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ABSTRACT: MnO2 has shown great potential in the field of adsorption and has a good
adsorption effect on heavy metal ions in aqueous solution, but there have been problems in the
adsorption of heavy metal ions in high-concentration metal salt solutions. In this paper, different
crystal forms of MnO2 (α-MnO2, β-MnO2, γ-MnO2, δ1-MnO2, δ2-MnO2, and ε-MnO2) were
prepared and characterized by XRD, SEM, EDS, XPS, ZETA, and FT-IR. The reasons for the equi-
acidity point pH change of MnO2 and the complex mechanism of surface hydroxylation on metal
ions were discussed. The results showed that the equi-acidity point pHs of different crystalline
MnO2 were different. The equi-acidity point pH decreased with the increase of reaction
temperature and electrolyte concentration, but the reaction time had no effect on it. The equi-
acidity point pHs of MnO2 were essentially equal to the equilibrium pH values of adsorption and
desorption between surface hydroxyl and metal ions on them. The change of equi-acidity points
was mainly due to the complexation of surface hydroxyl, and the equi-acidity point pHs depended
on the content of surface hydroxyl and the size of the complexation ability. According to the equi-
acidity point pH characteristics of MnO2, more hydroxyl groups could participate in the
complexation reaction by repeatedly controlling the pH, so that MnO2 could adsorb heavy metals Co2+ and Ni2+ in high-
concentration MnSO4 solution, and the adsorption rates of Co2+ and Ni2+ could reach 96.55 and 79.73%, respectively. The effects of
MnO2 dosage and Mn2+ concentration on the adsorption performance were further investigated, and the products after MnO2
adsorption were analyzed by EDS and FT-IR. A new process for MnO2 to adsorb heavy metals Co2+ and Ni2+ in high-concentration
MnSO4 solution was explored, which provided a reference for the deep purification of manganese sulfate solutions.

1. INTRODUCTION

MnO2, as an environmentally friendly functional material, has
been widely used in battery materials, molecular sieves, catalysis,
and adsorption due to its wide range of sources, low cost, various
morphologies, rich crystal forms, stable structure, and good
physical and chemical properties.1−5 The skeleton structure of
MnO2 was composed of a [MnO6] octahedron sharing corners
and edges. MnO2 produced under different conditions had
different crystal structures, such as α-MnO2, β-MnO2, γ-MnO2,
δ-MnO2, ε-MnO2, and λ-MnO2. The surface physicochemical
properties of MnO2 with different crystal structures were quite
different.6 In addition, MnO2 could be prepared into flower-like,
rod-like, sea urchin-like, and other forms through different
synthesis conditions.7,8 MnO2 had good adsorption properties
due to its unique structural and morphological characteristics,
high specific surface area, high porosity, abundant surface
hydroxyl groups, and the large amount of surface charge.9,10 In
recent years, a large number of studies have been carried out on
the application of MnO2 in the removal of heavy metal ions.
Good results have been achieved in adsorbing trace heavy metal
ions Pb2+, Cu2+, Co2+, Ni2+, Zn2+, and Cd2+ in water.11−15 The
adsorption properties of MnO2 were greatly improved by
calcination, doping, and modification.16,17 The adsorption
behavior was studied by researchers using advanced spectral

analysis, a surface complexation model, and theoretical
calculation; and the adsorption mechanism in aqueous solution
has been well explained, usually involving ion exchange,
electrostatic adsorption, hydrogen bonds, and surface com-
plexes.18,19 However, the adsorption of heavy metal ions in a
metal salt solution has not been solved, the main reason being
that a large number of metal ions hindered the adsorption, and
there was a lack of in-depth discussion on the interaction
between manganese dioxide and metal salt solution.20

Previously, many scholars found that solution pH would
change when MnO2 was mixed with an electrolyte solution with
known pH, but the pH value of the solution would not change
with addition of MnO2 at a certain pH value, which was called
the equi-acidity point pH.21 The equi-acidity point pH varied
with the crystal form of manganese dioxide, the composition of
electrolyte solution, and the reaction conditions, which were
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related to the surface hydroxyl adsorption and ion exchange
properties of MnO2.

22,23 Because there was no good analytical
method or determination method at that time, the reasons for
the change of equi-acidity point pH and the adsorption
characteristics of surface hydroxylation on metal ions were not
discussed in depth.
More attention had been paid to the influence of surface

charge on the adsorption of MnO2, so the isoelectric point and
zero point charge of manganese dioxide were proposed, but the
influence of surface defects and surface hydroxyl groups were
less discussed.24 Oxygen coordination around manganese
vacancies was unsaturated due to defects, vacancies, and
impurities in MnO2, which would result in the presence of a
large number of hydroxyl groups on the surface of MnO2.

25

When heavy metal ions were adsorbed by MnO2 in the form of
surface hydroxyl complex, the solution pHwas very important.26

Therefore, the equi-acidity point pH values of different crystal
MnO2’s were determined, the influencing factors were analyzed,
the interaction between manganese dioxide and MnSO4
solution was explored, and the surface hydroxyl complexation
mechanism was analyzed, so as to further study the adsorption
effect of MnO2 surface hydroxylation on heavy metal ions. It
would solve the problem of removing heavy metal ions from
manganese sulfate solution, which was the raw material of
manganese series batteries, and provide an impurity removal
method for the preparation of high-purity manganese series
materials.

