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Abstract: Synthesizing functional nanomaterials from naturally abundant clay has always been of
vital importance for resource utilization, however, the lack of new methods to effectively utilize
low-grade clay presents a significant challenge. Herein, a calcium oxalate/sepiolite nanocomposite
(SMN-x) was prepared by using the water bath heating method to convert the associated calcium
carbonate in low-grade sepiolite into calcium oxalate. The developed composite was subsequently
used to remove Pb(II) from the aqueous solutions. The SMN-3 adsorbent prepared by heating in a
water bath at 90 ◦C for 3 h (with a high specific surface area of 234.14 m2·g−1) revealed the maximum
Pb(II) adsorption capacity of 504.07 mg·g−1 at pH 5, which was about five times higher than that
of sepiolite (105.57 mg·g−1). Further, the SMN-3 adsorbent possessed a much higher selectivity for
Pb(II) as compared to the other metal ions. Moreover, the residue was noted to be stable and safe.
The adsorption kinetics and isotherms conformed to the quasi-second-order kinetic and Langmuir
models. During the adsorption process, ion exchange was noted to the main mechanism, however,
it was also accompanied by electrostatic attraction. This study provides a novel strategy for the
sustainable development of simple and efficient adsorbents by utilizing low-grade clay minerals.

Keywords: clay mineral materials; water chemistry; sepiolite; Pb(II); calcium oxalate; adsorp-
tion mechanism

1. Introduction

The alarming contamination of farmland and water resources with heavy metal
ions has attracted significant research attention. Among the heavy metals, Pb(II) and its
compounds are carcinogenic, highly toxic and non-degradable. These can accumulate
inside the bodies of the animals, leading to renal failure and neurological damage [1–5].
The strategies currently used to remove the Pb(II) ions include chemical precipitation,
the electrochemical method, membrane filtration, ion exchange and adsorption [6–11].
Adsorption represents a functional approach owing to its characteristics, such as simple
operation, high efficiency, cost-effectiveness and absence of secondary pollution [1,12–14].
Development of high capacity and low cost adsorbents, especially based on clay, is the key
to alleviate Pb(II) pollution.

The clay minerals are abundant and have low price, high specific surface area and
significant adsorption characteristics [15,16]. Sepiolite, which is a 2:1 layered structure of
two silicon-oxygen tetrahedron layers sandwiching a magnesium-oxygen octahedron layer,
possesses the ideal molecular formula Si12O30Mg8(OH)4(H2O)4·8H2O [10–12]. Sepiolite is
generally used as an adsorbent carrier due to its fibrous rod-like morphology and abundant
surface Si-OH groups [17–19]. The sepiolite-based composite materials can be effectively
used to remove the heavy metals from wastewater by employing different strategies, such
as functional group modification, organic-inorganic compounding, etc. [20–22]. Sulfhydryl
functionalized sepiolite [23] exhibits a high adsorption capacity of 97.00 mg·g−1 for Pb(II)
in the aqueous solutions. Further, Fe3O4 and MnO2-modified sepiolite [24] was used as a
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magnetic adsorbent to remove the Pb(II) ions from water in a batch system. The saturated
adsorption capacity of the monolayer reached 131.58 mg·g−1, along with an excellent cyclic
stability. Using hexadecyl trimethyl ammonium bromide [25], chitosan, polyacrylic acid [26]
and polypyrrole [27] to synthesize the organic-inorganic composites with sepiolite, both
Pb(II) and Cr (VI) could be adsorbed, and the maximum Pb(II) adsorption capacity reached
638.90 mg·g−1. Among the above sepiolite-based functional materials, it is necessary to
purify low-grade sepiolite by methods such as flotation, acidolysis and thermal decompo-
sition, and then proceed to the next step of functionalization. However, the purification
processes are cumbersome, energy-consuming and costly. On the other hand, owing to the
mechanism of formation and environment of the sepiolite clay, low-grade sepiolite is often
accompanied by a large amount of mineral impurities (such as calcium carbonate), which
becomes solid waste and is unfavorable for adsorption. [15,28]. Therefore, it is imperative
to find a new method to effectively utilize carbonate in low-grade sepiolite for preparing a
functional adsorbent.

