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The combination of KMnO4 with HMO for cyclic
adsorption of heavy metal ions and regeneration
of adsorbents
Ruyue Ding, Chao Liu and Fencun Xie

ABSTRACT
In this experiment, three kinds of hydrous manganese dioxide (HMO) with different Zeta potentials
2þ

2þ

were synthesized, and combined with KMnO4 for deep removal of Pb , Cd

2þ

and Ni . The

competitive adsorption of three heavy metal ions was also investigated. The results indicated that
the stronger the acidity, the higher the Zeta potential (-54.3) of the synthesized HMO. After
regenerating HMO with acidic KMnO4 as eluent, the removal rates of Pb2þ, Cd2þ and Ni2þ could still
reach 79.25%, 80.13% and 60.43% after ﬁve cycles of adsorption. The promoting mechanism of
KMnO4’s effect on HMO was analyzed by SEM, TEM, EDS, FTIR, XRD, XPS, BET, and UV-vis. After
absorbing heavy metal ions, HMO will release part of Mn (II), and the released Mn (II) reacts with
KMnO4 to form a small amount of highly active in-situ HMO. The ‘HMO þ KMnO4’ system can not only
improve the removal rate of heavy metal ions by HMO, and reduce the amount of adsorbent, but also
remove the released Mn (II). Because of its reproducibility, efﬁciency and simplicity, the research on
water puriﬁcation materials and technologies is of signiﬁcance.
Key words

| competitive adsorption, cyclic adsorption, in-situ reaction, regeneration, water
chemistry

HIGHLIGHTS

•
•
•
•
•

A novel mesoporous δ-MnO2 nanoparticle with high Zeta potential, large speciﬁc
surface area and high hydroxyl content was prepared.
Low cost, simple preparation and high adsorption capacity.
Competitive adsorption of heavy metal ions.
Regeneration and cyclic adsorption of adsorbents.
Adding KMnO4 can greatly improve the removal efﬁciency of heavy metals and
remove the residual Mn (II) in the solution.
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GRAPHICAL ABSTRACT

INTRODUCTION
At present, heavy metal ions in soils and the water environment have attracted extensive attention due to strong
toxicity, constant bioaccumulation and non-biodegradability
(Wongsasuluk et al. ). Untreated heavy metal wastewater is directly discharged into soil and water bodies,
causing severe harm to the entire ecological environment.
Therefore, it is extremely urgent to remove heavy metal
ions in wastewater to meet the discharge standards.
Methods and approaches to remove heavy metal ions have
been extensively studied, such as the exchange of ions
(Otrembska & Gega ), ﬂotation (Patil et al. ), membrane ﬁltration (Lyu et al. ), chemical precipitation
(Hashim et al. ), electrochemical treatment (Trellu
et al. ), adsorption (Ojedokun & Bello ), and so
on. The adsorption method is generally recognized as the
most effective method due to its easy operation, low cost,
high efﬁciency and mass production (Sheela et al. ).
There is a variety of mature and developed adsorbents for
heavy metal adsorption, including activated carbon
(Mezohegyi et al. ), carbon nanotubes (Sun et al. ),
bio-adsorbents (Gadd ), metal oxides (Hua et al. ),
metal-organic frameworks (Li et al. ) and so on.
Although these materials show strong adsorption ability,
their complex synthesis process and expensive cost make
them impossible to apply in industrial wastewater. Hydrous
manganese dioxide (HMO), as a cheap, readily available
metal oxide adsorbent with huge adsorption capacity, has
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a broad application prospect in water treatment (Su et al.
). Compared with other composite manganese dioxide
materials, the freshly synthesized HMO with KMnO4 and
H2O2 has better adsorption performance for Cd2þ (Zhai &
Wang ). In comparison with other expensive polymeric
exchangers, HMO synthesized by the redox reaction of
MnSO4 and NaOCl also exhibited a preferable adsorption
effect on toxic substances in the presence of Ca2þ (Su
et al. ). Nanosized HMO was impregnated on porous
polystyrene exchange resin to synthesize HMO-loaded
materials to adsorb Pb2þ in aqueous solution (Su et al.
). However, their HMO adsorbents suffer from relatively low adsorption capacity, long adsorption equilibrium
time and the HMO-loaded adsorbents will inevitably bring
more heavy metal bearing residues. At the same time, the
surface of the adsorbent will gradually absorb a large
number of impurities during the adsorption process. It will
eventually be discarded because it could not meet the
water quality requirements. Since the pollutants are only
transferred to the adsorbent, they will not be wholly
degraded or converted into harmless substances. These
waste adsorbents are bound to cause waste of resources
and secondary pollution. Therefore, the desorption and
regeneration of the adsorbent are of great signiﬁcance in
realizing the recycling of the adsorbent.
In this experiment, three mesoporous materials with
different Zeta potentials, δ- MnO2, were synthesized with
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MnSO4·H2O and KMnO4 as raw materials through a simple
and inexpensive redox process at room temperature and low
pH conditions. The combination with KMnO4 allowed
HMO to show an excellent removal performance for Pb2þ,
Cd2þ and Ni2þ in aqueous solution, superior to sole HMO
adsorption. Such a combination can not only completely
remove heavy metal ions, but also signiﬁcantly reduces the
amount of adsorbent used. The structure of HMO, the
adsorption behavior and the promotion mechanism of
KMnO4 have been thoroughly studied by a series of experiments and characterizations. The competitive adsorption
of Pb2þ, Cd2þ and Ni2þ and the regeneration and cyclic
adsorption of the adsorbent were also investigated.