2. EXPERIMENTAL SECTION
2.1. Reagents and Equipment. Analytically pure H2SO4,

KMnO4, NH4·H2O, (CH3COO)2Mn, NiSO4·6H2O, CoSO4·
7H2O, and MnSO4·H2O were provided by the Tianjin Kemio
Company. A digital pH meter (PHS-25) was provided by the
Shanghai Yidian Scientific Instrument Co., Ltd. A constant
temperature drying oven (DHG-9005A) was provided by the
Shanghai Yiheng Scientific Instrument Co., Ltd. A constant
temperature water bath pot (HH-3), electric mixer (JJ-1), and
vacuum suction filter pump (P4Z) were provided by the
Shanghai Lichen Instrument Technology Co., Ltd., and an
electronic analytical balance (PL2002) was provided by the
METTLERTOLEDO group. The box resistance furnace (SX-4-
10) was provided by the Tianjin Tester Instrument Co., Ltd. A
cyclotron oscillator (HY-5B)was provided by the Changzhou
Langyue Instrument Manufacturing Co., Ltd.
2.2. Selection and Preparation Process of MnO2. In this

experiment, α-MnO2, β-MnO2, γ-MnO2, δ1-MnO2, δ2-MnO2,
and ε-MnO2 were chosen. α-MnO2 was pure anode slag and was
collected from a manganese production enterprise in Tongren,
Guizhou. γ-MnO2 was electrolytic manganese dioxide and was
collected from a manganese production enterprise in Tongren,
Guizhou. ε-MnO2 was chemical manganese dioxide and was
bought on the market. β-MnO2 was prepared from the γ-MnO2
of electrolytic manganese dioxide by heat treatment at 450 °C
for 6 h. Two kinds of δ-MnO2 with different morphologies were
made by us in the laboratory.27 δ1-MnO2 was prepared by using
(CH3COO)2Mn as manganese source, and δ2-MnO2 was
prepared by using MnSO4·H2O as manganese source.
δ1-MnO2 was prepared in the following steps. After 300 mL of

0.1 mol/L potassium permanganate solution was stirred for 30
min, 150 mL of a 0.15 mol/L (CH3COO)2Mn solution was
added into it. When the reaction was completed at 80 °C for 6 h,
the solution was cooled to room temperature and filtered to
obtain a black precipitate. Then, the black precipitate was

washed with deionized water for many times to remove impurity
ions. Finally, it was dried at 100 °C for 12 h and became δ1-
MnO2. Preparation of δ2-MnO2 was similar to that for δ1-MnO2.
The only difference was that (CH3COO)2Mn was replaced by
manganese sulfate.

2.3. Characterization of MnO2. The morphology and
structure of MnO2 were analyzed by a Hitachi SU8020 ultrahigh
resolution field emission scanning mirror. XRD analysis was
done using a D8 ADVANCE X-ray diffractometer of the Brooke
company. FT-IR analysis was performed on the NICOLET IS
10 infrared spectrometer produced by Nigaoli, USA. XPS data
were collected on a Thermo escalab 250Xi electronic
spectrometer produced by Semerfeld, USA. Surface potential
was measured by Zetasizer Nano ZS90 laser particle size
analyzer produced by Semerfeld, USA.

2.4. Equi-Acidity Point pH Experiments. First, a
manganese sulfate solution with Mn2+ concentration of 30 g/L
was prepared. Then, 200 mL of it was put into 10 plastic bottles
with a volume of 250 mL. Their pH values were asjusted to 0.5,
1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 with dilute sulfuric acid. Next, 2
g washed and dried MnO2 was added into these MnSO4
solutions. After being placed on a cyclotron oscillator and
shaken for 12 h, the supernatant was taken out, and the pH value
of each solution was measured by a pH meter. This procedure
was repeated 6 times; the equi-acidity point pH of each different
MnO2 was obtained by plot analysis. Finally, the influence of
reaction time, temperature, andMn2+ concentration on the equi-
acidity point pH of β-MnO2 was explored.

2.5. Absorption Experiments. 500 mL manganese sulfate
solution with Mn2+ concentration of 30 g/L and Ni2+ and Co2+

concentrations of 100 mg/L was prepared, the pH was adjusted
to 7 with 10% ammonia, and 2 g MnO2 was added. Then, it was
put into a constant temperature water bath pot at 80 °C and
stirred continuously. Due to the influence of the equi-acidity
point pH of MnO2, the pH of the solution would decrease to a
certain value. The pH of the solution was adjusted to 7 by adding
ammonia. With the reaction going on, the pH decreased again,
and continued to be adjusted until the pH no longer decreased.
The solution was filtered quickly, and the concentrations of Ni2+

and Co2+ in the filtrate were determined by an A3AFG-13 flame
atomic absorption spectrometer. The adsorption rate of Ni2+

and Co2+ by MnO2 was calculated by the following formula

Q
C C

C
%0

0
=

−
×

(1)

In the formula, Q was the adsorption rate, C0 was the initial
concentration, and C was the concentration after adsorption.

