1 M HCl solution for 1 h. Pb(I) was washed from the gel spheres
and the surface was rinsed with distilled water until neutral and then
used again. The concentration of Pb(II) was determined by Inductively
coupled plasma-optical emission spectrometry (ICP-OES) for all ex-
periments, and the equilibrium adsorption capacity Q. (mg g’l).

(CU — Ce) oV
m

Qe = (1)

Where, Cy (ppm) and C. (ppm) are the initial and equilibrium con-
centrations, respectively. V (L) is the volume of the initial solution and m
(g) is the mass of the adsorbent.

3. Results and discussion
3.1. Characterization results of MoS2B/CaCO3/Alg

Digital and electron microscopy images of MoS;B/CaCO3/Alg are
shown in Fig. 1. In Fig. 1a and b, it can be seen that the gel bead formed
a good core-shell structure, and the 3D porous structure formed by so-
dium alginate was abundant inside. At the same time, some pores
generated by CO, generated by CaCOs after encountering acid were
formed. According to the BET results (Fig. 2i), the gel beads had mainly
mesopores, with a pore size of approximately 25.9 nm. This porous
structure facilitates the diffusion and adsorption of Pb(II). After
adsorption, the 3D porous structure remained strong and the surface
became rough with some granular material, presumably Pb(II) was
adsorbed on the surface of the material.Fig. 1g show a MoS;-modified
water hyacinth biochar, demonstrating the morphology of a flower-like
nanostructure composed of irregular nanosheets of MoS; deposited on
biochar.

The XPS spectral of MoS;B/CaCO3/Alg before and after adsorption
are shown in Fig. 2. The C 1 s spectrum of MoS;B/CaCO3/Alg beads
(Fig. 2b) can be divided into four major peaks, 283.98, 288.99, 285.73,
291.58 eV, corresponding to C—C/C=C, C—O, —-COOH and CO%‘
[20,21], respectively. After adsorption of Pb(II), -COOH and CO%’ are
shifted back to 285.34, 289.16 eV. The O 1 s pattern (Fig. 2d) was still
deconvoluted and separated into three peaks at 530.60, 531.37 and
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Fig. 1. Cross-sectional SEM image of MoS,B/CaCO3/Alg and after adsorption (a, d), internal porous structure of MoS,B/CaCO3/Alg before and after adsorption (b,
e), digital photo of MoS,;B/CaC0O3/Alg (c), EDS elemental mapping of MoS,B/CaCO3/Alg after adsorption (f), SEM image of MoS, modified biochar (g), EDS

elemental mapping of MoS, modified biochar(h, i).

532.60 eV, corresponding to metal-O, CO%’, and —OH [20,22]. After
adsorption, the binding energy of —~OH shifted back to 531.87 eV and
that of metal-O decreased by 0.48 eV, indicating the formation of a
Pb—O bond between Pb(II) and the O-containing group of the alginate
(~COOH/-OH). However, the binding energy of CO%™ remained almost
unchanged (531.373 and 531.382 eV), and its content did not decrease
significantly (51.4 % and 49.9 %). The smaller change in binding energy
after the adsorption of Pb(II) indicates that the electron rearrangement
around the active site CO3~ was less variable, which favored ion ex-
change between Ca(II) and Pb(II) [23].

Following the adsorption of Pb(II), strong characteristic peaks rep-
resenting Pb 4ds,,, Pb 4ds,2 and Pb 4f were observed at approximately
437, 414 and 140 eV (Total spectrum, Fig. 2a). The Pb 4f spectrum of
MoS,B/CaCO3/Alg was deconvoluted into four peaks with binding en-
ergies of 137.62, 138.71, 142.51 eV. The peak at the binding energy of
138.71 eV for Pb 4f;,, is probably due to the presence of PbCO3 [24].
The peaks of Pb 4fs,, at 143.59 eV and Pb 4f; /5 at 137.62 eV may be
attributed to the presence of Pb—O [25], where Pb(II) forms a chelate
with the carboxylate group.

