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Abstract: Biochar prepared from agricultural waste resource coconut shells was used as the original
charcoal, which was oxidatively modified and characterized using batch adsorption tests before
and after modification by SEM, FTIR, surface area, and elemental analyses. The removal capacity
and adsorption mechanism of the modified biochar for Pb?>* and Cd?* in water were investigated,
and its adsorption kinetics and thermodynamics were discussed. The findings demonstrated that
the specific surface area of potassium permanganate and nitric acid-modified coconut shell carbon
(MHBC) is 3.02 times than that of the coconut shell carbon (BC). The kinetic data of adsorption of
Pb?* and Cd?* on MHBC were more in accordance with the pseudo-second order kinetic model,
indicating that chemical adsorption played a dominant role, and the adsorption rate gradually tended
to balance with a decrease in solution ion concentration. The isothermal thermodynamic data of
the adsorption of Pb%* and Cd%* by MHBC conformed to the Langmuir model. At pH = 5.5, the
maximum adsorption capacities of Pb%* and Cd%* were 160.41 mg'g_1 and 47.46 mg-g_l, respectively.
Thermodynamic parameter fitting showed that the process of adsorption of Pb** and Cd** by MHBC
is a spontaneous endothermic reaction. The higher the temperature is, the stronger the adsorption
capacity is. When the ions coexist, Pb>* and Cd?* have obvious competitive adsorption, and Pb%* has
a significant competitive advantage. Among them, MHBC has high adsorption and good reusability
for Pb>* and Cd?*, and has good practical application prospects.

Keywords: adsorption; lead; cadmium; modification; biochar; water environment

1. Introduction

With the rapid development of the industrial and agricultural economy and the
intensified pace of urbanization, environmental heavy metal pollution has become one of
the major environmental issues in China; in particular, the pollution situation involving lead
(Pb) and cadmium (Cd) has become increasingly severe [1,2]. Pb, Cd, and their compounds
enter into the food chain through bioconcentration and biomagnification, which endanger
the survival of plants and animals and the ecological environment, and consequently have a
negative impact on human health and life activities [3,4]. At the same time, these processes
cause serious economic losses. According to incomplete statistics, the direct economic loss
caused by heavy metal pollution in water bodies in China has exceeded CNY 20 billion
every year since 2014 [5-8]. Therefore, the control of Pb and Cd pollution in the aquatic
environment has attracted increasing attention [9]. Adsorption and precipitation are the
most common methods to remove heavy metals from the water environment, which have
the characteristics of low cost, simple operation, and renewability [10-13]. At present, the
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development of adsorption materials with high adsorption capacities for Pb and Cd is one
of the key issues in the field of remediation of heavy metal pollution in water.

Biochar is a kind of porous carbon-rich material made by the pyrolysis of biomass
under oxygen-limiting conditions [14]. Numerous studies have revealed that biochar
is a good adsorption material, and can effectively adsorb heavy metals in the environ-
ment [15-18]. Doumer [19] studied biochar prepared with bagasse and coconut shells as
raw materials, which can remove up to 95% of Cd?* and Pb** in water. The adsorption
of heavy metals by biochar is related to their physicochemical properties; it has a large
specific surface area, rich pore structure, diverse surface functional groups, and a large
ion exchange capacity [20,21]. The specific surface area and pore structure of biochar are
driven by pyrolysis conditions such as pyrolysis temperature and residence time [18,22,23].
However, in the production process, it is easy to mix with impurities to produce coating,
which affect the original structure and physical and chemical properties, thus reducing its
ability to adsorb heavy metals. Some studies have shown that chemical modification can
optimize the physicochemical properties and enhance the adsorption capacity of biochar.
Peng et al. [24] studied the adsorption of phosphoric acid-modified pine sawdust biochar
on Cd?* and Cu?* in water. After modification, the number of oxygen-containing functional
groups and the specific surface area were increased, and the affinity for heavy metal ions
was improved. Nicola et al. [25] made a magnetic composite material wrapped with silica.
The maximum adsorption capacity of this material to Pb?* in aqueous solution reached
149 mg-g~!, and had a low cost advantage. Wongrod et al. [26] studied the adsorption of
Pb2* in water by KOH-modified biochar, which increased the specific surface area, cation
exchange capacity, and pH value of biological carbon at the zero charge point, and the
adsorption capacity increased by 45.21% after modification. Ianasi et al. [27] synthesized
a magnetic nanocomposite material for the removal of Cd?* in aqueous solution. The
highest specific surface area of the material reached 680 m?-g~!, and the main adsorp-
tion was monolayer adsorption. Li et al. [28] investigated the adsorption mechanism
of KMnOy-modified biochar on U(VI), and the increase in oxygen-containing functional
groups improved the renewability of the biochar. Salam et al. [29] studied the desorption
of Cd?* in aqueous solution by new nano-sized zero-valent iron nanoparticles. In addition
to the first-order and second-order chemical kinetics, there are two paths or two reactions
in the adsorption process. El-Banna et al. [30] studied the removal effect of nitric acid and
potassium permanganate-modified biochar on the toxicity of Pb?*-stressed aquatic plants,
and the affinity of the modified biochar for Pb?* was significantly increased.