There have been a lot of adsorption studies on sepiolite composites. However, this
study innovated a strategy for the effective use of low-grade sepiolite with the associated
calcium carbonate impurity. The calcium carbonate was converted into calcium oxalate
by heating oxalic acid and sepiolite in a water bath, thereby leading to the generation
of a novel calcium oxalate/sepiolite adsorbent. The effect of the co-thermal reaction
duration in the water bath on the structure and performance of the developed adsorbent
was evaluated. Further, the influence of the adsorption duration, initial concentration
of the Pb(II) solution, initial pH and adsorbent amount on the adsorption performance
was investigated. Moreover, the selectivity and safe performance of the adsorbent were
evaluated. Finally, the adsorption mechanism was discussed on the basis of adsorption
kinetics, adsorption isotherms and structural characterization.

2. Materials and Methods
2.1. Materials and Chemicals

Low-grade sepiolite was purchased from Hunan Xiangtan Sepiolite Technology Co.,
Ltd., Xiangtan, China. The content of calcium carbonate in each gram of sepiolite is 6.57%
(based on mass fraction) as measured by experiments. Before use, the sepiolite was sifted
with 200-mesh screen. All reagents used in the experiment, such as lead nitrate (Pb(NO3)2),
sodium hydroxide (NaOH), oxalic acid dihydrate (H2C2O4), and hydrochloric acid (HCl)
were obtained from Huihong Reagent Co, Ltd., Changsha, Hunan, China.

2.2. Preparation of Calcium Oxalate/Sepiolite

To begin, 1.0 g of the sieved low-grade sepiolite and 3.0 g of the oxalic acid dihydrate
were added into a 100 mL beaker with 40 mL of deionized water and stirred in a 90 ◦C water
bath at different times. After centrifugation, the samples were washed with deionized
water for several times until the pH was neutral, and dried at 80 ◦C for 12 h to obtain a
series of calcium oxalate/sepiolite adsorbents (denoted as SMN-x, x is water bath time,
x = 1, 2, 3, 4, 6 h).

2.3. Characterization of the Materials

The composition of SMN-3 material was determined by X-ray diffraction (XRD, DX-
2700, Liaoning Dandong Haoyuan Instrument Co., Ltd, Dandong, China) with Cu Kα

radiation source (λ = 0.15418 nm). The KBr tablet method was used to record the in-
frared spectrum of calcium oxalate/sepiolite adsorbent on a Fourier transform infrared
spectrometer (FTIR, IR-960, Japan), with a wavenumber range of 4000–400 cm−1. The
N2 adsorption/desorption isotherm was performed on a porosity analyzer (JW-BK-132F,
Beijing Jingwei Gaobo Science and Technology Co., Ltd., Beijing, China) and the specific
surface area and pore size distribution of the material were measured by Brunauer-Emmett-
Teller (BET) method. The Zeta potential of SMN-3 material was measured with a Zeta
potential analyzer (Delsa 440SX, Backman-Coulter, Pasadena, CA, USA) in the pH range
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of 1-11. A field emission scanning electron microscope (SEM, Nano-230, FEI, Hillsboro,
OR, USA) and a transmission electron microscope (TEM, Jem-2100F, JEOL, Tokyo, Japan)
were used to measure the morphology of the sample. X-ray photoelectron spectroscopy
(ESCALAB 250, Thermo Fisher Scientific, Waltham, MA, USA) was used to detect the
surface chemical composition of the material and the chemical state of each element.

2.4. Batch Adsorption Experiment

In total, 0.80 g of Pb(NO3)2 was dissolved in deionized water to prepare a 500 mg·L−1

Pb(II) standard solution. SMN-x series adsorbents and different initial concentrations of
Pb(II) solutions were added into a 50 mL conical flask and stirred on a constant temperature
oscillator for 12 h. According to Equation (1), to calculate the amount of Pb (II) adsorbed
by SMN-x series adsorbents:

qe =
(C0 − Ce)v

m
(1)

where C0 (mg·L−1) and Ce (mg·L−1) are the initial concentration and equilibrium concen-
tration of Pb(II) in the solution, V(mL) is the volume of the solution, m(g) is the dosages
of SMN-x series adsorbents. Through a single-factor static equilibrium experiment, the
removal effect of SMN-x series on Pb(II) was investigated, including the adsorbent dosage,
initial pH, contact time and initial Pb(II) concentration, etc., and the best experimental
conditions were obtained. The Pb(II) concentration in the supernatant after centrifugation
was measured independently three times using the inductively coupled plasma atomic
emission spectrometer (ICP-OES) technique.