FTIR spectroscopy was used to analyze the interactions between the
functional groups of MoS;B/CaCO3/Alg before and after adsorption
(Fig. 2g). All materials showed a broad characteristic peak at
3328-3347 cm ™! attributed to the stretching of O—H, which shifted
significantly as the filler was added to the alginate matrix, implying the
formation of hydrogen bonds during the gelation process. The absorp-
tion peaks at 1589-1609 cm ™! and 1414-1433 cm™! originate from the
asymmetric and symmetric vibrations of the ionic carboxyl groups. After
the introduction of CaCOs, the peaks at 710, 876 and 1426 cem ! of
MoS;,B/CaCOs/Alg were observed to be typical in-plane bending, out-of-
plane bending and asymmetric stretching of the C—O of the carbonate
group, respectively, indicating the successful introduction of CaCOs. The
peak at 1426 cm™! overlapped with the symmetric stretching of the
ionic carboxyl group, making the peak wider than that of MoS;B/Alg.
Upon adsorption of Pb(Il), both the asymmetric and symmetric peaks of

the O-containing groups, including O—H and ionic carboxyl groups,
shifted significantly to 3328, 1589, and 1414 cm™, respectively along
with a change, in intensity, presumably owing to the possible
complexation and electrostatic interactions between Pb(II) and the O-
containing groups. In addition, MoS;B/CaCO3/Alg-Pb showed a peak
representing Pb—O at 674 cm ™! [26]and a peak representing PbCO3 at
877 cm ™! [27], proving that Pb(II) was adsorbed via ion exchange with
Ca(1).

The crystalline phases of the mixture were analyzed by XRD of the
adsorbed MoS,;B/CaCOs/Alg (Fig. 2h). The characteristic peaks of
MoS,B/CaCOs3/Alg-Pb at 20 = 20.06°, 24.79°, 25.49°, 36.13°, 43.47°,
and 47.03° correspond to the PbCO3 cubic phases (110), (111), (021),
(022), (032), and (1 32), respectively, and the results are in agreement
with the PbCO3 standard cards (PDF# 70-2052). After adsorption, Pb
(II) was adsorbed in MoS;B/CaCO3/Alg as carbonate (PbCOj3), indi-
cating chemical precipitation as an the important mechanism for the
removal of Pb(II) from MoS;B/CaCO3/Alg.

3.2. Effect of component ratios on adsorption performance

To investigate the effects of different component ratios on the
adsorption of Pb(Il), the addition ratios of MoS;B and CaCOs were
varied. After the addition of a small amount of MoS,B (0.125 %), both
the adsorption capacity and the mechanical strength of the sodium
alginate gel beads improved. However, the adsorption capacity tended
to decrease when MoS,B proportion increased further (0.25 %-2 %),
which could be attributed to the partial blockage of the 3D macropores
formed inside the sodium alginate gel beads by biochar, resulting in a
decrease in the effective contact sites of the material. Therefore the
optimum addition of MoSyB was chosen as 0.125 %. Due to the low
addition of MoS;B, there is no need to worry about the leaching of MoS.
When the solution was continuously shaken for twelve days, the
leaching concentration of S element in the solution was 0.0205 ppb, and
the leaching concentration of Mo element was 0.0033 ppb.
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Fig. 2. XPS spectra before and after adsorption of MoS,;B/CaCO3/Alg (a), C 1 s spectra of MoS;B/CaCO3/Alg before (b) and after adsorption (c), O 1 s spectra of
MoS;B/CaCO3/Alg before (d) and after adsorption (e), Pb 4f spectra of MoS;B/CaCO3/Alg after adsorption (f), FTIR of MoS,;B/CaCO3/Alg before and after
adsorption (g), XRD pattern of MoS;B/CaCO3/Alg after adsorption (h), BET parameters of MoS;B/CaCO3/Alg (i).