METHODS
Material
This work applied analytical grade chemical reagents from
the Damao Chemical Reagent Co., Ltd. Hydrous manganese
dioxide was freshly prepared by the titration method of
MnSO4·H2O and KMnO4, and the process can be explained
as in Equation (1),
þ
3Mn2þ þ 2MnO
4 þ 2H2 O ¼ 5MnO2 þ 4H

(1)

0.004 M KMnO4 and 0.004 M MnSO4·H2O were dissolved in 150 mL deionized water, respectively. Then
MnSO4·H2O was added dropwise to the KMnO4 solution
and the mixed solution was stirred with a magnetic agitator
at 298.15 K and 150 rpm/min. During the titration, the pH
value of the mixed solution should be controlled at 1.5 ±
0.1. Upon completing titration, the current suspension
needs to be stirred for another 30 min, and then put aside
to settle for 6 h. The suspension needs to be repeatedly
ﬂushed with deionized water until the conductivity of the
supernatant is less than 2.0 ηS·cm1. The synthetic HMO
was prepared into a 100 mL suspension. We synthesized
different types of hydrous manganese dioxide (HMO-a,
HMO-b, HMO-c) by adjusting the pH (pHa ¼ 1.5 ± 0.1,
pHb ¼ 3.5 ± 0.1, pHc ¼ 5.5 ± 0.1) during the reaction process,
then they were washed and stored as described above.
We took 1 mL of HMO suspension in a beaker and
dissolved it in hydrogen peroxide along with nitric acid.
The content of Mn2þ in the diluted solution was detected
by AAS, then the HMO content was converted into
100 mL of suspension. Pb (NO3)2, NiSO4·6H2O and Cd
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(NO3)2·4H2O were respectively dissolved in deionized
water to prepare solutions of Pb2þ, Ni2þ and Cd2þ. The
2.0 mmol/L KMnO4 was prepared though the dilution of
the standard potassium permanganate solution and then
stored in a dark bottle at low temperature.
Characterization
The concentrations of Pb2þ, Cd2þ, Ni2þ and KMnO4 were
detected by ﬂame atomic absorption spectrometry (AAS)
and UV-Visible spectrometry separately. The sample of
crystal structure was comprehensively analyzed with the
application of X-ray diffraction (XRD) (measurement
conditions: tube ﬂow: 40 mA; tube pressure: 40 kV;
wavelength (A): 0.15418 nm; scanning range: 5 ∼80 ; scanning speed: 0.1 sec/step; scanning step size: 0.02 ). The
surface morphology and the composition of metal in the
samples were studied through the scanning electron microscope (SEM) (measurement conditions: SE resolution:
3.0 nm (high vacuum, 30 kV), 10 nm (high vacuum, 3 KV);
BSE resolution: 4.0 nm (low vacuum, 30 KV); multiplier:
5–300,000 times) along with the transmission electron
microscope (TEM) (measurement conditions: point resolution:
0.25 nm; line resolution: 0.102 nm; acceleration voltage: 80,
100, 160 and 200 KV; tilt angle (X/Y): ±42/ ± 30 ). The
molecular structure of the sample was explored with the
assistance of Fourier transform infrared spectroscopy (FTIR)
(measurement conditions: test interval: 400–4,000 cm1;
scan number: 32; resolution: 4 cm1). X-ray photoelectron
spectroscopy (XPS) was used for the surface chemical analysis of the sample (measurement conditions: X light source
with monochromatic Al Kα was selected, the full spectrum
scanning energy was 160 eV, and the binding energy was
corrected by C 1 s (284.8 eV)). The study also measured
the Brunauer-Emmett-Teller (BET) surface area with the
application of the Micromeritics ASAP 2460 analyzer
(measurement conditions: analysis adsorptive: N2; analysis
bath temp.: 77.350 K; equilibration interval: 3 s; sample
density: 1.000 g/cm3). The Zeta potential of the sample
was measured by Zeta-sizer Nano ZSE.
Isothermal study
The isotherm adsorption experiments were carried out as
follows: 24 mg of HMO was added to 100 mL Pb2þ, Cd2þ
and Ni2þ solutions; the concentrations are designed as 20
to 160 mg/L, 10 to 60 mg/L, and 10 to 60 mg/L respectively.
The mixed solution was stirred for 45 min with a magnetic
agitator (150 rpm/min). During the reaction, the pH value
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was 4.0 and the temperature was 298.15 K. After the reaction, the contents of Pb2þ, Cd2þ and Ni2þ were
determined by AAS. The Langmuir isotherm model (2)
and Freundlich isotherm model (3) were used to ﬁt the data.
ce =qe ¼ ce =qm þ 1=(KL  qm )

