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enskites remove ammonium and
manganese from aqueous solution: removal
mechanism and the effect of structural cations†
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and Yingming Guo

Ammonium and manganese removal by tunnel-structured manganese oxide is still enigmatic. Herein,

tunnel-structured akhtenskites with different structural cations (Na–MnOx, Mg–MnOx Ca–MnOx, Fe–

MnOx) were synthesized by the KMnO4 and Mn2+ reaction in the presence of different metal cations, and

were used to remove ammonium and manganese from aqueous solution. The results of the batch

adsorption experiments indicated that akhtenskites effectively removed NH4
+ and Mn2+, and the removal

process fitted the pseudo-second-order model. By measuring the concentration of nitrate and nitrite,

discriminating the adsorbed and oxidized Mn2+, and testing the zeta potential of the oxides, it can be

concluded that NH4
+ was merely removed by electrostatic adsorption via ^Mn–O�; Mn2+ could also be

adsorbed by ion exchange with ^Mn–OH, and the adsorbed Mn2+ could be partly oxidized. The

structural properties of the akhtenskites were characterized by X-ray diffraction (XRD), scanning electron

microscopy (SEM), Brunauer–Emmett–Teller (BET) specific area, and X-ray photoelectron spectroscopy

(XPS). The experimental results showed that ions with higher valence can result in a higher percentage of

Mn(III) in akhtenskite. Mg2+ can result in a lower proportion of lattice oxygen in the oxide, and Fe3+ can

increase the pH of the point of zero charge. Both of them were unfavored for the oxidation of Mn2+.

Moreover, it was found that Ca–MnOx had optimal removal performance in the catalytic oxidation of

Mn2+ owing to appropriate percentages of Olatt and Mn(III) and lower zeta potential. This study provides

new insights into the synthesis and application of manganese oxides.
1 Introduction

Ammonium and manganese are two important pollutants in
water sources in China.1 Excessive manganese contaminates
fabrics, causes esthetic discomfort, and induces central nervous
system damage.2 Ammonium in water sources can consume
dissolved oxygen, increase the amount of disinfectant, and
promote the formation of chlorine disinfection byproducts.3,4 In
addition, both of them oen exist simultaneously, making the
removal process more complicated.5

Several methods have been developed to remove ammonium
and manganese from water, such as the addition of oxidants,
biological ltration, chemical catalytic oxidation, etc.6–10 Among
these processes, adsorption is one of the most promising
strategies due to its high removal efficiency, cost-effectiveness,
and easy implementation.11–13 The development of new
ngineering, Xi'an Polytechnic University,

: ruifengzhangtry@xpu.edu.cn; Tel:

tion (ESI) available. See DOI:

3808
adsorbents with excellent removal performance is a critical
problem to be solved.

Manganese oxide is an important absorbent for removing
ammonium and manganese from water because of its low cost,
high adsorption capacity, and potential catalytic activity.14,15 At
present, more than 30 different natural and synthetic manga-
nese oxide minerals are known to exist.16 Most of them consist
of a layer or a tunnel structure with different MnO6 octahedra
arrangements, forming basic building blocks.16,17 Manganese
oxides are oen coated on zeolite, sand, or activated carbon as
a lter material.12,18 Even in a biolter, they exhibit a high
sorption capacity, which is less dependent on microbial
activity.19,20

The removal capability of manganese oxide depends on its
structure to some extent.21–23 Most studies have focused on
layer-structured manganese oxides, such as birnessite.10,12,15,23

To the best of our knowledge, there is limited research on
tunnel-structured manganese oxide even though it is an
important type of manganese oxide.16 Therefore, more research
on the tunnel-structured manganese oxide is necessary. In
addition, the ne structure of manganese oxides is vulnerable
to factors in the formation environment, such as pH, temper-
ature, aging time, and especially metal ions.24 Metal ions in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
solution could inuence the manganese oxide structure by
inserting into the interlayer or tunnels in oxides or replacing
Mn4+ in the MnO6 octahedral units.25 Unfortunately, few studies
have focused on its effects on ammonium and manganese
removal.

Compared to other tunnel-structured manganese oxides,
akhtenskite (3-MnO2) has important applications in the eld of
environment, although it was discovered relatively late and the
structural features are unclear.26–28 Therefore, it was selected as
a representative and synthesized by a redox reaction between
KMnO4 and MnCl2, in the presence of different metal cations
(Na+, Mg2+, Ca2+, and Fe3+),26 in this study. The aim of this paper
is to investigate ammonium and manganese removal capabil-
ities and mechanisms of tunnel-structured manganese oxides
and explores the effects of metal ions on the ne structure of the
oxide and the removal process.