By adding CaCOs, the reaction of CO3%™ with HCI to form CO, was
used to create pores inside the gel beads, while generating CaCl, which
also acted as a cross-linking agent for sodium alginate without intro-
ducing impurities [28]. When CaCO3 was added, the adsorption of Pb(II)
showed an upward trend, but at an excess of CaCO3 addition, the gel
solution did not easily disperse evenly and showed poor sphericity after
the formation of the beads. Therefore, the optimum addition of CaCOs3
was chosen to be 3 % (w/v). The addition of CaCO3 increased the
adsorption of the gel beads by 19 % (Fig.S54) compared to that without
the addition, which may be attributed to (1) the presence of the pore-
forming properties of CaCOgs that enhance the specific surface area in-
side the gel beads, increasing in the effective contact area for Pb(II)
inside the beads, (2) The residual CaCOgs inside the gel beads, which
acted as a pH buffer during adsorption [29], allowed the MoS;B/Alg gel
beads to adsorb Pb(Il) efficiently over a wide pH range [30].(3)
Unreacted CaCOj3 is highly susceptible to ion exchange with Pb(II),
forming PbCO3 (Kspcacos = 3.36 x 10~? is much larger than Ksppbcos =
7.4 x 10714,

By comparing the force required to generate 60 % strain of gel beads
with different added components, the effects of each component on the
mechanical strength of the gel beads were analyzed (Fig.S5 for digital
photos of the gel beads with different components). Alg, CaCOs/Alg,
MoS;,B/Alg, MoS,B/CaCOs/Alg gel beads required 6.33, 6.18, 7.18 and
7.86 N to generate 60 % strain, respectively (Fig. 3h). The results show

that the mechanical strength of the composite gel beads can be enhanced
by adding only a small amount of modified biochar.

3.3. Solution pH and temperature effect

During adsorption, pH has a significant influence on the adsorption
effect and may directly affect the surface charge of the adsorbent and the
diffusion of heavy metal ions in the solution. To avoid the precipitation
of Pb(II) in the solution, the effect of pH changes was investigated in the
range of pH 2-7. In Fig. 3¢, the adsorption amount of Pb(II), was only
140.8 mg g~ ! at a pH of 2. The H'/H30™ in solution and the strong
competition with Pb(II) formed [31], and the large number of carboxyl
groups contained in MoS;B/CaCO3/Alg underwent protonation at low
pH, causing MoS;B/CaCO3/Alg and Pb(II) to form an electrostatic
repulsion between them, thus inhibiting the adsorption capacity. When
the initial pH was in the range of 4-7, the pH values after adsorption
were all stable at approximately 6, and there was no significant differ-
ence in adsorption amount. This may be due to the residual CaCOs3
within the MoS,B/CaCOs3/Alg gel beads, which acted as a pH buffer. As
the pH of the solution gradually increased, ion competition and pro-
tonation diminished and chelation and ion exchange were enhanced,
resulting in a significant increase in adsorption [32]. A pH of 4 was
chosen for subsequent tests because lead-containing wastewater is
generally acidic in practical applications.
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Fig. 3. Effects of different MoS,B and CaCO3 addition ratios on adsorption (a, b), effect of pH on MoS,B/CaCO3/Alg adsorption (c), effects of MoS,B/CaCO3/Alg
dosage on adsorption and treatment of simulated battery wastewater (d, e), effect of MoS,B/CaCO3/Alg cycle times on Pb(II) removal rate (f), influence of coexisting
ions on Pb(II) adsorption in binary system(g), comparison of mechanical properties of different materials (h), adsorption capacity of MoS;B/CaCO3/Alg at different

temperatures (i).