3. RESULTS AND DISCUSSION
3.1. Characterization of MnO2 with Different Crystal

Forms. XRD characterization analysis of six different MnO2
used in this study were shown in Figure 1. As can be seen from
Figure 1, the anode slag of electrolytic manganese was mainly
composed of α-MnO2, with a small amount of MnOOH, PbO,
and (NH4)3Fe(SO4)3. Its obvious peaks were at 2θ = 12.8°,
28.7°, 37.6°, and 65.7°, and they were in good agreement with
the standard card (JCPDS-44-0141). Electrolytic MnO2
belonged to γ-MnO2 (according to standard card JCPDS-14-
0644), and the 2θ diffraction peaks were prominent at 22.2°,
37.6°, 42.5°, and 56.2°. The γ-MnO2 was completely trans-
formed into β-MnO2(according to standard card JCPDS-24-
0735) after heat treatment at 450 °C for 5 h, and its 2θ
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diffraction peaks were prominent at 28.6°, 37.3°, 42.8°, and
56.7°. Two kinds of δ-MnO2 (δ1-MnO2, δ2-MnO2) prepared by
manganese acetate and manganese sulfate had poor crystallinity;
their characteristic peaks were at 2θ = 12.2°, 19.8°, 37.6°, and
65.7°; and they could better match the standard card JCPDS-18-
0802. The main component of chemical MnO2 was ε-MnO2
(according standard card JCPDS-30-0820), and it had sharp
absorption peaks at 21.1°, 37.4°, 42.5°, 56.3°, and 66.6°.
The morphology of MnO2 with different crystal forms was

shown in Figure 2. From the SEM images, it could clearly be

found that α-MnO2 was generally nanorod-like with a length of
about 400 nm. The nanorods were staggered and agglomerated
with each other, and the gap was large, which would provide
more surface hydroxyl sites, also providing conditions for the
complexation of heavy metal ions. The ε-MnO2, β-MnO2, and γ-
MnO2 were spherical nanoparticles with different sizes. The
crystal particles were small and dense, and the diameter was
between 50 and 100 nm. The β-MnO2 grains obtained by heat

treatment were more dense than γ-MnO2, which would lead to
the surface hydroxyl only existing on the surface. So, the
complexation reaction of heavy metal ions could only be carried
out on the surface, and it could not take place in the internal
structure. δ1-MnO2 was a layered structure with large voids
formed by the accumulation of nanoflake particles with a
diameter of about 150 nm. δ2-MnO2 was sea urchin-like,
composed of nanorods with a diameter of about 700 nm, and
had a rich pore structure. Themorphology and structure of these
two kinds of δ-MnO2 were beneficial to the existence of surface
hydroxyl groups, which laid a foundation for their excellent
adsorption performance.
The EDS characterization and O/Mn ratio of MnO2 with

different crystal forms were shown in Figure 3 and Figure 4.
MnO2 with different crystal forms was mainly composed of Mn
and O elements. The content of impurities was lower and had
different oxidation degrees. Their size order was as follows: δ1-
MnO2 > δ2-MnO2 > β-MnO2 > α-MnO2 > γ-MnO2 > ε-MnO2.
The higher the O/Mn ratio was, the more abundant the surface
oxygen was, and the more unsaturated the oxygen coordination
around themanganese vacancy was, resulting in the formation of
a large number of hydroxyl groups on the MnO2 surface, which
was more conducive to the surface complexation reaction. Only
the oxidation degree (1.99) of β-MnO2 was close to the standard
measurement number of MnO2 (O/Mn = 2), and the O/Mn
ratio of α-MnO2, γ-MnO2, and ε-MnO2 was relatively low. The
reasons were as follows: on one hand, theMnO2 tunnel structure
contained impurity cations, in which there were defects and
vacancies; on the other hand, EDS analysis only detected the
content of surface elements, and some oxygen content of
internal structural was not detected. However, the O/Mn ratios
of the two different δ-MnO2 prepared by a hydrothermal
method were bigger than 2, indicating that the surface oxygen
content of δ-MnO2 was high and more hydroxyl functional
groups could be formed on its surface, so it had the potential to
become a high-adsorption adsorbent.
The infrared spectral characteristics of MnO2 with different