The coconut shell is a rich resource from tropical agricultural waste [31,32], and its
unreasonable utilization easily leads to resource waste and environmental pollution. How-
ever, when it is used in biochar preparation for resource utilization, it offers a wide range
of raw materials, a moderate price, reproducibility, and good environmental performance.
The adsorption impact of coconut shell carbon on heavy metal ions is substantial. The
adsorption effect of coconut shell carbon on Li* in water increased by 39.28 mg-g~! through
MnO, modification [33], and the removal rate of Cd%* in soil by coconut shell carbon treated
by pickling and ultrasound increased by 30.1% [34]. The modification of biochar with am-
monia and nitric acid increased the adsorption capacity of Pb** by 113.1% [35]. Therefore,
the preparation of biochar from coconut husks as a raw material for the treatment of heavy
metals in polluted water has good effects, which are of great practical significance while
reducing environmental pollution.

In summary, in order to improve the utilization of agricultural waste resources, it is
necessary to optimize the adsorption performance of coconut shell carbon for Pb?* and
Cd?* in water, simplify the operation steps, and speed up the adsorption process. This
study used potassium permanganate and nitric acid to prepare MHBC, investigated the
removal performance of MHBC for Pb?* and Cd?* in a water environment, and analyzed
the adsorption capacity of MHBC for Pb®* and Cd?* in an agricultural water environment
via characterization. The effects of the amount of MHBC, temperature, initial pH, and
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competing ions on the removal efficiency of Pb** and Cd?* were studied. The repeated
utilization of MHBC was evaluated using adsorption resolution.

2. Materials and Methods
2.1. Test Materials

The coconut shells (purchased from Hainan coconut products factory) were washed
with deionized water, dried in an oven (DHG-89F, CN) at 105 °C to a constant weight,
ground, placed into a crucible, and then carbonized (QXL-201, CN) at 500 °C (heating rate
of 10 °C-min ') in a muffle furnace for 2 h. Nitrogen was introduced as a protective gas
during the process. Then, the product was cooled to room temperature, removed, and
ground through a 100-mesh screen to obtain BC, which was dried and stored for future use.

An amount of 10 g of coconut shell carbon was weighed, impregnated into 1000 mL of
a certain concentration of a potassium permanganate and nitric acid mixture solution, then
placed on a constant temperature shaking table (TS-211b, CN) that shook at 25 °C for 24 h.
The product after impregnation was repeatedly cleaned with ultra-pure water to neutral,
and then placed in an oven to dry at 105 °C to a constant weight to become the modified
coconut shell carbon (MHBC) and stored for future use.

An appropriate amount of Pb (NO3); and Cd (NO3), were dissolved in 1000 mL of pure
water to prepare the 2000 mg-L~! Pb?* and Cd?* reserve solution; then, the reserve solution
was diluted with deionized water to form the required Pb®* and Cd?* working solution.

In order to optimize the modification process of MHBC, different ratios of potassium
permanganate and nitric acid were set. MH1, MH2, and MH3 mean that the ratios of
KMnO4:HNO; = 0.3:1.0, 0.3:2.0,0.3:3.0 mol-L 71, respectively. The removal rate of the Pb2+
and Cd?* single-system solution was used as the reference index to determine the MHBC
optimization conditions, using the single factor cross test.

2.2. Characterization of Biochar

An FEI Quanta200 scanning electron microscope (SEM) was used to show the mor-
phological composition of the coconut shell charcoal before and after modification, and
FTIR (Nicolet Nexus 470, Thermo electric Ltd., Waltham, MA, USA) was used to scan
the coconut shell charcoal at 400~4000 cm ! to analyze the functional group changes of
coconut shell charcoal before and after modification. The specific surface area and pore
size of the coconut shell charcoal before and after modification were analyzed by a specific
surface area analyzer; the main constituent elements of coconut shell charcoal before and
after modification were determined by an element analyzer (Vario EL III, GER); the zeta
potential value was measured with a zeta potential tester (SurPASS 3, AT); and the content
of oxygen-containing functional groups on the surface was determined via Boehm titration.