Safety evaluation of adsorption residue [29,30]: The extraction method was used to
obtain the exchangeable Pb(II) content and the acid-soluble Pb(II) content to calculate the
stable Pb(II) content in the residue. In total, 8 mL of 0.5 M MgCl2 and 0.1 g of the adsorption
residue were mixed and shaken at 25 ◦C for 20 min, then passed through a 0.22 µm filter
membrane to collect the supernatant and ICP-OES was used to test the concentration to
obtain exchangeable Pb(II). Following this, 8 mL of 1 M NaAc and 0.1 g residue were
mixed and shaken at 25 ◦C for 5 h. Passing through a 0.22 µm filter membrane to collect
the supernatant, ICP-OES was used to test the concentration to obtain exchangeable acid-
soluble Pb(II). The stable Pb(II) content in the residue can be obtained by subtracting the
exchangeable Pb(II) and the acid-soluble Pb(II) from the total amount of Pb(II) adsorbed.

3. Results and Discussion
3.1. Characterization of Adsorbents

Figure 1 shows the adsorption on sepiolite and SMN-1, SMN-2, SMN-3, SMN-4 and
SMN-6 at different initial concentrations of Pb(II). The result of batch adsorption tests
showed that the SMN-3 prepared with bath time of 3 h had the best adsorption effect on
Pb(II) among the different water bath times. Therefore, adsorbent SMN-3 was applied to
subsequent study and characterization due to its admirable adsorption performance.

Figure 1. Effect of initial concentration on Pb(II) adsorption (dosage of SMN-x was 25.00 mg, adsorp-
tion time was 12 h, pH was 5 and temperature was 25 ◦C).
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Figure 2a was the XRD patterns of Sepiolite and SMN-3. As shown in Figure 2a, the
characteristic peaks at 7.13◦, 20.26◦, 23.55◦ and 34.7◦ were the diffraction of sepiolite, which
was consistent with the sepiolite standard card JCPDS PDF No. 29-1492 [31]. In addition,
sepiolite also contained some impurity peaks, and 29.47◦ belonged to the diffraction peak
of calcium carbonate (JCPDS PDF No. 47-1743) [32,33]. The diffraction peaks at 9.43◦, 9.63◦

and 28.85◦ corresponded to talc [32]. After being modified with oxalic acid, the diffraction
peak of the sample at 7.13◦ disappeared and some new diffraction peaks showed up at
15.00◦, 24.37◦, 29.86◦, 38.10◦ and 50.08◦, which was consistent with the standard card of
CaC2O4·H2O (JCPDS PDF No. 35-10914) [29], indicating that CaC2O4·H2O was formed
after heating by the water bath.

Figure 2. (a) XRD patterns of Sepiolite and SMN-x3; (b) FTIR; (c) N2 adsorption/desorption isotherms;
(d) Pore diameter distribution curve.

Figure 2b shows the FTIR spectra of sepiolite and SMN-3. For sepiolite, the band at
around 1672 cm−1 was attributed to the hydroxyl bending vibration of water molecules [29].
The band at around 1442 cm−1 was consistent with the anti-symmetric and symmetric
stretching of CO3

2−, which confirmed the presence of carbonate [12,24]. The 3578 cm−1

band was ascribed to the -OH stretching vibration related to the Mg(II) in the octahedral
coordination [31]. The 787 cm−1 band was Si-O antisymmetric stretching vibration, and the
675 cm−1 and 460 cm−1 bands were attributed to Si-O flexural vibration and antisymmetric
flexural vibration [34–38]. After being modified, the bands of sepiolite at 1672 cm−1, 787 cm−1,
675 cm−1 and 460 cm−1 still existed [16,27]. The new peaks at around 3052 cm−1 were due to
the -OH stretching vibration of CaC2O4·H2O and 1630 cm−1 was attributed to the bending
vibration of C=O, 1318 cm−1 and 1097 cm−1 owing to the stretching vibration of C-C and
C-OH [29], which indicated the complex of CaC2O4·H2O and sepiolite was formed.