crystal forms were analyzed by FT-IR, as shown in Figure 5. The
surface hydroxyl stretching vibration peak of α-MnO2 was at
3407.21 cm−1, surface hydroxyl bending vibration peak was at
1621.88 and 1084.48 cm−1, C bond bending vibration peak was
at 1401.33 cm−1, Mn−O lattice vibration characteristic peak was
at 594.96 and 514.21 cm−1, and other peaks belonged to the
vibration peak of impurities in α-MnO2. Similarly, β-MnO2, γ-
MnO2, δ1-MnO2, δ2-MnO2, and ε-MnO2 also had surface
hydroxyl stretching vibration peaks at 3400 cm−1, surface
hydroxyl bending vibration peaks appeared at 1600 and 1100
cm−1, and Mn−O lattice vibration characteristic peaks appeared
at 500−600 cm−1. Among them, δ1-MnO2 prepared by
manganese acetate had C−O and C−H vibration peaks of
acetate ions at 1400 cm−1. The vibration peaks of hydroxyl
groups on the surface of β-MnO2, γ-MnO2, and ε-MnO2 were
weak, so the relative content of hydroxyl groups was less.
However, δ1-MnO2 and δ2-MnO2 had wide and strong hydroxyl
vibration peaks, and the surface hydroxyl on them was rich,
which was more conducive to the surface complex reaction with
heavy metal ions; the excellent adsorption effect would be
achieved.

3.2. Effect of MnO2 Crystal Form on Equi-Acidity Point
pHs. Each MnO2 had a characteristic equi-acidity point pHs.
When MnO2 was mixed into the electrolyte, the pH value of the
electrolyte changed toward the equi-acidity point pHs, which
was related to the complexation reaction of hydroxyl groups on

Figure 1. XRD patterns of MnO2 with different crystal forms.

Figure 2. SEM images of MnO2 with different crystal forms (a, α-
MnO2; b, β-MnO2; c, γ-MnO2; d, δ1-MnO2; e, δ2-MnO2; f, ε-MnO2).
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the surface of MnO2. The equi-acidity point pH values of MnO2

with different crystal structures were determined in MnSO4

solution; the results are as shown in Figure 6. The pH curves

were plotted with the initial pH of MnSO4 solution before the
reaction as the abscissa and the final pH of MnSO4 solution after
the reaction as the ordinate. The intersection point of these

Figure 3. EDS images of MnO2 with different crystal forms (a, α-MnO2; b, β-MnO2; c, γ-MnO2; d, δ1-MnO2; e, δ2-MnO2; f, ε-MnO2).
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curves and the straight line y = x were the equi-acidity point pHs
of the various MnO2’s, respectively.

22

Figure 4. O/Mn ratio of MnO2 with different crystal forms.

Figure 5. FT-IR analysis of MnO2 with different crystal forms (a, α-MnO2; b, β-MnO2; c, γ-MnO2; d, δ1-MnO2; e, δ2-MnO2; f, ε-MnO2).

Figure 6. Equi-acidity point pH of MnO2 with different crystal forms.
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It could be seen from Figure 6 that the equi-acidity point pH
of MnO2 with different crystal forms was different. That of α-
MnO2 was the highest, reaching 4.29. The second was δ1-MnO2
and β- MnO2, 3.85 and 3.62, respectively. The equi-acidity point
pHs of ε-MnO2, γ-MnO2, and δ2-MnO2 were relatively low,
1.87, 1.66, and 1.40, respectively. Wang Jinliang et al. believed
that the equi-acidity point pHs of MnO2 obtained by different
methods were different, mainly because the amounts of the
surface acid hydroxyl and basic hydroxyl were unequal. When
these two hydroxyl groups adsorbed metal cations, they release
H+ and OH−, which acted as a buffer for electrolyte solution.
The more acidic the hydroxyl groups were, the more cations
adsorbed, and the lower the equi-acidity point pH was.22,23 The
authors believed that this view had some limitations, and the
principle of the surface complexation reaction could better
explain the reasons for the similarities and differences of equi-
acidity point pHs. The protonation reaction and deprotonation
reaction of surface hydroxyl (SOH) occurred first when
MnO2 came into contact with solution:28

 SOH H SOH2+ ⇆+ +
(2)

 SOH( OH ) SOH H ( H O)2+ ⇆ + +− − +
(3)

Surface complexation reaction would produce and adsorb metal
ions in solution on these surface structures, usually involving one
or more surface structures, but the desorption reaction would
occur when the H+ concentration was too high. With Mn2+ as an
example, the reaction was as follows:29,30

 SOH Mn SOMn H2+ ⇆ ++ + + (4)

 SOH Mn SOMn 2H2
2+ ⇆ ++ + + +

(5)

 SO Mn H O SOMnOH H2
2+ + ⇆ +− + +

(6)

At the same time, because the complexing ability of hydroxyl
groups on the MnO2 surface to different cations was different,
the ion exchange reaction still existed on the surface of MnO2:

31

 SONa Mn SOMn Na2+ = ++ + + (7)

When the pH of the electrolyte solution was higher than the
equi-acidity point pH of MnO2, the surface hydroxyl groups of
MnO2 would undergo deprotonation reaction and be
complexed with metal ions to release H+, which reduced the
pH of electrolyte solution. When the pH of the solution was
lower than the equi-acidity point pH of MnO2, the surface
hydroxyl group mainly underwent protonation reaction and
consumed H+, which increasesd the pH. The equi-acidity points
ofMnO2 were essentially the equilibrium pH value of adsorption
and desorption between surface hydroxyl and metal ions. The
high or low of the equi-acidity point pH depended on the
amount of surface hydroxyl and the size of the complexation
ability.
3.3. Effect of Reaction Conditions on Equi-Acidity

Point pH. Among several manganese dioxides, the equi-acidity
point pH of β-MnO2 was 3.62, which was in a relatively central
position. In order to obtain the influence law of reaction
conditions on equi-acidity point pH, it was studied and reported
on in this section. The electrolyte was the MnSO4 solution.
When the reaction temperature was 20, 30, 50, 70, and 90 °C,
the reaction time was 1, 3, 5, 7, and 9 h), and the Mn2+

concentration was 5, 15, 30, and 45 g/L, the effect of reaction
conditions on the equi-acidity point pHwas explored; the results
were shown in Figure 7, Figure 8, and Figure 9.