As the temperature increased, the Brownian motion of Pb(II) in the
solution increased. Therefore, Pb(II) in the solution accelerated into the
interior of the gel beads, and for alginate gel beads with 3D microporous
and mesoporous structures (Fig. 2i), the internal pores were large
enough to allow Pb(II) to enter the internal adsorption sites. The actual
maximum adsorption volumes at 10, 25, and 40 °C were 709.4, 799.1,
and 868.6 mg g~ !, respectively. Therefore, the heat consumption during
Pb(II) adsorption by MoS;B/CaCO3/Alg, with AHj > 0, also implies that
the adsorption process is heat-absorbing (Table 1). The small AHg value
also suggests that physical interaction is a part of the mechanism of the
adsorption process, and this is further supported by the adsorption
isotherm and kinetic results. The adsorption of Pb(II) by MoS2B/CaCOs/
Alg shows a negative increase in AGg at 10-40 °C, proving that it is a
spontaneous reaction and that positively affects adsorption. In addition,
the entropy change (ASy) value was positive, indicating that MoS;B/
CaCO3/Alg has a high affinity for Pb(II) and that the disorder at the
solid-liquid interface increases during adsorption [33].

Table 1
Thermodynamic parameters of MoS;B/CaCO3/Alg on Pb(II).

Temperature(°C) AG° kJ mol ! AH° kJ mol ! AS°k J K~ ! mol ™!
10 -18.67 6.65 0.09

25 -19.70

40 -21.22

3.4. Adsorption kinetic

The adsorption curves for both high and low concentrations
increased rapidly in the first 2 h, reaching approximately 50 % at 6 h
(Fig. 4a). After 12 h, the adsorption began to level off, reaching 80 % at
24h (464 mg g~ and 661 mg g~ 1) and 566 mg g~ * and 725 mg g~ ! after
72 h. Therefore, to save time and cost, subsequent experiments were
carried out with an adsorption time of 24 h.

After fitting pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models (Table 2), the correlation coefficients for PSO
(0.999 and 0.975) were higher than those for PSO (0.991 and 0.949).
This indicates that the adsorption of Pb(II) by porous MoS;B/CaCO3/Alg
gel bead is mainly controlled by chemisorption [34].

Based on the intraparticle diffusion model, the adsorption profile
(Fig. 4b) was divided into three linear parts with diffusion rate constants
K; > K3 > K3, none of which passed the origin, indicating that the outer
surface adsorption, transition phase, and final equilibrium phase were
included. The outer surface adsorption phase took approximately 120
mins, the film diffusion phase took 600 mins, and then entered the
intraparticle diffusion step [35]. According to the Boyd model fit
(Fig. 4¢), the fitted line did not pass the origin, and the D; values were
1.11 x 107® and 8.11 x 1077 for low and high concentrations, respec-
tively (Table 3), indicating that the adsorption rate of Pb(II) by MoS;B/
CaCO3/Alg was mainly controlled by liquid film diffusion [36].
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Fig. 4. Change in the adsorption capacity of MoS;B/CaCO3/Alg with time and adsorption kinetics modeled with the PFO equation and PSO equation (a), intra-
particle diffusion model for Pb(II) adsorption on MoS,B/CaCO3/Alg (b), Boyd model of MoS,;B/CaCO3/Alg (c), thermodynamic fitting curve of MoS,B/CaCO3/

Alg (d).

Table 2
PFO and PSO model parameters.

Pseudo-first Pseudo-second order

order
Pb(ID) g K R g K» R?
concentration
ppb mg min~? m! gm™!

gt min~?
200 540.8 0.002 0.991 613.1 4.0 x 10 0.999
800 417.5 0.014 0.949 714.3 2.9 x 10° 0.975