The N2 adsorption-desorption isotherm of the samples in Figure 2c shows that the
isotherms of sepiolite and SMN-3 were type IV and H3 hysteresis loop, which indicated that
there were slit holes in the material [39,40]. The pore size distribution curve in Figure 2d
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showed that SMN-3 adsorbent was mainly microporous and mesoporous, and sepiolite
was mesoporous [20,31]. The specific surface area and pore volume of sepiolite and SMN-x
were calculated with the Barrett-Joyner-Halenda (BJH) method. As Table 1 shows, with the
water bath time increasing the pore volume and average pore diameter of SMN-x changed
slightly. The surface area first increased and then decreased and the specific surface area of
the adsorbent reached the maximum (234.14 m2·g−1) at the 3 h.

Table 1. Textural properties of as-prepared composites.

Material Specific Surface
Area (m2·g−1)

Pore Volume
(cm3·g−1)

Average Pore
Diameter (nm)

Sepiolite 159.92 0.351 1.134
SMN-1 203.53 0.409 1.133
SMN-2 185.14 0.387 1.130
SMN-3 234.14 0.390 1.165
SMN-4 181.28 0.393 1.139
SMN-6 191.05 0.451 1.143
SMN-9 192.61 0.402 1.168

The microstructure and morphological changes of sepiolite and SMN-3 were observed
by SEM and TEM (Figure 3). Figure 3a shows that the sepiolite had fibrous morphology.
Figure 3b displays that SMN-3 mainly presented lamellar and fibrous morphology in which
the fibrous one was sepiolite and the lamellar one was CaC2O4·H2O. The similar structure
could be seen as well from the TEM images of SMN-3 (Figure 3c). Figure 3d shows the
selected area diffraction image, crystal diffraction spots and diffraction rings indicated the
presence of polycrystals in the selected area. The interplanar spacings were 0.4208, 0.2536,
and 0.1694 nm by calculation, which was the same as CaC2O4·H2O (004), (305) and (533)
and proved that CaC2O4·H2O with flaky morphology was formed.

Figure 3. (a,b) SEM images of sepiolite and SMN-3; (c) TEM image of SMN-3; (d) the selected area
electron diffraction analysis.
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3.2. Effect of the Initial Concentration and Contact Time

As shown in Figure 4a, the maximum adsorption capacity of sepiolite for Pb(II) is only
107.97 mg·g−1. The maximum adsorption capacity of SMN-3 can reach 504.07 mg·g−1,
which is about four times higher than the maximum adsorption capacity of sepiolite. In
addition, with the increasing of the initial concentration, the Pb(II) adsorption capacity of
all materials increased. After reaching the adsorption equilibrium, the adsorption capacity
decreased slightly. This may be due to the higher initial concentration of Pb(II), the active
sites of the sample being quickly occupied, and a large amount of Pb(II) adsorbing and
covering the surface of the sample to prevent further adsorption reactions.

Figure 4. (a) Adsorption capacity of sepiolite and SMN-3 (dosage = 25.00 mg, t = 12 h, pH = 5, T = 25 ◦C);
(b) the effect of contact time on adsorption (dosage = 25.00 mg, Pb(II) initial concentration = 100 mg·L−1,
pH = 5, T = 25 ◦C); (c,d) a linear fit of Freundlich and Langmuir model; (e,f) nonlinear adsorption
kinetics model and intra-particle diffusion model.

Figure 4b showed the effect of contact time on the adsorption equilibrium of Pb(II)
on SMN-3. The adsorption capacity increased exponentially in the first 60 min, slowly
increased during 60–180 min, and reached adsorption equilibrium after 180 min. This was
due to the initial rapid diffusion of Pb(II) from the solution to the surface of SMN-3. As
the adsorption progressed, the active sites on the surface of the material were completely
occupied and lead oxalate precipitation was formed to wrap the surface of the material.



Minerals 2021, 11, 552 7 of 13

With the concentration of Pb(II) continuing to decrease, the mass transfer force decreased,
which prevented the material from further reacting with Pb(II) so that adsorption rate
slowed down. Therefore, in order to ensure that the adsorbent can reach adsorption
equilibrium at different concentrations, the adsorption time of 12 h was selected.