It can be seen from Figure 7 that with the increase of
temperature, the equi-acidity point pH decreased from 3.63 to
2.64. It can be seen that the complexation reaction between
surface hydroxyl groups and metal ions is an endothermic
reaction. The complexation reaction between surface hydroxyl
and metal ions was reversible according to formula 4. According
to Le Chatelier’s principle, the reaction would proceed in the
direction of reducing heat when the reaction temperature was
increased. Therefore, with the increase of reaction temperature,
formula 4 proceeded to the right, which could complex more
Mn2+ and release more H+, resulting in the decrease of equi-
acidity point pH. The equi-acidity point pH decreased with the
increase of Mn2+ concentration (Figure 8). If a substance in a
system was added, the equilibrium system would tend to reduce
the reaction direction of this substance according to Le
Chatelier’s principle. Obviously, formula 4 proceeded to the
right with the increase of Mn2+ concentration. So, equi-acidity
point pH decreased with the increase of Mn2+ concentration. It
could be found from Figure 9 that the reaction time basically had

Figure 7. Effect of reaction temperature on equi-acidity point pH.

Figure 8. Effect of Mn2+ concentration on equi-acidity point pH.

Figure 9. Effect of reaction time on equi-acidity point pH.
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no effect on the equi-acidity point pH. However, the increasing
or decreasing trend of end-point pH increased gradually with the
increase of reaction time, and the end-point pH would not
change when the reaction time reached more than 7 h.
Therefore, the reaction time could only represent the
completion degree of the complexation reaction between
surface hydroxyl and metal ions, and would not affect the
equi-acidity point pH of MnO2.
3.4. Relationship between Surface Hydroxyl and Equi-

Acidity Points pH. It had been found that the equi-acidity
point pH of different MnO2’s varied greatly in the previous
experiment. Further explaination was needed regarding the
relationship between surface hydroxyl and the equi-acidity point
pH, and the change of hydroxyl group in the process of
complexation reaction. Although the pH of the equi-acidity
point such as α-MnO2 was highest, it was not considered due to
the high impurity content. The δ1-MnO2 with the higher equi-
acidity point pH, β-MnO2 with moderate equi-acidity point pH,
and δ2-MnO2 with lowest equi-acidity point pH were used as the
research objects. MnSO4 solutions with pH equaling 0.5 and pH
equaling 5 were prepared, and these MnO2’s reacted with
MnSO4 solution of two different pHs above. The samples after
reaction were analyzed by FT-IR, XPS, and zeta potential, and
the results are shown in Figures 10, 11, and 12.
According to previous research, three kinds of MnO2 (β-

MnO2, δ1-MnO2, and δ2-MnO2) would decrease the pH of the
solution after reacting with amanganese sulfate solution with pH
equaling 5, and increase the pH of the solution after reacting
with a manganese sulfate solution with pH equaling 0.5. From
Figure 10a, it can be seen that after the reaction of β-MnO2 with
a manganese sulfate solution of pH equaling 5, the surface
hydroxyl vibration peaks near 3400 and 1100 cm−1 disappeared.
This was due to the release of H+ after the complexation of
hydroxyl and manganese ions. However, the surface hydroxyl
vibration peaks of β-MnO2 near 3400 and 1100 cm

−1 were more
obvious after reaction with a manganese sulfate solution of pH
equaling 0.5. This indicated that the surface hydroxyl of MnO2
could protonate with H+ to form more hydroxyl at lower pH. It
can be seen from Figure 10b and c that the vibrational peaks of
hydroxyl groups on the surface of δ1-MnO2 and δ2-MnO2
decreased after reacting with a manganese sulfate solution at
pH 5. Because δ1-MnO2 and δ2-MnO2 were rich in surface
hydroxyl groups, when the surface hydroxyl group was
complexed with manganese ion to release H+ and reduce the
pH to the equi-acidity point pH, the complexation reaction
would not occur, and a large number of surface hydroxyl groups
remained,. If the pH was increased, the manganese ions would
continue to be complexed. In this way, the surface hydroxyl
groups were expected to complex more manganese ions, thus
greatly increasing the adsorption effect of MnO2. Similarly, the
hydroxyl vibration peaks on the surface of δ1-MnO2 and δ2-
MnO2 were enhanced after reaction with manganese sulfate
solution with pH equaling 0.5. The surface hydroxyl bending
vibration peak of δ1-MnO2 appeared at 1097.81 cm−1; the C-
bond heteropeak near 1400 cm−1 was replaced by H+, which
increased the number of surface hydroxyls.
The chemical composition and atomic valence of MnO2

surface elements could be analyzed by XPS. The XPS full
spectra, O 1s spectra, and Mn 2p spectra before and after the
reaction of δ1-MnO2 and δ2-MnO2 were shown in Figure 11.
From the XPS full pattern, it can be seen that the two kinds of