3.5. Adsorption isotherms and comparative studies

Temperature is an important factor affecting the adsorption of Pb(II)
by adsorbents, therefore, the Langmuir, Freundlich and Temkin
isotherm models were used to fit the effect of MoS;B/CaCO3/Alg on the
adsorption of Pb(Il) at 10, 25, and 40 °C. The relevant parameters are
listed in Table 5. MoS2B/CaCO3/Alg in the adsorption of Pb(II) corre-
lated well with both the Langmuir and Freundlich models, and both
models were suitable for fitting the experimental data, indicating that
the adsorption of Pb(II) by MoS;B/CaCOs3/Alg is a complex process
rather than a simple monolayer or multilayer adsorption. The adsorp-
tion of MoS,B/CaC0O3/Alg increased with increasing with temperature,
and the maximum adsorption capacities obtained using the Langmuir

model were 769.2, 833.3, and 909.1 mg g’1 at 10, 25, and 40 °C,
respectively (Table 5). MoS;B/CaCO3/Alg showed excellent removal
capacity Pb(II) compared to similar alginate gel adsorbent materials
(Table 4).

In the Freundlich model, the empirical constants 1/n calculated for
the high Kg values obtained were all less than 0.2, indicating ease of
adsorption and that the adsorption process was mainly chemisorption.
The Temkin model also indicated strong intermolecular forces between
Pb(1I) and MoS,B/CaC0O3/Alg during Pb(II) adsorption. When bt < —40
kJ mol~!, this indicates that the adsorption process was typical of
physical adsorption; when 8 < br less than 16 kJ mol !, this indicates
that the adsorption process was associated with ion exchange. In the
present study, the small values of br (0.051-0.074 kJ mol™!) suggest
that MoSyB/CaCO3/Alg may involve both physical and chemisorption in
the adsorption process.

3.6. Effect of coexisting ions on the adsorption capacity of MoS2B/
CaCOs/Alg

Divalent metal cations coexisting with Pb(II) are usually present in
wastewater, competing with Pb(II) for active sites in the adsorbent.
Therefore, the effects of several common toxic divalent heavy metal
cations (Co(II), Ni(II), Cd(II), and Cu(Il)) on the adsorption of Pb(II) on
the MoS,B/CaCO3/Alg beads were evaluated. Fig. 3g shows the
adsorption behavior of MoS;B/CaCO3/Alg in the Pb(I)-Me(II) binary

Table 3
Parameters of the intra-particle diffusion model and Boyd model.
Intra-particle diffusion model Boyd model
Pb(ID) K, R? Ko R2 Ks R2 D R?
ppb mg g~ ! min~1/2 mg g~ ! min~1/2 mg g~ min~1/? cm? 57!
200 17.5 0.983 16.5 0.976 2.3 0.975 1.11 x 10°® 0.972
800 27.9 0.967 11.9 0.959 2.0 0.932 8.11 x 107 0.943
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Table 4

Comparison of adsorption capacities of adsorbents for the removal of Pb(II).
Adsorbent pH Adsorption Capacity Reference

mgg !

Fe3S4/Alg-Ca beads 6 126.4 [37]
3D-MMTNs hydrogel 5 134 [38]
SH-SiO, MS-Ca-Alg beads 5-7 127.9 [39]
Fe-SA-C 6 796.27 [40]
PEI/ GO-Alg beads 7 602 [41]
CHT/Alg/Fe30,@SiO2 4.2 234.77 [14]
CPAN-2 membrane 5.5 254.5 [42]
CMy AP, 5 beads 5 596.68 [43]
SH-Graphene bio-sponge 5 101.01 [44]
Algox-TSC beads 3 950 [45]
Pb-1IP-1 beads 5.5 947.2 [46]
MoS,B/CaCO3/Alg beads 4 833.3 This work

MMNTS: montmorillonite nanosheets, SH-SiO, MS-Ca-Alg: thiol functionalized
silica microspheres loaded alginate, Fe-SA-C: biochar-interpenetrated iron-
alginate hydrogel, PEI/ GO: PEI-modified graphene oxide, CHT: chitosan,
CPAN-2: CaAlg/PAN-UiO-66-(COOH),;, CMysAPg 7s: polyethyleneimine/mel-
amine co-functionalized alginate, Pb-IIP-1: PEI modified ion imprinted SA
beads, Algox-TSC: Thiosemicarbazide modified alginate.