3.3. Adsorption Isotherms and Kinetics

The Freundlich (Equation (2)) and Langmuir (Equation (3)) equations were used to
calculate the adsorption isotherm data, respectively:

Ce

qe
=

1
qeb

+
Ce

qm
(2)

lnqe = lnkF +
1
n

lnce (3)

where qe (mg·g−1) and qm (mg·g−1) are the amount of Pb(II) adsorbed at equilibrium and
the maximum adsorption capacity. Ce (mg·L−1) is the equilibrium concentration of Pb(II)
in the solution, and b (L·mg−1) is the Langmuir adsorption equilibrium constant. KF and
n are Freundlich adsorption equilibrium parameters related to adsorption capacity and
adsorption strength.

The isotherm fitting curves are shown in Figure 4c,d, and the fitting data are listed
in Table 2. Considering theoretical constrains and the determination coefficient (R2) val-
ues, it was calculated that the Langmuir model (R2 > 0.9447) simulated the adsorption
isotherms of Pb(II) much higher than the Freundlich model (R2 > 0.4335), suggesting that
the major reaction of SMN-3 mainly occupied in monolayer molecular covering and chemi-
cal adsorption [41]. Besides, the maximal adsorption capacity of SMN-3 for Pb(II) based
on the result of the Langmuir model was 505.05 mg·g−1, approaching the experimental
value (504.07 mg·g−1). At the same time, another comparison with previous papers was
implemented, as shown in Table 3. Obviously, the SMN-3 was a promising adsorbent for
wastewater treatment.

Table 2. Adsorption isotherm and adsorption kinetics models of SMN-3.

Isotherm Models

Langmuir Isotherm Freundlich Isotherm

T(K)
qe, exp

(mg·g−1)
b

(L·mg−1)
qm

(mg·g−1) R2 KF
(mg·g−1)(L·mg)1/n 1·n−1 R2

298 504.07 0.053 505.05 0.9447 56.99 2.27 0.4335

Adsorption Kinetics

pseudo-first-order pseudo-second-order

Co(mg·L−1)
qe, exp

(mg·g−1)
qe, cal

(mg·g−1)
k1

(min−1) R2 qe, cal
(mg·g−1)

k2
(g·(min·mL)−1) R2

100 166.89 166.98 0.03005 0.9857 192.27 1.796 × 10−4 0.9545

Table 3. Comparison of the adsorption capacities of various adsorbents for Pb(II).

Adsorbents qm(mg·g−1) pH Reference

KNTs 89.00 6.0 [13]
MSEP 97.00 4.5 [23]

Sep–Fe3O4–MnO2 131.58 6.0 [24]
Chitosan–Grafted–Poly/Sepiolite 638.90 6.0 [26]

SDNF 446.98 6.0 [29]
Z2 175.25 7.0 [34]

SMHFS 787.90 6.0 [39]
LMBC 476.25 5.5 [40]
SMN-3 504.07 5.0 This work
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To better understand the adsorption behavior, the pseudo-first order (Equation (4))
and the pseudo-second order nonlinear model (Equation (5)) were used to calculate the
adsorption physical parameters [42], respectively.

qt = qe1·[1− exp(−kt·t)] (4)

qt =
q2

e2·k2·t
[k2·(qe2)·t + 1]

(5)

where qe1 and qe2 are the adsorption capacity of Pb(II) attached to the equilibrium. qt (mg·g−1)
is the adsorption capacity of Pb(II) at any time(t). k1 (L·min−1) and k2 (g·(mg·min)−1) represent
the pseudo-first order and pseudo-second order rate constants, respectively.

The fitting curve of the kinetic model is shown in Figure 4e–f, and Table 2 shows the
corresponding parameters. The results showed that the R2(0.9857) of the pseudo-first-order
model obtained by calculation was higher than the pseudo-second-order kinetic model
(R2 = 0.9545), which indicated that the pseudo-first-order kinetics can better describe the
adsorption process on SMN-3 composites. Therefore, it can be concluded that chemical
adsorption dominated the Pb(II) adsorption behavior [37].