MnO2 were mainly composed of Mn and O before the reaction,
and there was a small amount of K+ and C pollution. The K+

peak of the two kinds of MnO2 after the reaction disappeared;
the reasons were as follows. The surface hydroxyl of δ2-MnO2
complexed a large amount of Mn2+, which underwent ion
exchange reaction with K+, and H+ on the surface of MnO2
would substitute K+ at low pH. The C peak of δ1-MnO2
weakened after the reaction; the reason was also the same,
which was a desorption process. It could be found from Figure
11b that the O 1s peaks of the two MnO2 were asymmetric; the
structural oxygen (Mn−O) near 529.9 mV and the adsorbed
oxygen (Mn−OH) near 530.94 mV could be obtained by
software fitting, indicating that there were a large number of
hydroxyl functional groups on the surfaces of the two MnO2.

32

After the reaction of δ1-MnO2 and δ2-MnO2, the O 1s peak
moved to the right, indicating that the bond energy of the O 1s
peak increased, the adsorption oxygen content increased, and
the surface hydroxyl was more abundant. This was because H+

around δ1-MnO2 replaced C and K+ adsorbed on its surface and
the protonation of surface hydroxyl groups at low pH. However,
the surface hydroxyl of δ2-MnO2 did not decrease but rather
increased, which may be due to the fact that the hydroxyl
consumed by the complexation reaction was less than the
adsorbed water on the MnO2. It can be found from the Mn 2p
spectrum that the peaks of Mn 2p3/2 and Mn 2p1/2 appeared at

Figure 10. FT-IR spectra of MnO2 after reaction with manganese
sulfate solution (a, β-MnO2; b, δ1-MnO2; c, δ2-MnO2).
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the bond energies of 642.34 mV and 654.07 mV, indicating that
manganese elements in the two kinds of MnO2 were basically in
the form of Mn4+. The surface hydroxyl complexation reaction
was a microreaction, so there was no significant difference in the
bond energy before and after the reaction.
The zeta potential was generated by the diffused electric

double layer, which was formed because the surface charge of the
particle attracted the surrounding anti-signal ions. The charged
situation on the surface of the MnO2 particle can be understood
according to its zeta potential value. The zeta potential in this
experiment was measured in water with pH = 7, as shown in
Figure 12. From Figure 12, the zeta potential values of the two

MnO2 were −32.2 mV and −34.2 mV before the reaction,
respectively, which was due to the formation of SO− by
surface hydroxyl deprotonation. The zeta potential values of the
two MnO2 increased to −1.21 mV and −8.04 mV after the
reaction, but the reasons were different. The main reason for the
increase of δ1-MnO2 zeta potential was that the surface hydroxyl
reacted with H+ to form part of SOH2

+ under acidic
conditions, which hindered the deprotonation of surface
hydroxyl.
The reason for the increase of δ2-MnO2 was that hydroxyl

reacts with metal ions to form SOMnOH on the surface of
particles, which separated most of the hydroxyl and made it not
deprotonated. The zeta potential changes of the two kinds of
MnO2 were caused by the complexation of surface hydroxyl
groups, which further showed that the surface hydroxyl groups
played a decisive role in the equi-acidity point pH of MnO2.

3.5. Adsorption of Co2+ and Ni2+ in MnSO4 by MnO2.
Previous studies on MnO2 found that the change of equi-acidity
point pH was mainly caused by surface hydroxyl complexation.
MnO2 with abundant surface hydroxyl groups still had the most
hydroxyl groups and did not participate in the reaction; this was
mainly because the hydroxyl complexation changed the pH of
the solution, so that the reaction could not continue. Therefore,
repeatedly adjusting and controlling pH was expected to
improve the adsorption performance of MnO2.

33 In this paper,
the adsorption of heavy metals Co2+ and Ni2+ in high-
concentration MnSO4 solution was attempted by using the
characteristic of MnO2.

Figure 11. XPS spectra of δ1-MnO2 and δ2-MnO2 before and after reaction (a, XPS full spectra; b, O 1s spectra; c, Mn 2p spectra).

Figure 12. Zeta potential of δ1-MnO2 and δ2-MnO2 before and after
reaction.
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3.5.1. MnO2 Adsorption Method for Co2+ and Ni2+ in
MnSO4. The adsorption of six kinds of MnO2 and the effect of
pH adjustment times on δ-MnO2 adsorption efficiency were
shown in Figure 13.