(2)

qe ¼ Kf  ce1=n

(3)

Ce (mg/L) represents the concentration of ions in the
solution at equilibrium. KL (L/mg), Kf and n respectively
represent the Langmuir adsorption constant, the Freundlich
adsorption constant and the Freundlich index. qe and qm (mg/
g) refers to the equilibrium and the maximum capacity in
adsorption of unit HMO, respectively.
Kinetic adsorption experiment
The kinetic adsorption experiments were designed as
follows: To 3 × 200 mL beakers was added 100 mL Pb2þ,
Cd2þ and Ni2þ solutions with different concentrations (the
initial concentrations were 100, 30 and 30 mg/L respectively), and then 24 mg HMO was added respectively. The
mixed solution was stirred with a magnetic agitator
(150 rpm/min) for 2 h at 298.15 K. The pH of the solution
was kept at 4 during the reaction. The residual concentrations of the three ions were analyzed by AAS after
sampling at intervals (0∼120 min).
The data obtained from the kinetic adsorption experiment was ﬁtted by models of the pseudo-ﬁrst-order and
pseudo-second-order, and the adsorption mechanism of
HMO was further analyzed, as expressed in Equations (4)
and (5) respectively.
qt ¼ qe  (1  ek1 t )

(4)

t=qt ¼ 1=(k2  q2e ) þ t=qe

(5)

k1(min1) refers to the rate constant of pseudo-ﬁrstorder adsorption, while k2(g/(mg/min)) is the rate constant
of the pseudo-second-order adsorption. qe and qt (mg/g)
respectively represent the adsorption proportion of heavy
metal ions unit of HMO under equilibrium situation and
at any time.
Experiments for Pb2þ, Cd2þ and Ni2þ removal
100 mL of Pb2þ, Cd2þ and Ni2þ solutions (100, 30 and
30 mg/L respectively) were taken. The pH value was
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controlled at between 2.0 and 6.0, and the inﬂuence of pH
value on removing the three ions was explored. 24 mg of
HMO was added to the heavy metal solution, and then
the mixture was stirred with a magnetic agitator (150 rpm/
min) at a predetermined pH for 45 min. In order to explore
the promotion effect of KMnO4 on HMO, 3 mL of
2.0 mmol/L KMnO4 was added to the heavy metal solution
with different amounts of HMO that ranged from 18 to
72 mg. The reaction was stirred for 45 min with a magnetic
agitator (150 rpm/min) at a pH of 4. All samples were ﬁltered and the residual concentration of heavy metal ions
was detected by AAS. The consumption of KMnO4 was
studied by UV-visible absorption spectroscopy.
Co-adsorption of Pb2þ, Cd2þ and Ni2þ
In the treatment of industrial wastewater, there are multiple
heavy metal ions that coexist in the system at the same time,
and their adsorption is much more complicated than a
single system. Several heavy metal ions not only have a competitive adsorption effect, but may also have synergistic or
antagonistic effects, thus affecting the adsorption efﬁciency.
Therefore, it is of great signiﬁcance to explore the co-adsorption between different heavy metal ions to treat heavy metal
ions in industrial wastewater.
100 mL of the same concentration (30 mg/L) of Pb2þ,
Cd2þ and Ni2þ mixed solution was taken, and 3 mL
2.0 mmol/L KMnO4 was added to the mixed solutions
with different doses of HMO which ranged from 1–12 mg.
The reaction was kept at pH 4.0 and stirred with a magnetic
agitator (150 rpm/min) for 45 min. All samples were ﬁltered
after the reaction, and the residual concentration of heavy
metal ions was detected by AAS.

Regeneration and recycling of adsorbents
Acidiﬁed potassium permanganate solution and hydrochloric acid solution were used to regenerate HMO after
adsorption of heavy metals. After adsorption, we discarded
the supernatant. Then 60 mL 0.1 M HCl solution and 10%
acidiﬁed potassium permanganate solution were added to
HMO. The eluent and adsorbent were stirred (150 rpm/min)
in a water bath pot for 3 h and then ﬁltered.
The concentration of Pb2þ, Cd2þ and Ni2þ in the ﬁltrate
was measured by AAS, the desorption amount was calculated according to Equation (6), and then the desorption
rate was calculated according to Equation (7). The ﬁltered
HMO was desorbed again, and the above operation was
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repeated ﬁve times.

qd ¼

|

qd
qe

(7)

Speciﬁc surface area and pore diameter of different HMO
BET (m2/g)

BJH (nm)