2.3. Adsorption Experiment

The adsorption of Pb?* and Cd?* in solution by MHBC was studied using batch
experiments, and the experiments were repeated 3 times in each group. Unless otherwise
specified, the experiment mixed MHBC with the diluted Pb?* and Cd?* single-system
solution at a solid-liquid ratio of 1.25 g-L~! at 25 C and pH = 5.5 (The Pb?* and Cd>* single-
system solution were diluted to 200 mg-L.~!, and then 40 mL mixed with 50 mg of MHBC,
respectively), oscillated at 160 rpm on a constant temperature oscillating shaker for 12 h; then,
the filtrate was collected using a membrane separation method. The residual Pb?** and Cd**
were determined with an inductively coupled plasma atomic emission spectrometer (ICP-
OES, Agilent710, Agilent Technologies Ltd., Santa Clara, CA, USA). The adsorption amount
and rates of MHBC for Pb?* and Cd?* are calculated by Equations (1) and (2), respectively:

go = L0 M

m

Adsorption(%) = % x 100% )
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In the equation, g, is the adsorption amount at equilibrium, in mg-g~!, ¢y and c, are
the initial and equilibrium concentrations of Pb%* and Cd?%*, mg-L’l, v is the solution
volume, L, and m is the amount of adsorbent added, g.

The adsorption kinetics tests were sampled in 5-720 min and analyzed using the
pseudo-first-order model, the pseudo-second-order model, and the Weber-Morris model.

The pseudo-first-order model is represented as follows:

In (g0 — q¢) = Inge — kqt (3)

The pseudo-second-order model is as follows:

t t 1

IR 4

g G kg W
The Weber—Morris is represented as the following:

g = kt'/2 4 C ()

In the equation, g, is the equilibrium adsorption amount, in mg-g~!. g; is the ad-
sorption capacity at ¢ time, in mg-g~!. k is the intra-particle diffusion rate constant, in
mg-g~1-h~1/2, kj is the pseudo-first-order adsorption kinetic rate constant, in h=!. k is the
pseudo-second-order adsorption kinetic rate constant, in g-mg~!-h~!. t is the adsorption
time, h. C is a constant.

The concentration of Pb?* and Cd?* in the initial solution was adjusted to 25-200 mg-L~?
at 25 °C, 35 °C, 45 °C, and 55 °C, respectively. The isothermal adsorption was tested using
the Langmuir and Freundlich models.

The Langmuir model is as follows:

Ce 1 1

=—C+— 6
e dm ¢ kaL ( )

The Freundlich model is as follows:
Inq, = Inkp + %ln Ce ?)

In the equation, c, is the solution concentration at adsorption equilibrium, in mg-L~?,
ge is the equilibrium adsorption amount, in mg-g~?, g, is the saturated adsorption amount
of adsorbate monolayer, in mg-g~1, k; is the affinity between adsorbents and adsorbates, in
L-mg~!; k is the adsorption equilibrium constant, in mg-g~!. 1 is the adsorption intensity.

The adsorption thermodynamics were analyzed using the thermodynamic model to
solve the standard Gibbs free energy AG® of adsorption reaction:

AGY = —RT1Ink (8)
AHY ASO

In the equation, AGC is the Gibbs free energy, in kJ-mol~!. R is the ideal gas constant,
8.314 J-mol~!-k~1. T is the absolute temperature, in K. ky is the adsorption equilibrium
constant. AHY is the reaction entropy change, in k]-mol~!; AS? is the reaction enthalpy
change, in J-mol~1 k1.

Another important characteristic parameter of the Langmuir isothermal adsorption
model Ry, is a dimensionless parameter similar to the equilibrium constant, which can be
used to predict the suitability of adsorption reactions:

1

Rp=-—
L 14+ K1 Cy

(10)
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In the equation, K| is the Langmuir constant. Cy is the initial concentration of Pb?*
and Cd?*.

In order to investigate the effect of the amount of MHBC on the adsorption of Pb?*
and Cd?* in solution, the solid-liquid ratio of MHBC was adjusted to 0.25-2.75 g-L ! (the
gradient is 0.50 g-L~1).

In order to study the effect of pH on the adsorption of Pb?* and Cd?* in solution,
the experiment was carried out by adjusting the initial pH of the solution to 2.0-6.0 (the
gradient is 1.0) with a small amount of 0.1 mol-L~1 HNO3 and NaOH.

In order to investigate how ionic strength affects the adsorption of Pb** and Cd?*
in solution, the concentration of NaNO3 was adjusted to 0-0.30 mol-L~! (the gradient is
0.05 mol-L1).