system. Co(II) and Ni(II) had only a slight effect, whereas Cd(II) and Cu
(ID) had no strong effect on the adsorption of Pb(II). The amount of Pb(II)
adsorbed in the Pb(II)/M(II) system was not significantly different from
that of the single Pb(II) system (408 mg g~1),which were 345.7 mg g~}
for Pb(II)/Co(Il), 364.3 mg g~ for Pb(II)/Ni(II), 319.1 mg g~ * for Pb
(In)/Cd(1n), 318.6 mg g’1 for Pb(II)/Cu(Il). In general, the effect of Pb(II)
adsorption followed the order Cu(II) > Cd(II) > Co(II) > Ni(II) (Table 6).
This difference may be due to the different electronegativities of the
metal ions (2.3 for Pb(II), 1.90 for Cu(Il), 1.88 for Co(II), 1.69 for Cd(II),
1.91 for Ni(II)) and the mass-to-nucleus ratio (Pb(II) is 103, Cu(II) is 32,
Co(ID) is 29, Cd(II) is 56, Ni(II) is 29). The high affinity for Cu(II) may be
attributed to the Jahn-Teller effect [45].

3.7. Removal of Pb(Il) from simulated lead battery wastewater

The ability of MoS;B/CaCO3/Alg to remove Pb(II) from real waste-
water was evaluated after adjusting the pH of the simulated wastewater
to 4 according to Wang et al. [46] in a laboratory simulated lead battery
wastewater with the same composition and concentration. By varying
the dosage of MoS,;B/CaCO3/Alg, it was found that 98.9 % of Pb(II)
could be removed from the wastewater at a dosage of only 0.2 g L™}, and
atadosageof 0.4 g L’l, the Pb(II) concentration in the wastewater could
be reduced to 0.0092 ppm, which is much lower than the current Chi-
nese emission standard for pollutants in the battery industry (GB
30484-2013) This indicates that MoS2B/CaCOs3/Alg is highly resistant
to interference and has a wide potential for practical application.

3.8. Desorption experiments

Separation and Purification Technology 303 (2022) 122212

excellent recyclability. At the same time MoS,B/CaCOs3/Alg maintained
an intact gel bead morphology after 10 consecutive cycles, without
cracking, proving its solid mechanical properties, and supporting its
scope for practical application (Fig.S6 Comparative photos of adsorbent
before and after ten cycles).

3.9. Possible pathways for Pb(II) removal by MoS2B/CaCO3/Alg

The adsorption mechanism of MoS;B/CaCO3/Alg on Pb(II) was
analyzed by EDS, FTIR and XPS. The residual CaCO3 in MoS;B/CaCO3/
Alg (Fig.S1 and S2) was uniformly distributed in the gel beads and the
proportion of Ca(II) decreased from 8.21 % to 2.25 % by weight after
adsorption, demonstrating that CaCO3 and Ca(II) in the alginate skel-
eton were involved in the adsorption process via ion exchange with Pb
(ID). Residual CaCOs3 can act as a pH buffer component of the solution
(Fig. 3¢), facilitating the effective adsorption of Pb(II) by the adsorbent
over a wide pH range. CaCO3 can also provide additional adsorption
active sites for Pb(II) to be removed by exchange with Ca(Il) ions by
forming PbCO3 surface precipitates [20]. However, CaCO3 was not a
major contributor to the adsorption of Pb(II) by MoS;B/CaCO3/Alg, due
to its relatively small proportion in the gel beads.