HMO-a

99.1

14.3

HMO-b

76.3

15.4

HMO-c

65.8

18.8

|

Zeta potential of different HMO

Types of HMO

HMO-a

HMO-b

HMO-c

pH value

1.5 ± 0.1

3.5 ± 0.1

5.5 ± 0.1

Zeta potential (mV)

54.3

47.0

40.6

Figure 1

|

2021

Characterization of HMO

Sample

Table 2

|

(6)

Cd (mg/L) is the desorption concentration; V (L) is the
desorption volume; W (g) is the mass of adsorbent; qe
(mg/g) is the average adsorption amount of adsorption
agent.
The eluted HMO was washed repeatedly with deionized
water, and the regeneration was completed when the conductivity of the supernatant was below 2.0 μS·cm1. The
regenerated HMO was absorbed again, and the above operation was cycled ﬁve times.
Table 1

83.8

RESULTS AND DISCUSSION

Cd V
W

Elution rate ¼

|

(a) The XRD spectrum of different HMO, (b) The FTIR spectrum of different HMO.
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It can be seen from Tables 1 and 2 that the pore diameters of
the three HMOs were 10–20 nm, and they were all mesoporous materials. The higher the acidity, the higher the Zeta
potential and the larger the speciﬁc surface area of the synthesized HMO. Among them, the Zeta potential (54.3 mV)
and speciﬁc surface area (99.1 m2/g) of HMO-a were the largest, and the surface electriﬁcation and adsorption sites
were also greatest.
According to Figure 1(a), HMO-a, HMO-b and HMO-c
all showed characteristic peaks at 12.5 , 37 and 67.8 . Compared with the standard spectrum, the crystal type of the
three materials were all δ-MnO2 (JCPDS Card No.80-1098)
(Nawaz et al. ). The XRD characteristic peak intensity
and crystallinity of the three kinds of MnO2 were low, and
they were all amorphous MnO2. Theoretically, the surface
area and active site of manganese dioxide decrease sharply
with the appearance of crystal forms. Since amorphous
manganese dioxide is not limited by its crystal morphology,
its adsorption performance is generally better (He ).
According to Figure 1(b), the peaks at 3,440 and
1,620 cm1, correspond with the stretch vibration and bending vibration of the O-H tape, respectively (Liu et al. ;
Liu & Ooi ). The peak near 538 cm1 is related to the
stretch vibration of the Mn-O tape (Yang et al. ). The
hydroxyl peak wave numbers of HMO-a and HMO-c were
3,440 and 3,419 cm1, respectively. With the increase of
pH value, the stretching vibration peak of the hydroxyl
group of HMOs occurred with red shift, which may be
caused by the charging of the surface structure.
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The surface morphology of the synthesized HMO is signiﬁcantly different at different pH (Figure S1, Supplementary
Materials). The surface texture of HMO-a is obvious, showing
a petal-like structure; the surface texture of HMO-b becomes
shallow and the petal structure gradually decreases, while
HMO-c presents a relatively smooth spherical shape. Among
them, HMO-a has better particle dispersibility than HMO-b
and HMO-c, and can provide more adsorption sites.
The micromorphology and size of HMO-a were analyzed.
The surface morphology of HMO-a is presented in Figure 2(a).
The element analysis of HMO-a is shown in Figure 2(b). The
elements Mn and O were detected, as well as a small dose
of the element K, which may come from the reactant
KMnO4. The TEM images (Figure 2(c)) conﬁrmed that the
HMO sample had a ﬂower-like spherical structure with a
diameter of about 300 nm. The application of a high-angle
dark ﬁeld scanning transmission electron microscope
(Figure 2(d)) along with the use of elemental mapping
images (Figure 2(e) and 2(f)) revealed that the elements of
Mn (red zone) and O (green zone) were homogeneously dispersed throughout the whole material.
Adsorption study on the HMO
Effects of different HMO on adsorption
As can be seen from Figure S2, HMO-a has the best adsorption performance. Therefore, we chose HMO-a in the
following experiments.

Figure 2
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Effect of pH and HMO dosage
Figure 3(a) presents the inﬂuence of pH on the removal of
Pb2þ, Cd2þ and Ni2þ. With the increase of pH, the removal
rates of three metal ions all increased. At pH 6.0, the
removal rates of three metal ions all reached the maximum
values, which were 99.95%, 99.92% and 97.71%, respectively. When the pH value of the solution is higher than
4.0, Pb2þ will form a precipitate, so we conducted the following experiments at pH 4.0.
Besides, the inﬂuence of HMO dosage on the adsorption capacity and the removal rate of each metal ion is
presented in Figure 3(b)–3(d). As the HMO dosage
increased from 12 to 60 mg, the removal rate of Pb2þ and
Cd2þ also increased from 67.91% to 99.99% and 84.83%
to 99.97%, respectively. For Ni2þ solution, the result
increased from 38.80% to 98.91%. After HMO treatment,
the residual concentrations of Pb2þ and Cd2þ were under
0.01 mg/L, indicating that HMO has great potential in the
treatment of heavy metal polluted water. As the dosage of
HMO increases, the adsorption capacity of metal ions
dropped sharply. When the dosage of HMO was 12 mg,
the adsorption capacities of Pb2þ, Cd2þ and Ni2þ were
565.9, 212.08 and 97.08 mg/g respectively. When the
dosage of HMO increased to 60 mg, the adsorption
capacities decreased to 166.63, 49.98 and 49.45 mg/g,
respectively. The increase of HMO dosage provided more
active sites and surface areas for the solute, leading to the
gradual increase of removal rate. Since there are still many