It can be seen from Figure 13a that two kinds of δ-MnO2 with
rich surface hydroxyl groups had high adsorption capacity,
especially δ2-MnO2 for Co2+ and Ni2+ with adsorption rate
reaching 96.55% and 79.73%, respectively. The adsorption rate
of MnO2 with fewer surface hydroxyl groups was relatively low,
for example, the adsorption rates of β-MnO2 for Co

2+ and Ni2+

were only 20.95% and 42.75%. The adsorption rate of MnO2 for
Co2+ was slightly higher than that of Ni2+, indicating that MnO2
had a stronger adsorption capacity for Co2+, and the surface
hydroxyl group could better complex Co2+. It could be found
from Figure 13b and c that only a small amount of Co2+ and Ni2+

were adsorbed by the two δ-MnO2 without adjusting the pH of
the solution. With the increase of pH adjustment times, the
adsorption capacity increased continuously. When the adjust-
ment times reached 16 times, the pH of the solution no longer
decreased, and the adsorption rate tended to be stable,
indicating that the adsorption capacity on the surface of
MnO2 reached saturation.
Figure 14 showed the adsorption process of Co2+ and Ni2+ by

MnO2 in MnSO4 solution. First, MnO2 particles with surface
hydroxyl groups entered into MnSO4 solution. The complex-
ation reaction between surface hydroxyl and metal ions made
the pH of the solution decrease continuously. When the pH
dropped to a certain value, the reaction was not going on. At this
time, some Mn2+ and a small amount of Co2+ and Ni2+ were
adsorbed. When the pH of the MnSO4 solution was adjusted to

return to the initial value, the complexation reaction would
continue again, and the pH would also decrease. By repeatedly
adjusting the pH of the solution, more Mn2+, Co2+, and Ni2+

were adsorbed, and the amount of hydroxyl complex sites on the
surface was gradually increased. At the same time, Mn2+ and
Co2+, which were more easily complexed by hydroxyl groups,
would undergo ion exchange reaction with Mn2+,34 which
increased the adsorption amount of Co2+ and Ni2+. When the
hydroxyl sites on the surface were all occupied, the pH of
MnSO4 solution did not change and the adsorption reached
saturation.

3.5.2. Effect of MnO2 Dosage on Adsorption Performance.
The concentration of Mn2+ was 20 g/L, Co2+ was 80 mg/L, and
Ni2+ was 80 mg/L, the reaction time was 60 min, the reaction
temperature was 80 °C, the pH value was controlled at 7, and the
dosage of MnO2 was 1, 5, 10, 15, and 20 g/L, respectively. The
adsorption rate of Co2+ and Ni2+ in manganese sulfate solution
by δ-MnO2 with different amounts of addedMnO2was shown in
Figure 15.

It could be seen from Figure 15 that the adsorption rate of δ-
MnO2 for Co

2+ and Ni2+ in manganese sulfate solution increases
with the increase of addition amount. The adsorption of Co2+

and Ni2+ by δ1-MnO2 and δ2-MnO2 reached a high value when
the dosage was 1 g/L. Since the surface adsorption MnO2
addition, the surface adsorption point energy was fully utilized.
With the increase of MnO2 addition, the total adsorption point
increased, the adsorption probability of Co2+ andNi2+ increased,
and the utilization rate of adsorption point decreased.35 When
the addition amount increased to 10 g/L, the adsorption rate of
Co2+ and Ni2+ reached the maximum basically, and the effect of
increasing MnO2 addition was not obvious, which may be
caused by the competitive adsorption between manganese
dioxide particles.36 Therefore, a reasonable addition amount was

Figure 13. Adsorption of CO2+ and Ni2+ by MnO2. (a) Adsorption
rates of Co2+ and Ni2+. (b) Effect of pH adjustment times on δ1-MnO2
adsorption efficiency. (c) Effect of pH adjustment times on δ2-MnO2
adsorption efficiency.

Figure 14. Adsorption process of Co2+ and Ni2+ in MnSO4 solution by
MnO2.

Figure 15. Effect of δ-MnO2 dosage on adsorption of Co2+ and Ni2+.
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conducive to the effective utilization of adsorption sites, and the
actual production process could be adjusted according to
product demand and economic indicators.
3.5.3. Effect of Mn2+ Concentration on Adsorption

Performance. Co2+ concentration was 80 mg/L, Ni2+

concentration was 80 mg/L, reaction time was 60 min, reaction
temperature was 80 °C, pH value was 7, MnO2 addition was 10
g/L, and Mn2+ concentration was 0, 10, 20, 30, and 40 g/L,
respectively. The effect of different Mn2+ concentrations on the
adsorption of Co2+ and Ni2+ in manganese sulfate solution by δ-
MnO2 was shown in Figure 16.