In order to research the repeatable utilization rate of MHBC, MHBC after adsorption
equilibrium was separated from the ionic solution, washed with deionized water 3 times,
and 0.10 mol-L~! HCl was used as the desorption agent to cycle five times of adsorption
and desorption.

3. Results and Discussion
3.1. Determination of Optimal MHBC Conditions

As shown in Figure 1, when the initial concentration was 20-500 mg-L~!, the MHBC
modified by the ratio of 0.3 mol-L~! potassium permanganate and 1 mol-L~! nitric acid
always maintained a high adsorption rate of Pb?* and Cb?* in water. There was a tendency
for the adsorption rate to decrease with increasing initial and nitric acid concentrations,
but there was no significant difference between MH1, MH2, and MH3, indicating that the
increase in nitric acid concentration did not significantly promote the adsorption of Pb%*
and Cd?* in water; this may be because the high concentration of nitric acid can improve
the hydrophobicity of BC [36]. Considering the adsorption effect and cost savings of the
material, the best ratio of potassium permanganate and nitric acid was determined to be
0.3: 1.0 mol-L~!; this was used to carry out subsequent batch adsorption experiments.
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Figure 1. Effect of MHBC with different concentration ratios of potassium permanganate and nitric
acid on Pb%* (a) and Cd?* (b) at 25 °C and pH = 5.5.

3.2. Characterization

The SEM images of BC and MHBC were analyzed and compared. As shown in
Figure 2, the surface of BC is porous and relatively smooth, which is a common feature of
pyrolytic biochar [37,38]. The surface of MHBC is relatively rough and has more irregular
ultra-fine particles, which can provide more adsorption sites to improve the adsorption
capacity of MHBC.
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Figure 2. SEM images of BC (a) and MHBC (b).

There are a number of important factors that affect the adsorption energy of MHBC,
such as the specific surface area, pore size, and pore volume [39]. As shown in Table 1, the
specific surface area of MHBC (475.36 m?-g~!) increased noticeably, which is 3.02 times
the specific surface area of BC (157.46 m?-g~!), but not higher than 500 m?-g~!, indicat-
ing that the main adsorption of MHBC does not depend on pores. The pore volume of
MHBC increased, but the pore size decreased, which indicates that the modification not
only increases the external area by reducing the pore size, but also improves the internal
structure of BC and increases the internal surface area, forming a complex adsorption
structure [40,41].

Table 1. Elemental composition and surface morphology parameters of BC and MHBC.

Pb Cd SBET Vtot Pore Width
Sample mgkg ! mgkg! m2gl cmigl nm ¢ H o N
BC 12.37 0.19 157.46 0.21 3.80 7762 391 915 0.33
MHBC 12.38 0.18 475.36 0.38 1.65 71.58 322 1337 0.52

H/C and (O + N)/C molar ratios can be used to characterize the aromaticity and
polarity of adsorbents. The lower the H/C value, the higher the aromaticity of the material,
while a lower (O + N)/C value indicates a higher non-polarity of the material [42-45].
As shown in Table 1, the H/C ratio of modified MHBC decreased, indicating that the
aromaticity of BC improved after modification, while the ratios of O/C and (O + N)/C
increased, indicating that the polarity of MHBC increased and the oxygen-containing
functional groups increased.

It can be seen from Figure 3 that the modification has a significant effect on the
oxygen-containing functional groups on the surface of BC. The absorption peak near the
wavenumber 3436 cm ™! is attributed to the stretching vibration of -OH [46], indicating
that the oxygen-containing functional groups, such as hydroxyl groups in the modified
MHBC, increased. The absorption peak near the wavenumber of 1627 cm ™! is attributed
to the residual intermolecular water [47], and the absorption peak near the wavenumbers
of 1383 cm ™! and 1127 cm ™! are the stretching vibrations of various aromatic ethers or
O-H and C-O, indicating that the modified MHBC has a good aromatic structure [48]. The
appearance of the wavenumber at 2169 cm ! indicates C=C stretching vibration [49,50].
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Figure 3. FTIR spectra of BC and MHBC.