The intra-particle diffusion model is presented as Equation (6).

qt = kpi·t1/2 + ci (6)

Furthermore, the intra-particle diffusion model presented high R2 values, which
meant it was the rate-limiting step and the adsorption process was particle-diffusion
controlled [43,44]. The fitting curve consisted of three linear stages, where the first and
second stages were associated both with boundary layer and intra-particle diffusion steps.
The third stage was the equilibrium condition of adsorption.

3.4. Effects of Initial pH

The pH was a vital factor for the distribution of solution Pb(II) and the adsorption
performance. As shown in Figure 5a, with the rise of pH value, the SMN-3 adsorption
capacity gradually increased and remained stable at 156.33 mg·g−1 between pH 5–6. At
pH 2, the adsorption capacity decreased to 111.87 mg·g−1. The above analysis suggested
that the SMN-3 can be used in a few extreme environments owing to the high acid resistance.
As the zeta potentials show in Figure 5b, with the pH increasing, the negative charge on the
SMN-3 surface increased, which promoted the electrostatic attraction interaction of Pb(II).
In summary, the effect of pH further revealed that the adsorption process mechanism
included electrostatic attraction interaction. In the subsequent experiments, considering
the optimal Pb(II) removal efficiency, the pH value of 5 was used for the adsorption study.

3.5. Effects of Adsorbent Dosage

It is a critical factor for industrial-scale applications to achieve minimal adsorp-
tion cost and removal efficiency of the targeted contaminants. As observed in Figure 5c,
with the adsorbent dosage increasing, the maximum adsorption capacity decreased from
153.34 mg·g−1 to 46.15 mg·g−1 and the Pb(II) removal rate increased from 16.02% to 93.04%.
When the adsorbent dosage was 25.00 mg, the adsorption capacity of Pb(II) reached the
maximum value. However, when the dosage was greater than 50 mg, the removal rate
was stable at 93%, which was due to the saturation of available active sites and parti-
cle aggregation of high adsorbent dosage at the constant initial Pb(II) centration. Based
on the aforementioned results, in the follow-up study 25.00 mg was identified as the
optimal dosage, which can not only ensure a good Pb(II) removal rate but also a good
adsorption capacity.
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Figure 5. (a) Effect of solution pH (dosage = 25 mg, Pb(II) initial concentration = 100 mg·L−1, t = 12 h, T = 25 ◦C); (b) Zeta
potentials; (c) effect of adsorbent dosage (Pb(II) initial concentration =100 mg·L-1, t = 12 h, pH = 5, T = 25 ◦C); (d) the
adsorption efficiency of SMN-3 for various ions (dosage = 25 mg, various metal ions initial concentration = 100 mg·L−1,
t = 12 h, pH = 5, T = 25 ◦C).

3.6. Adsorption Efficiency of SMN-3 for Various Ions

Various metal ions, like Pb(II), Fe(III), Cu(II), Zn(II), Cr(III) and Cd(II), contained in
actual wastewater were identified as poisonous water contaminants. From the inset of
Figure 5d, the adsorption capacity of SMN-3 on different metal ions, such as Pb(II), Fe(III),
Cu(II), Zn(II), Cr(III) and Cd(II), was compared. Consequently, the adsorption capacity of
Pb(II) was 187.64 mg·g−1, which was higher than other metal ions. The removal efficiency
of Fe(III), Cu(II), Zn(II), Cr(III) and Cd(II) was 32.51, 12.88, 30.79, 17.79 and 67.73 mg·g−1,
respectively. The ion exchange reaction is easier to proceed with and conducive to the
adsorption of Pb(II) because the KSP (solubility product) value of lead oxalate (8.51× 10−10)
is smaller than zinc oxalate (1.38 × 10−9) and ferrous oxalate (3.2 × 10−7) and other KSP
values. Hence, the above analysis showed that SMN-3 can be used in practical applications
as an admirable potential adsorbent with high selectivity.