Morphologies of HMO-a: (a) SEM image of HMO-a; (b) the corresponding EDS spectrum of HMO-a; (c) TEM image of HMO-a; (d) HAADF-STEM image of HMO-a; (e,f) TEM image and
the corresponding EDS mapping; Mn (red zone), O (green zone).
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(a) Effect of pH on Pb (II), Cd (II) and Ni (II) removal; effect of HMO dosage on (b) Pb (II), (c) Cd (II), and (d) Ni (II) removal.

active sites on the surface of the large doses of HMO adsorbents after the ﬁrst heavy metal adsorption, the adsorption
amount per unit mass of adsorbents will decrease sharply.
Therefore, the improvement of the adsorption efﬁciency of
HMO and reduction in the amount of HMO is of signiﬁcant
importance.

Effect of KMnO4 on the removal of heavy metal ions
The effect of the combination of KMnO4 and HMO on the
depth removal of Pb2þ, Cd2þ and Ni2þ is expressed in
Figure 4. When the residual concentrations of Pb2þ, Cd2þ
and Ni2þ were respectively below 0.02, 0.01 and 0.02 mg/L,
the minimum doses of HMO without the addition of
KMnO4 were 42, 54 and 78 mg, respectively. After adding
KMnO4, the minimum dose of HMO was reduced to 30,
36 and 66 mg, respectively, and the residual concentration
met class II, V, and I surface water standards in China,
respectively. The residual concentration of Mn (II) is
below 0.01 mg/L, which meets the class I surface water standard in China. Therefore, the promotion effect of KMnO4
signiﬁcantly reduced the amount of adsorbent HMO, and
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the combined treatment method has a high removal rate
and a good prospect for industrial application.

Study on co-adsorption
As shown in Figure 5, HMO has the strongest afﬁnity for
Pb2þ. When the dose of HMO is small, Pb2þ is ﬁrst
adsorbed. Among them, the removal rate of Ni2þ increased
most slowly indicating that the adsorption capacity of HMO
for Ni2þ was relatively low. The co-adsorption capacity of
HMO for heavy metal ions is Pb2þ > Cd2þ > Ni2þ, which
corresponds to the experimental results for single heavy
metal ions.
The difference in adsorption capacity for different heavy
metal ions is related to the effective radius of hydration ions
and the ﬁrst-order hydrolysis constant. The smaller the ionic
hydration radius, the easier for the adsorbate to approach
the adsorption potential of the HMO surface. The effective
hydration radius of heavy metal ions in aqueous solution
is Pb2þ < Cd2þ < Ni2þ, so Pb2þ has the strongest afﬁnity
with HMO. Studies have shown that the reduction of the
average charge of ions can reduce the capacity barrier in
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The depth removal of (a) Pb (II), (b) Cd (II) and (c) Ni (II) with HMO combined with KMnO4.

capacity (Zhang et al. ; Naiya et al. ). In the case
of a small amount of HMO, although HMO shows a high
adsorption selectivity for Pb2þ, it also has a certain adsorption capacity for other heavy metal ions, indicating that
there may be obligate adsorption sites on the surface of
HMO (Zhang et al. ). Besides, some studies have
shown that when HMO adsorbs heavy metal ions, Mn2þ is
released, and the amount of release is related to the type
of metal ions (Naiya et al. ).
Adsorption isotherm

Figure 5

|

Effect of co-existing heavy metal ions on heavy metal removal.

the adsorption process, which is conducive to the adsorption of metal ions on the oxide surface under the action of
intermolecular force and electrostatic attraction, and the
adsorption amount of hydrolysate or hydroxyl complex is
greater than that of heavy metal ions. Because Pb2þ has a
larger ﬁrst-order hydrolysis constant, there are relatively
more PbOHþ in the water, so Pb2þ has a larger adsorption
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The data obtained from the isotherm adsorption experiment
was ﬁtted by the Langmuir model and the Freundlich model
(Figure 6), and the parameters are listed in Table S1 (Supplementary Materials). As the equilibrium concentration of
heavy metal ions gradually increases, the adsorption of
Pb2þ, Cd2þ and Ni2þ by HMO also increases, rapidly at
ﬁrst, and then slowly to the equilibrium adsorption
amount. At 303.15 K, the maximum adsorption equilibrium
capacities (Qm) of Pb2þ, Cd2þ and Ni2þ by HMO reached
541.70, 145.65 and 78.30 mg/g respectively. The ability of
HMO to remove Pb, Cd and Ni decreases successively.
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Adsorption isotherms of Pb (II), Cd (II) and Ni (II) onto HMO at pH 4.0 and 298.15 K.