The results of the oxygen-containing functional group (OFG) contained in BC and
MHBC measured with Boehm titration are shown in Table 2. Compared with BC, the
contents of hydroxyl, internal lipid, and carboxyl functional groups in MHBC increased
by 0.25, 0.31, and 0.08 mmol-g~!, respectively, which is consistent with the results of the
FTIR analysis. The oxygen-containing functional groups on the surface of MHBC are more
abundant, and can react better with Pb?* and Cd?*. The possible chemical reactions are
as follows:

2R-OH + M** — (R-O) 2M + 2H**

11
2R-COOH + M?* — (R-COOH) 2M + 2H?** (1)
Table 2. Boehm titration results of BC and MHBC.
Acidic Functional Groups Carboxyl Lactone Phenol

Sample 1 1 -1 -1

mmol-g mmol-g mmol-g mmol-g

BC 0.43 0.11 0.13 0.17

MHBC 1.14 0.36 0.44 0.25

3.3. Optimization of MHBC Dose

As shown in Figure 4, as the solid-liquid ratio of MHBC increased from 0.25 g-L = to
2.75 g-L~!; the removal efficiency of Pb>* and Cd?* increased gradually because at a certain
initial ion concentration, increasing the use of adsorbents can provide a larger surface area
or more adsorption sites, which was similar to most materials for adsorbing pollutants.
However, beyond 1.25 g-L ™!, the increasing rate of removal rate decreased noticeably.
Considering the adsorption effect and cost savings of the materials, the optimum solid—
liquid ratio of MHBC was determined to be 1.25 g-L~1, and the follow-up batch adsorption
experiments were carried out.

[—®— Removal efficiency of Pb*"
100% - —®— Removal efficiency of Cd**

= Adsorption capacity of Pb*"
*  Adsorption capacity of cd® 150

o
75% 4 /

50% -

Removal Efficiency (%)
N
Adsorption Capacity(mg-g™)

o o —® q50
25%

[}
0%

T T T T T T 0
0.25 0.75 1.25 1.75 2.25 2.75
Solid-liquid ratio of MHBC(g-L™")

Figure 4. Effect of MHBC dose on Pb?* and Cd?*.
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3.4. Adsorption Kinetics

The adsorption kinetics curve describes the effects of various factors on the adsorption
rate of MHBC. The adsorption kinetics curve of MHBC adsorption of the Pb?* and Cd?*,
pseudo-first-order model, the pseudo-second-order model, and the Weber-Morris model
were fitted to the adsorption kinetic data of Pb?* and Cd?*, as shown in Figure 5, and the
fitting data are shown in Tables 3 and 4. When the ratio of solid to liquid was 1.25 g-L~!, and
the initial pH = 5.5, the initial concentration of the Pb2* and Cd?* solution was 200 mg-L’l,
the adsorption rates of Pb?* and Cd?* on MHBC increased rapidly, then decreased gradually
and tended to be stable, in which the adsorption equilibrium of Pb?* was reached at 2 h,
and that of Cd?* was reached at 4 h.

Table 3. The pseudo-first-order and the pseudo-second-order kinetics parameters of Pb>* and Cd?*
sorption on the MHBC.

Adsorbat Pseudo-First-Order Pseudo-Second-Order
S Qecat mgg™) k() R2 e (mgg ) kp(gmg lhl) R
Pb2* 17.90 0.65 0.904 123.92 0.13 0.999
Cdz+ 9.13 0.59 0.906 44.80 0.24 0.999

Table 4. The Weber-Morris model kinetics parameters of Pb%* and Cd?* sorption on the MHBC.

Weber-Morris
Adsorbate First-Stage Second-Stage Third-Stage
C k R? C k R? C k R?

Pb* 56.27 76.54 0.998 103.17 11.68 0.840 121.57 0.49 0.775
Cd%* 16.25 28.94 0.898 33.68 6.14 0.778 44.21 0.01 0.006
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Figure 5. Cont.



Agronomy 2023,13, 1813

90f17

g

q (mg

130

120

110

100

904

80

70

45

254

1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
{2 (huz) ! 2 (hl ’2)

(e) ()

Figure 5. Experimental kinetic data for absorption of Pb?* and Cd?* by MHBC and their fitting to
the kinetic model. (a) Pseudo-first-order model for adsorption of Pb?*, (b) pseudo-first-order for
adsorption of Cd?*, (c) pseudo-second-order model for adsorption of Pb?*, (d) pseudo-second-order
model for adsorption of Cd?*, (e) Weber-Morris model for adsorption of Pb?*, (f) Weber-Morris
model for adsorption of Cd?*.