According to Figure 16, it was found that the increase of Mn2+

concentration hinders the adsorption of Co2+ and Ni2+ by δ-
MnO2. When the concentration of Mn2+ was 0 g/L, there were
only trace amounts of Co2+ and Ni2+ in the solution, which
belongs to a simple water adsorption process. There was no
obstruction of Mn2+ in the adsorption process. A large number
of adsorption sites of MnO2 were all provided to Co

2+ and Ni2+,
and the adsorption rate of the two ions reached 100%. The
higher the concentration of Mn2+ in MnSO4 solution, the
stronger the inhibition of Co2+ and Ni2+, and the lower the
adsorption rate. A large number ofMn2+ occupies the adsorption
sites of MnO2, and competes with Co2+ and Ni2+.37 When the
concentration of Mn2+ increased to 30 g/L, the adsorption rate
did not change. In the range of low Mn2+ concentration, the
increase of Mn2+ concentration will promote the complexation
reaction between Mn2+ and surface hydroxyl, and the complex-
ation of Co2+ and Ni2+ was inhibited. In the range of high Mn2+

concentration, the maximum dynamic equilibrium of complex-
ation reaction betweenmanganese dioxide surface andMn2+ was
achieved, and the hindrance of Mn2+ was not enhanced.
Therefore, this adsorption method was suitable for the
adsorption of heavy metal ions in high-concentration salt
solution.
3.5.4. Characterization of MnO2 after Adsorption. In order

to explore the relationship between MnO2 adsorption and
surface hydroxyl complexation, the δ2-MnO2 adsorbed under
the optimal conditions (Mn2+ concentration of 20 g/L, Co2+

concentration of 80 mg/L, Ni2+ concentration of 80 mg/L,
reaction time of 60 min, reaction temperature of 80 °C, reaction
pH value of 7, and MnO2 addition amount of 10 g/L) was
subjected to EDS surface scanning and FT-IR characterization,
as shown in Figures 17 and 18.
According to Figure 17, it can be found that there were a large

number of Co2+ and Ni2+ on the surface of the product after δ2-
MnO2 adsorption, which could well explain that Co2+ and Ni2+

were adsorbed by MnO2. At the same time, it could be found
that the two ions were mainly distributed on the surface of
manganese dioxide particles, and a small amount of them were

evenly distributed in the gap of manganese dioxide particles. It
also further shows that the hydroxyl complexation reaction on
the surface of manganese dioxide plays a leading role in the
adsorption of Co2+ and Ni2+.
FT-IR analysis of adsorbed δ2-MnO2 was shown in Figure 7. It

could be seen that the surface hydroxyl vibration peaks near
3400 and 1600 cm−1 were weakened, and new vibration peaks
appeared at 2677.83 and 2067.37 cm−1, indicating that Co2+ and
Ni2+ complexed with hydroxyl on the surface of δ2-MnO2.

38 The
enhancement of vibration peak near 1000 cm−1 was due to the
increase of adsorbed water on the MnO2 surface. The vibration
peaks of the Mn−O lattice shift and increase near 500−600
cm−1, which was caused by Mn2+ adsorption on the δ-MnO2
surface or Mn3O4 and MnOOH generated by reaction.

4. CONCLUSION
In this paper, according to the characteristic of MnO2 having
equi-acidity point pHs, the surface hydroxyl complexation
mechanism of MnO2 was studied, and a new process for MnO2
to adsorb heavy metals Co2+ and Ni2+ in high-concentration
MnSO4 solution was explored, which provided a method for
MnO2 to adsorb heavy metal ions in high salt solution. Six
different types of MnO2 (α-MnO2, β-MnO2, γ-MnO2, δ1-MnO2,
δ2-MnO2, and ε-MnO2) were prepared. XRD, SEM, EDS, and
FT-IR analysis showed that the morphology and structure of the
six types of MnO2 were quite different. The surface of the two
kinds of δ-MnO2 had defects and a large number of pore
structures, their surface oxygen content was high, and the
hydroxyl was rich. Using the MnSO4 solution as an electrolyte,
the equi-acidity point pH of MnO2 with different crystal
structures was determined. The equi-acidity point pHs of MnO2
was essentially the equilibrium pH value of adsorption and
desorption between surface hydroxyl and metal ions, and the
equi-acidity point pH depended on the content of surface

Figure 16. Effect ofMn2+ concentration on adsorption of Co2+ andNi2+

by δ-MnO2.

Figure 17. EDS surface scan of δ2-MnO2 after adsorption.

Figure 18. FT-IR spectra of adsorbed δ2-MnO2.
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hydroxyl and the complexing ability. Increasing temperature and
electrolyte concentration could reduce the equi-acidity point
pH, and time had no effect on it. FT-IR, XPS, and ZETA analysis
were carried out before and after the reaction of δ-MnO2. It was
verified that the main reason for the change of equi-acidity point
pH was the complexation of surface hydroxyl groups, and most
of the surface hydroxyl groups of MnO2 with rich surface were
not involved in the reaction. Combined with the equi-acidity
point pH characteristics and hydroxyl complexationmechanism,
MnO2 had a good adsorption effect on heavy metals Co2+ and
Ni2+ in high concentration MnSO4 solution by repeatedly
controlling pH. The adsorption rates of Co2+ and Ni2+ could
reach 96.55% and 79.73%, respectively. The effects of MnO2
dosage and Mn2+ concentration on the adsorption performance
were investigated. The relationship between the surface
hydroxyl complexation and the adsorption performance was
verified by EDS and FT-IR analysis of the products after MnO2
adsorption.
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