Furthermore, the FTIR spectra before and after the adsorption indi-
cated that the O-containing groups changed before and after the
adsorption. O—H shifted back from 3347 em ! to 3328 ecm ™}, and the
asymmetric and symmetric peaks of COO- shifted from 1609 cm™! to
1589 cm ™! and 1426 cm™! to 1414 cm ™}, respectively, along with the
weakened intensity. This could be because the O-containing groups and
the total XPS profile of MoS;B/CaCO3/Alg-Pb showed for Pb 4d3,5, Pb
4ds,, and Pb 4f, demonstrating that Pb(II) was adsorbed on the adsor-
bent. The peak at the binding energy of 138.71 eV for Pb 4f;,5, was
presumed to contain 35.6 % of PbCOs. The peaks for Pb 4f5/, at 143.59
eV and Pb 4f;,, at 137.62 eV presumably contain 47.6 % of Pb—O
present, which may be due to the formation of chelates from Pb(II) with
carboxyl groups [47], and the XRD and FTIR results are also consistent.
Based on the above analysis, it can be speculated that the mechanism of
Pb(II) adsorption by MoSyB/CaCOs/Alg is as follows: (1) At pH 4,
MoS,B/CaCO3/Alg was negatively charged (Fig. S7), which was
attracted to the positive and negative charges of Pb(II), causing the rapid
adsorption of Pb(II) onto the gel beads. (2) COO- and -OH in MoS2B/
CaCO3/Alg chelated with Pb(II). (3) The residual CaCO3 in MoS;B/
CaCO3/Alg and Ca(Il) in the alginate skeleton underwent ion exchange
with Pb(II).

Pb** + R — COOH—R + COOPb* )
Pb*" +20—~H—(0 - ),Pb+2H" 3
Table 6

Selective adsorption parameters of MoS,B/CaCO3/Alg.

. . Metal ions Kq (Pb(ID, L g™ Kq (M(D, L g™ k
Testing the regeneration performance of the adsorbent is essential
for assessing its stability and potential for large-scale applications of Pb(IL)/Co(In 15.76 0.12 137.02
g y P 8 PP Pb(ID)/Ni(I) 16.99 0.16 106.88
MoS,;B/CaCO3/Alg. The removal of Pb(Il) by MoS;B/CaCO3/Alg Pb(ID)/CA(ID) 10.88 0.22 50.48
showed only a slight decrease of approximately 0.8 % after the first Pb(I1)/Cu(l) 10.60 0.44 24.01
cycle, and remained at 98.4 % after 10 cycles, demonstrating its
Table 5
Adsorption isotherm parameters of MoS;B/CaCO3/Alg.
Langmuir Freundlich Temkin
T Qmax Ky R? Kp 1/n R? Kr br R?
°C mg g~ Lm! Lm! L! kJ mol ™!
10 769.2 0.013 0.998 192.8 0.195 0.989 0.672 0.074 0.996
25 833.3 0.014 0.987 297.7 0.137 0.908 5.09 0.092 0.875
40 909.1 0.017 0.987 332.7 0.137 0.894 5.16 0.051 0.865
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Pb** + CO¥ - PbCO; 4
4. Conclusions

In this study, composite gel beads of separable core-shell structured
alginate coated with MoS,B modified biochar and CaCO3 were prepared
for the removal of Pb(II) from water using a simple method, based on the
synergistic effect between the materials to enhance adsorption. MoS;B/
CaCO3/Alg showed good removal over a wide pH range of pH 4-7,
which was attributed to the residual CaCOs in the adsorbent acting as a
pH buffer. CaCO3 was also found to have an enhanced effect on Pb(II)
adsorption. The removal mechanism of Pb(II) by MoS;B/CaCO3/Alg is
primarily ion exchange, and electrostatic attraction. The maximum
adsorption capacities obtained for the MoS;B/CaCO3/Alg gel beads at
pH 4 using the Langmuir model were 769.2, 833.3, and 909.1 mg g~ ! at
10, 25, and 40 °C, respectively. MoS;B/CaCO3/Alg also exhibited
excellent interference resistance and reusability. In conclusion, MoS,B/
CaCO3/Alg is a promising adsorbent because it is simple to prepare, can
be produced on a large scale, can be easily separated from water, and
can be used to treat specific industrial wastewater.
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