The pseudo-first-order kinetic model mainly represents an adsorption process con-
trolled by the diffusion motion of boundary molecules, whereas the pseudo-second-order
model assumes that the adsorption rate is controlled by chemical mechanisms and consid-
ers that there is electron transfer and sharing between adsorbates and adsorbents [51-54].
The correlation coefficient R?> shows that the best model that fits the adsorption data is
the pseudo-second-order kinetic adsorption model (the R? of Pb>* and Cd?* is 0.999). The
maximum adsorption capacity fitted by the pseudo-second-order kinetic model (123.92
and 44.80 mg-g~! for Pb?* and Cd?", respectively) is also closer to the experimental re-
sults (123.20 and 44.39 mg-g~! for Pb?* and Cd?*, respectively). Therefore, the means of
adsorption of the Pb** and Cd?* solution by MHBC tended to be chemical adsorption [55].

The Weber-Morris model is suitable for the adsorption process with the change in
adsorption rate [56]. According to the linear relationship between g; and t!/2, the adsorption
of the Pb?* and Cd?* single-system solution by MHBC can be divided into three stages.
The initial stage is the external diffusion stage, and there are a large number of adsorption
sites on the surface of the MHBC. At the same time, there is a large difference in the ion
concentrations between the outer surface and the interior of the MHBC, so Pb%* and Cd%*
spread rapidly to the surface of the MHBC and are adsorbed rapidly. The second stage is
the intra-particle diffusion stage; the adsorption process begins to spread to the interior
of the MHBC and further reacts with the internal active sites of the MHBC, but due to the
saturation of surface adsorption and the enhancement of the inward diffusion blocking
force, this process is relatively slow. The intra-particle diffusion stage diagram does not
pass through the origin, indicating that the adsorption rate is not only affected by intra-
particle diffusion. In the later stage, the adsorption gradually tends to equilibrium as ion
concentration in the solution decreases [57-59].

3.5. Adsorption Thermodynamics

The isothermal adsorption model is a mathematical model that describes the morpho-
logical distribution of adsorbates in solid and liquid phases; it is used to fit the relationship
between the ion content on the adsorbent and the equilibrium ion concentration of the
solution. The adsorption isotherms of Pb?* and Cd** on MHBC are L-shaped, indicating
that the adsorption is gradually saturated, and MHBC has a limited adsorption capacity.
The isotherm data were simulated with the Langmuir and Freundlich models, the results
of the fitting parameters are summarized in Tables 5 and 6, and the fitting curve is shown
in Figure 6.
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Table 5. Isothermal sorption parameters of Pb>* sorption on the MHBC.

T Langmuir Freundlich

e,cal (mg'gil) ki (L~mg*1) R? kg n R2
25 124.31 0.73 0.993 53.63 417 0.855
35 131.54 0.85 0.990 59.06 4.49 0.833
45 144.29 0.95 0.976 62.06 3.93 0.896
55 160.41 0.98 0.958 68.25 3.81 0.848

Table 6. Isothermal sorption parameters of Cdz sorption on the MHBC.

Langmuir Freundlich
Table e, cal (mg-g~1) kr (L-mg—1) R? kg n R?
25 44.37 0.57 0.968 22.82 6.88 0.872
35 45.82 0.65 0.956 23.69 6.88 0.883
45 47.16 0.66 0.953 24.20 6.79 0.886
55 47.46 0.78 0.941 24.39 6.54 0.876

The adsorption constant k; of the Langmuir model increases with an increase in
reaction temperature, showing that the affinity of MHBC adsorbent with Pb?* and Cd?* in
solution is higher at high temperature, and it is easier to immobilize free Pb>* and Cd?* by
the adsorption reaction. The Freundlich adsorption constant kr increases sequentially with
an increase in temperature, which is consistent with the change in the Langmuir model
adsorption constant k; ; that is, higher temperatures help the adsorption reaction to take
place. The n value reflects the intensity of the adsorption reaction, and the 7 value is in the
range of 3.807-6.878, and % is less than 1, showing that the adsorption of Pb?* and Cd?* is
an ideal adsorption process that easily occurs [60,61].

In the range of 25-55 °C, the correlation coefficients of the Langmuir isotherms fitting
(R? of Pb%* and Cd?* = 0.958-0.993 and 0.941-0.968) are more accurate than those of the
Freundlich isotherms (R? of Pb%* and Cd?* = 0.833-0.896 and 0.872-0.886), which indicates
that the Langmuir isotherms can better describe the adsorption of Pb?* and Cd?** by MHBC.
The adsorption of Pb?* and Cd?* is a single chemical adsorption layer on the surface of the
adsorbents with uniform adsorption sites [62-64].

In this study, the Ry (0.42-0.88) of Pb>* and the R} (0.24-0.75) of Cd?* were between 0
and 1, which further indicates that the adsorption of Pb** and Cd?" is a suitable process [65].