The adsorption correlation coefﬁcient (R2) of Pb2þ, Cd2þ
and Ni2þ by HMO ﬁtted by the Langmuir model is
0.9923∼0.9962 and relative error (δ) is 0.37∼6.17, which
is more accurate than that ﬁtted by the Freundlich model
(R2: 0.9840∼0.9871, δ: 2.61∼6.87). Moreover, the maximum adsorption capacity (Qm) and equilibrium adsorption
capacity (Qe) obtained by the Langmuir model ﬁtting isotherm adsorption experiment data are not signiﬁcantly
different, which further indicates that the Langmuir model
is more accurate in ﬁtting the isotherm adsorption experimental data, which also means that the adsorption of
Pb2þ, Cd2þ and Ni2þ on the HMO surface is a single molecule adsorption. The HMO surface active sites were
evenly distributed. The Langmuir adsorption constants
(KL): Pb2þ> Cd2þ> Ni2þ also indicated that the removal
ability of HMO for Pb, Cd and Ni decreases successively.
Table S2 shows the maximum adsorption capacities on
HMO in our manuscript and other reported adsorbents.
The HMO studied in this paper has excellent adsorption

Figure 7

Water Science & Technology

properties for Pb2þ, Cd2þ and Ni2þ, and is superior to
most other expensive composite adsorbent materials.
Adsorption kinetics
The adsorption kinetic experiment was conducted to
further explore the relationship between contact time
and adsorption amount, to explore the mechanism
further. The data were ﬁtted by models of the pseudoﬁrst and pseudo-second order (Figure 7), and the parameters are listed in Table S3. The adsorption capacity
increased sharply in the ﬁrst 5 mins, then continued to
increase at a slower pace, and reached adsorption equilibrium at the point of 10 min, over 20 min, adsorption
was in dynamic equilibrium. In this experiment, the
adsorption equilibrium time was much shorter than most
other adsorbents (Burakov et al. ). This indicates
that the adsorption rate of Pb2þ, Cd2þ and Ni2þ by
HMO is very fast, which can greatly improve the

Pseudo-ﬁrst-order and Pseudo-second-order of Pb (II), Cd (II) and Ni (II) adsorption onto HMO at pH 4.0 and 298.15 K.
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efﬁciency of industrial application. The ﬁtting results
showed that the correlation coefﬁcient R22(0.9999) and
relative error δ2 (0.04∼0.33) were more accurate than
that R21(0.98∼0.99) and δ1 (1.53∼0.03). The pseudoﬁrst-order adsorption kinetic model is mainly used to
describe the physical adsorption process. The pseudosecond-order adsorption kinetic model with high ﬁtting
degree indicated that the adsorption process of Pb2þ,
Cd2þ and Ni2þ by HMO had multiple adsorption stages.
The adsorption process is not only affected by its characteristics, but also affected by the active sites on the
surface of the adsorbent, electrostatic force and other factors, chemical adsorption and physical adsorption coexist,
of which chemical adsorption is dominant (He & Xie
).
Regeneration research
The elution rate of HMO after adsorption of Pb2þ, Cd2þ and
Ni2þ are listed in Table S4, the desorption rate of potassium
permanganate eluent is higher than that of hydrochloric
acid eluent. As can be seen from Figure 8, after 5 cycles of
adsorption, the removal rates of Pb2þ, Cd2þ and Ni2þ with
potassium permanganate as the desorption agent were
79.25%, 80.13% and 60.43%, respectively, which still maintained a high removal rate. The removal rate of Pb2þ, Cd2þ
and Ni2þ with hydrochloric acid as the desorption agent
decreased to 61.02%, 61.36% and 45.9%, respectively. This
indicates that compared with hydrochloric acid, using acid
KMnO4 as the desorption agent to regenerated HMO-a
can improve the cyclic removal rate of heavy metal ions.
Therefore, it has a great prospect for development in industrial application.