3.7. Safety Evaluation of Adsorption Residue

The safety of the lead-loaded adsorbent is vital for practical industrial applications. The
total amount of Pb(II) in the adsorbent residue collected after adsorption was calculated to be
190.01 mg·g−1. According the adsorption residue test, the acid-soluble Pb(II) in the residue
was calculated to be 2.95 mg·g−1 and the exchangeable Pb(II) content was 4.20 mg·g−1.
Therefore, the stable Pb(II) content was 182.87 mg·g−1, accounting for 96.24% of the total
lead content. The results indicated that in the residue after adsorption had perfect stability
and safety.
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3.8. Adsorption Mechanism

The XRD characterization of SMN-3 after adsorption of Pb(II) is presented in Figure 6a.
After adsorption, the characteristic diffraction peaks of CaC2O4·H2O on SMN-3 disap-
peared. In addition, the new diffraction peaks at 26.75◦, 27.08◦, etc. were accorded with the
PbC2O4 (JCPDS: 14-0803) [29]. The results indicated that the active substance CaC2O4·H2O
in the adsorbent is mainly to remove Pb(II) via ion exchange reaction. The chemical reaction
equation is shown below in Equation (7).

CaC2O4·H2O(s) + Pb2+→PbC2O4 (s) + Ca2+ + H2O (7)

Figure 6. (a) XRD pattern of SMN-3 after adsorption; (b) FTIR spectrum of SMN-3 before and after
adsorption; (c) Full-scan XPS spectra of before and after absorption; (d) high-resolution scan of Pb4f
(e) adsorption mechanism.
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The FTIR characterization of SMN-3 before and after Pb(II) adsorption is shown in
Figure 6b. From the comparison, the band in 3052 cm-1 of SMN-3 disappeared after Pb(II)
adsorption, which due to CaC2O4·H2O was transformed into PbC2O4 without bound water.
The band in 1318 cm−1 disappearing was related to the formation of PbC2O4[29]. The
results suggest that CaC2O4·H2O participated in the adsorption of Pb(II) via ion exchange.
In order to further explore the composition changes of SMN-3 during the adsorption
process, the full-scan XPS spectra before the Ca atomic percentage declined from 1.60%
for SMN-3 to 0.8% for Pb(II)-treated SMN-3, and the peak intensity significantly declined.
Moreover, in the high-resolution spectrum of Pb (Figure 6d), the value in binding energy
between the two peaks Pb 4f5/2 (139.1 eV) and Pb 4f7/2 (144.0 eV) of Pb 4f orbital spin
splitting was 4.9 eV [24,41]. These results suggested that Pb(II) existed on the surface of
SMN-3 after adsorption was performed. As observed in Figure 6c, in addition to Mg, O, Si,
C and Ca elements, a new Pb 4f signal appeared after adsorption with an atomic percentage
of 0.65%, indicating that Pb(II) had been adsorbed on the SMN-3 surface [45,46]. Overall,
Figure 6e summarizes this study’s proposed adsorption mechanism. According to the
analyses, the low-grade sepiolite was firstly chelated with oxalic acid and then nanosheets
of CaC2O4·H2O were formed. After treating by Pb(II) solution, CaC2O4 transformed to
PbC2O4. During the adsorption process, ion exchange was noted as the main mechanism
between Ca(II) and Pb(II) and it was also accompanied by electrostatic attraction.

4. Conclusions

The calcium carbonate impurity associated with low-grade sepiolite was converted
to calcium oxalate by co-heating sepiolite with oxalic acid. The XRD, FTIR, BET and SEM
profiles demonstrated that the SMN-3 adsorbent was successfully prepared and exhibited
the highest specific surface area (234 m2·g−1). Its Pb(II) adsorption capacity (504.07 mg·g−1)
was noted to be five times superior compared to that of sepiolite (105.57 mg·g−1). The Pb(II)
sorption process was conformed with the quasi-first-order kinetic, intra-particle model
and Langmuir isotherm model, i.e., intra-particle diffusion and monolayer chemisorption.
The optimal pH value was determined to be 5, whereas the optimum amount of adsorbent
for the adsorption of Pb(II) was 25.00 mg. Moreover, SMN-3 revealed high selectivity
and safe operation. Furthermore, the adsorption of Pb(II) on the SMN-3 adsorbent was
mainly driven by ion exchange, which was also accompanied to some extent by electrostatic
attraction. Thus, this study provided a universal and sustainable strategy for the application
of low-grade clay minerals.
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