The isothermal adsorption experiments show that a change in temperature will sig-
nificantly affect the adsorption process of Pb?* and Cd** by MHBC. Each thermodynamic
parameter is closely linked to the practical application of the adsorption process, character-
izing the change in energy internal to the adsorbent and the product in the reaction process.
The change during the reaction is important evidence that reveals whether the adsorption
process is spontaneous or not. Table 6 shows the AG? of the adsorption reaction calculated
according to the equilibrium adsorption constant k;, of the Langmuir isothermal adsorption
model at different reaction temperatures.

Table 7 shows the AG? of the adsorption reaction calculated according to the equi-
librium adsorption constant kj, of the Langmuir isothermal adsorption model at different
reaction temperatures. AG? is negative, indicating that the adsorption process is sponta-
neous. With an increase in temperature, AG? decreases, indicating a stronger adsorption
capacity. The enthalpy change AH? of the reaction is positive, indicating that the adsorption
process is an endothermic reaction, and an increase in temperature increases the voids
or active sites on the surface of the adsorbent, thus promoting rapid occurrence of the
adsorption process [65-67]. Through the results, it was proven that the adsorption charac-
teristic constant k; of Langmuir model, the adsorption constant kr of Freundlich model,
and the adsorption capacity increased with increasing reaction temperature. In terms of
the adsorption kinetics, Pb?* and Cd?* have almost the same charge, but the adsorption
rate of Pb?* is twice as fast as that of Cd?*. This is probably due to the higher enthalpy of
Pb?*, which increases its chemical adsorption rate, while that of Cd?* is relatively weak.
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The positive value of the entropy change AS? also proved there was an increase in the
percentage of free active sites on the solid-liquid reaction interface during the adsorption
of Pb?* and Cd?* by MHBC [61,65,68].
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Figure 6. Experimental isotherm data of Pb?* and Cd?* uptake by MHBC and their fit to the
Langmuir model and the Freundlich model: Langmuir model for adsorption of Pb?* (a) and Cd%*
(b), Freundlich model for adsorption of Pb2* (c) and Cd2* (d), thermodynamic parameter fitting for
adsorption of Pb?* (e) and Cd?* (f).
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Table 7. Thermodynamic parameters of Pb%* and Cd?* sorption onto the MHBC.
Temp K AG° AH? AS°
Kk L KkJ-mol-1 kJ-mol—1 kJ-mol-1
298 150,273.72 —29.53
308 176,132.16 —30.93
2 7
Pb 318 196,169.76 —3222 6485 121.20
328 202,551.57 —33.32
298 64,027.04 —27.42
308 73,009.44 —28.68
2 4
Cd™ 318 74,180.96 ~29.65 5092 109.30
328 83,195.84 —30.89
3.6. pH

The pH value of the solution will affect the surface functional groups, charge, and
metal ion morphology of the adsorbent, and then affect the ion exchange and precipitation
reaction [69]. Figure 7 shows that the initial pH significantly affects the adsorption of Pb%*
and Cd?* by MHBC. As shown in Figure 7, with an increase in pH, the adsorption capacity
of MHBC to Pb?* and Cd?* increases gradually, and when the initial pH value is lower
than 3.5, the adsorption capacity of Pb>* and Cd?* is relatively low, which may be due to
the fact that at low pH values, a large number of H3O* and H* occupy the adsorption sites
on the MHBC surface, making H3O* and H* adsorption competitors [70,71].
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Figure 7. (a) Effect of initial pH on Pb?* and Cd?* adsorption for MHBC. (b) The relationship between
zeta potential and pH value of MHBC.

With an increase in the pH value (pH = 3.5-5.5), the competitive adsorption of H;O*
and H* decreased, and consequently the adsorption capacity of MHBC for Pb®* and Cd?*
increased sharply; the adsorption capacities increased from 42.73 mg-g~! to 123.18 mg-g !
and 14.27 mg-g~! to 44.39 mg-g~!, respectively. When the pH is greater than 6.5, Pb?>* and
Cd?* exist mainly in the form of hydroxide, so there is no weak alkali environment in this
experiment, and many researchers have come to the same conclusion in the adsorption
experiments of Pb?* and Cd?* [21,24,48,64,72,73].

The zeta potential value can describe the effect of pH on Pb?* and Cd?* adsorption.
Figure 7 shows that the zeta potential value of MHBC is 6.77. During the adsorption
process, the zeta of MHBC is higher than the optimal pH of the Pb?** and Cd?* solution
(pH = 5.5), which means that the surface of the MHBC is always positively charged and
will electrostatically repel the positively charged Pb?* and Cd?*; howe er, MHBC has a
high affinity for Pb?* and Cd?*, indicating that electrostatic attraction may not be the main
adsorption mechanism, and that the main adsorption mechanism should be a chemical
process [74,75].
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3.7. Coexisting lon

The existence of cations may affect the adsorption capacity of the materials. In order
to investigate the effect of co-cations on the adsorption equilibrium of Pb?** and Cd?*, the
batch adsorption of K*, Na*, Ca?*, and the Pb%* and Cd?* was performed.