Figure 8
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Mechanism of the metal removal with KMnO4
The role of KMnO4 in heavy metal ion removal was
explored by a series of characterizations. Figure S3 shows
the FTIR spectrum comparison of HMO before and after
the adsorption of Pb2þ, Ni2þ and Cd2þ. After adsorption of
Pb2þ, Ni2þ and Cd2þ, the hydroxyl groups at 3,440 cm1
began to signiﬁcantly shift to 3,437, 3,435 and 3,430 cm1.
The peaks at 1,395 and 2,083 cm1 may indicate the existence of metallic hydroxyl or metallic oxides (Zhang & Li
). This proves that the adsorption process can be
regarded as the interaction activity between the O-H
groups of HMO and heavy metal ions (Xiong et al. ).
The TEM images (Figure 9) showed that the ﬂower-like
spherical structure of HMO remained unchanged after the
reaction. The elemental mapping revealed that Mn, O and
heavy metal (Pb, Cd, and Ni) elements were homogeneously
dispersed throughout the HMO. This indicates that our
material can uniformly adsorb heavy metal ions, and its
morphology remains unchanged, which proves that our
material can be fully utilized.
The XPS full spectrum is shown in Figure S4. There
were obvious peaks near 285, 535 and 640 eV in the scanning spectra before and after HMO adsorption, which
were Mn 3 s, C 1 s, O 1 s and Mn 2p peaks respectively. C
1 s is used as the standard peak to adjust the position of
other peaks. The absorption peaks of Pb, Cd and Ni
appeared in the XPS scanning spectra of HMO after adsorption of Pb2þ, Cd2þ and Ni2þ.
Figure S5 shows the narrow scanning area of Mn 2p
before and after adsorption of Pb2þ, Cd2þ and Ni2þ. It can
be observed that Mn 2p has two main peaks, the positions
of which are Mn 2p3/2 of 642.52 eV and Mn 2p1/2 of

Heavy metal removal rate of HMO-a in successive cycles: desorption agent (a) KMnO4, (b) HCl.
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TEM image of HMO after adsorption of (a1) Pb(II), (b1) Ni(II), and (c1) Cd(II); (a2) ∼ (c2) HAADF-STEM image of HMO after adsorption of (a2) Pb (II), (b2) Ni (II), and (c2) Cd (II); the
corresponding EDS mapping of HMO after adsorption of (a3-a5) Pb (II), (b3-b5 Ni (II), and (c3-c5) Cd (II).

654.33 eV respectively, indicating that HMO mainly existed
in the form of MnO2. After adsorption, the two main peaks
did not deviate from each other, but the peak shape was
weakened, possibly due to the effect of adsorption of
heavy metal. The results show that the combined state of
Mn in HMO did not change basically before and after
adsorption.
Figure S6 shows the narrow scanning area of O 1 s before
and after the adsorption of heavy metal ions by HMO. There
are three chemical states of oxygen in HMO, namely
hydroxyl oxygen (OH), lattice oxygen (O2) and oxygen in
H2O (Peng et al. ). Since the electronegativity of H is
greater than that of Mn, the density of the surrounding electron cloud after the combination of O and H is smaller
than that after the combination of O and Mn, and the inner
electrons are reduced by the shielding effect of the outer electrons and strengthened by the binding effect of the electron
nucleus. Therefore, the binding energy of inner electrons
increases, in which the binding energy of oxygen in H2O is
the highest, followed by hydroxyl oxygen (OH), and lattice
oxygen (O2) is the lowest (Pan et al. ). Figure S6a
shows HMO without heavy metal adsorption. The binding
energies of lattice oxygen (O2), hydroxyl oxygen (OH)
and oxygen in H2O are 530.14 eV, 532.20 eV and
533.74 eV, respectively, which is consistent with the research.
The relative contents of different forms of O on the HMO
surface before and after the absorption of heavy metals are
shown in Table S5. The binding energies of the characteristic
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peaks of O 1 s were all changed after adsorption. The binding
energies are related to the density of electron clouds around
O, indicating that heavy metal ions Pb2þ, Cd2þ and Ni2þ
chemically bond with the O atoms of the hydroxyl group
and bind to the surface of HMO in the form of coordination.
The metal oxide content increased signiﬁcantly, from 37.72
to 66.32, 62.01 and 74.57%, respectively, conﬁrming Ni-O,
Cd-O and Pb-O bonds were formed. The surface hydroxyl
content decreased signiﬁcantly, from 47.25 to 22.36, 21.90
and 20.26%, proving that the adsorption of Cd2þ, Ni2þ and
Pb2þ has a correlation relationship with the surface hydroxyl
groups. Due to the electronegativity of the HMO surface,
Pb2þ, Ni2þ and Cd2þ will bind to hydroxyl groups on the surface of HMO by coordination bonds, and the protons of
hydroxyl groups are dissociated and exchanged with Pb2þ,
Ni2þ and Cd2þ, part of Pb, Ni and Cd exist in the form of
hydroxide complexes PbOHþ, NiOHþ and CdOHþ, and
bind to the hydroxyl groups on the surface of HMO in the
form of the hydroxide complex.
Figure S7 shows the narrow scanning area after the
adsorption of three heavy metal ions. The peaks located at
405.2 and 411.9 eV were Cd 3d5/2 and Cd 3d3/2
(Figure S7a). Cd 3d5/2 and Cd 3d3/2 are basically symmetrical with high peak intensity. Such a peak pattern indicates
that Cd is in a single substance state on the surface of
HMO. By comparing the peak value of 405 eV corresponding to Cd 3d5/2 in the literature, it can be determined that Cd
on the surface is in a CdO state (Tkachenko et al. ). The
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two peaks of 855.5 and 870.7 eV in Figure S7b are Ni 2p3/2
and Ni 2p1/2, which corresponds with the reported value for
the NiO state (Salvati et al. ). The XPS spectrum of Pb 4f
presents two distinct peaks, located at 137.8 eV and
142.6 eV (Figure S7c), deriving from Pb 4f7/2 and Pb 4f5/2,
respectively. The bond energies of Pb 4f7/2 of PbO are
known to range from 137.6 eV to 138.2 eV (Naiya et al.
), so it can be determined that Pb on the surface is in
a PbO state. The shape of the peaks indicates the valence
state of Cd, Ni and Pb on HMO is þ2 valence, which
means they were not oxidized in the process of adsorption
with the existence of KMnO4.
The variation trend of KMnO4 in the reaction process
was observed by UV-Vis spectrum. Each curve contains a
main peak. The peak at 525 nm is the maximum absorption
wavelength of KMnO4, and the consumption of KMnO4 can
also be detected from the change of the absorbance in the
curve. HMO and KMnO4 were stirred in 100 mL deionized
water with a pH of 4 for 45 min, and the spectrum before
and after stirring is shown in Figure S8a. It can be observed
that the two curves almost completely coincide, indicating
that KMnO4 was not decomposed during the stirring process; that is, KMnO4 did not react with HMO. However,
when the deionized water was replaced by the same
volume of Pb2þ, Cd2þ and Ni2þ solutions, KMnO4 was
detected to be consumed (Figure S8b, S8c, and S8d).
When the dosages of HMO applied differed in the adsorption of heavy metal ions, the consumed volume of KMnO4
varied too. The more HMO was added, the more KMnO4
was consumed. Figure S8e shows the variation of KMnO4
absorbance with time when HMO adsorbs Pb2þ. About
50% of KMnO4 was consumed when the reaction lasted
for ﬁve minutes, and the absorbance of KMnO4 decreased
gradually as the adsorption reaction proceeded.
Combined with the analysis results of XPS, the valence
state of heavy metals did not change during the adsorption
process, indicating that KMnO4 did not react with the lowstate heavy metal ions during the adsorption process, further
indicating that only the presence of heavy metal ions in the
system can cause the consumption of KMnO4. Naiya et al.
() found that when HMO adsorbed heavy metal ions,
a small amount of Mn2þ was released, and the consumed
KMnO4 in the solution was likely to react with the free
Mn2þ in the solution. We did experiments to test this
hypothesis: 24 mg HMO was added to 100 mL of deionized
water and stirred for 45 min at a pH of 4. At this time, the
concentration of Mn2þ in the supernatant was less than
0.01 mg /L. When 100 mL 100 mg/L Pb2þ solution was
used instead of deionized water, the residual concentration
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of Mn2þ increased sharply to 4.85 mg/L after the adsorption
was completed. However, after adding 3 mL 2.0 mmol/L
KMnO4 into the Pb2þ solution, the residue of Mn2þ was
reduced to below 0.01 mg/L again. The molar ratio of
Mn2þ released and KMnO4 consumed during the reaction
is roughly consistent with Equation (1). It can be inferred
that there are þ2 valence Mn elements on the surface of
HMO crystal or between layers. When the heavy metals are
adsorbed, Mn2þ is released, and the released Mn2þ reacts
with KMnO4 in the solution to form a small amount of insitu HMO. In-situ HMO has high activity and strong adsorption capacity, which can effectively improve the removal
efﬁciency of heavy metal ions in the solution.

CONCLUSIONS
The HMO synthesized at low pH value with the ﬂower-like
spherical structure was an effective environmental material
to remove Pb2þ, Cd2þ and Ni2þ in solutions. At 298.15 K
and pH 4.0, the Langmuir isotherm model was well adapted
to the experimental results, and the maximum adsorption
capacities were 541.70, 145.65 and 78.30 mg/g, respectively.
The adsorption of heavy metals by HMO belongs to monomolecular adsorption and the adsorption process is mainly
controlled by chemisorption. After adsorption, the heavy
metal ions coordinate with the HMO groups, and the
HMO morphology remains unchanged after adsorption.
Mn2þ will be released when HMO adsorbs metal ions,
resulting in Mn2þ pollution. The ‘HMO þ KMnO4’ system
can not only remove the released Mn2þ through the redox
reaction, but also generate highly active in-situ HMO,
which improves the removal efﬁciency. The co-adsorption
capacity of HMO for heavy metal ions is Pb2þ> Cd2þ>
Ni2þ. Pb2þ has a smaller hydration radius and a larger
ﬁrst-order hydrolysis constant, so Pb2þ has the strongest afﬁnity with HMO. Regeneration of adsorbents can avoid the
waste of resources and secondary pollution caused by discarded adsorbents. The regeneration ability of acidic
potassium permanganate to HMO was higher than that of
hydrochloric acid. After 5 cycles of adsorption, HMO still
maintained a high adsorption rate.
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