As shown in Figure 8, the adsorption capacity of MHBC on Pb?* and Cd?* decreased
as the concentrations of K* and Na™ increased from 0.01 mol-L~! to 5 mol-L~!, but the
changes were not significant, indicating that there was no obvious competition between
K* and Na* on the adsorption of Pb?* and Cd?* on the adsorbent surface. The adsorption
capacity of MHBC on Pb?* and Cd?* was not affected by K* and Na*.
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Figure 8. Effect of coexisting cations on Pb?*(a) and Cd%*(b) adsorption for MHBC.

When the concentration of Ca?* exceeded 1 mol-L~!, the adsorption capacity of MHBC
on Pb?* did not change significantly, but significantly affected the adsorption capacity of
MHBC on Cd?*; the adsorption capacity decreased from 45.36 mg-g~! to 38.47 mg-g~!,
which may be due to the weak covalent nature of Ca?*, resulting in lower hydration of
Ca?* and easier adsorption on the MHBC surface [76].

When Pb%* and Cd?* coexisted, an increase in the concentration of Cd?* had no
significant effect on the adsorption of Pb?*, but with an increase in the concentration
of Pb?*, the adsorption of Cd?* decreased from 45.36 mg-g~! to 4.85 mg-g~!, which
decreased by 89.31%; this indicates that there was clear competition between Pb%* and
Cd?* for adsorption, and Pb?* had a significant competitive advantage. This may be due
to the higher affinity of the hydroxyl and carboxyl groups for Pb?* in the adsorbent [77],
and that Pb?* has a smaller hydration radius and lower pKy (negative log of hydrolysis
constant) than Cd?*. Therefore, Pb?* is more readily adsorbed by MHBC through surface
complexation or adsorption reactions in ion-interference environments [78].

3.8. Reuse

The cycling performance of an adsorbent is very important for practical applications.
In order to evaluate the stability of the adsorption capacity of MHBC for Pb?* and Cd?*, five
cycles of adsorption experiments were performed. As shown in Figure 9, the adsorption
capacity of MHBC for Pb?* and Cd?* decreased with an increasing number of cycles,
which is probably due to the structural degradation of the adsorbent and the loss of
surface minerals [79]. After the fifth cycle, the adsorption capacities of MHBC for Pb?*
and Cd?* reached 106.31 mg-g~! and 39.67 mg-g~!, respectively, which were 88.57% and
85.15% of the initial adsorption capacities, respectively. The results showed that MHBC has
good reusability.
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Figure 9. Pb (II) and Cd (II) adsorption—desorption recycle performance.

4. Conclusions

In this study, we prepared MHBC, using potassium permanganate and nitric acid, in
order to evaluate the removal capacity of MHBC for Pb?* and Cd?* in a single aqueous
environment through batch tests. The characterization analysis showed that the MHBC
had an increased specific surface, enhanced polarity, and rich oxygen-containing functional
groups, which can provide more adsorption sites to improve the adsorption capacity. The
adsorption kinetic data showed that Pb?* and Cd?* were rapidly adsorbed by MHBC
within 1 h, and reached their adsorption equilibria after 2 h and 4 h, respectively. The
adsorption thermodynamic adsorption data showed that the adsorption of Pb?* and Cd?*
by MHBC was monolayer adsorption, which was a spontaneous heat absorption reaction;
the higher the temperature, the stronger the adsorption capacity. The maximum adsorption
of the Pb?* and Cd?* by MHBC reached 160.41 mg-g~! and 47.46 mg-g~! at pH = 5.5
and 55 °C, respectively, which had obvious adsorption advantages compared with other
adsorption materials [13,14,26,30,51,57,62,78]. The coexistence of K*, Na*, CaZ*, and Cd?*
showed no significant change in the adsorption of Pb?* by MHBC. However, the adsorption
of MHBC on Cd?* was significantly decreased in the presence of Ca?* and Pb?*. After
five cycles of adsorption analysis, the adsorption amounts of MHBC for Pb?* and Cd?*
remained at more than 85% of the initial adsorption amounts. MHBC is an economical and
green recyclable adsorption material, which can effectively expand its application potential
in agricultural water environmental pollution treatment.
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