2 Material and methods
2.1 Manganese oxide preparation

KMnO4 and Me(NO3)n (Me represents Na, Mg, Ca, or Fe) were
dissolved in 430 mL of deionized water to prepare a 0.1 mol L�1

KMnO4 aqueous solution with 0.37 mol L�1 Na+ or 0.19 mol L�1

Ca2+, Mg2+, and Fe3+. Then, the KMnO4 aqueous solution was
added dropwise to 345 mL of 0.2 mol L�1 MnCl2$4H2O under
continuous magnetic stirring. The manganese oxide formed
was ltered off and washed with deionized water several times
until the pH of the cleaning solution was approximately 7.0.
Finally, the oxide was dried in an oven for 24 h at 35–40 �C and
kept in a sealed container before use.

2.2 Characterization methods

Powder X-ray diffraction (XRD) analysis was performed using
a Smartlab9K X-ray diffractometer (Rigaku, Japan) equipped
with Cu Ka radiation (l ¼ 0.1542 nm), operated at 40 kV and 40
mA. Continuous scans were taken in a 2q range of 5–80� with
a scan rate of 5� min�1 and a stepwise of 0.02�. SEM images
were obtained using a Quanta 600F eld-emission scanning
electron microscope (FEI incorporation, USA). The binding
energies were measured using X-ray photoelectron spectroscopy
(XPS) (Thermo Scientic K-Alpha). A conventional Al-Ka anode
radiation source was used as the excitation source. The binding
energies were calibrated using the C1s binding energy at
284.6 eV. Zeta potential was detected using a Powereach JS94K
(Shanghai Zhongchen Digital Technology Equipment Co., Ltd,
China). The surface and pore properties of the adsorbent were
studied using nitrogen adsorption experiments with an
ASAS2020 plus (Micromeritics, USA). The specic surface area
of the adsorbent was calculated using the Brunauer–Emmett–
Teller (BET) method.

2.3 Removal capability and mechanism evaluation

2.3.1 Adsorption isotherms and kinetics. Kinetics and
isotherm experiments were performed in Erlenmeyer asks in
a water bath shaker with a shaking speed of 110 rpm at 25 �C. In
both experiments, the concentration of Me–MnOx was 0.5 g L�1
© 2021 The Author(s). Published by the Royal Society of Chemistry
and the reaction solution was 100 mL. Solutions of Mn2+ and
NH4

+ were prepared by MnCl2$4H2O and NH4Cl, respectively. In
the isotherm experiment, the concentrations of Mn2+ and NH4

+

were 5–25 mg L�1 and 1–20 mg L�1, respectively, and the
equilibration time was 150 min. In the kinetic experiment, the
concentrations of Mn2+ and NH4

+–N were 25 and 10 mg L�1,
respectively, and the samples were taken at 0, 5, 10, 20, 30, 60,
and 150 min for detection. Samples for Mn2+ and NH4

+–N
analysis were obtained by ltration of the suspension through
a 0.22 mm lter cellulose acetate membrane.

The adsorbed amount of NH4
+ or Mn2+ at time t, qt (mg g�1),

was calculated using eqn (1):

qt ¼ C0 � Ct

m
� V (1)

where C0 (mg L�1) is the initial concentration of NH4
+ and Mn2+

(mg L�1), Ct is the concentration at time t, V (L) is the volume of
the reaction solution, and m (g) is the mass of the adsorbents.

2.3.2 Effect of pH. The removal of Mn2+ and NH4
+ at

various pH values was investigated. pH was adjusted in 2.0–8.0
by 0.1 mol L�1 NaOH and 1 mol L�1 HCl and was. The initial
concentrations of Mn2+ and NH4

+–N were 25 and 2 mg L�1,
respectively. The equilibration time was 150 min.

2.3.3 Simultaneous removal of ammonium and manga-
nese. The concentration of ammonium was 5.0 mg L�1 and the
concentration of Mn2+ was 5.0, 10.0, 15.0 and 25.0 mg L�1,
respectively, to study the effect of Mn2+ on ammonium removal.
The concentration of manganese was 25.0 mg L�1 and the
concentration of ammonium was 5.0, 10.0 and 15.0 mg L�1

respectively to study the effect of ammonium on manganese
removal. The equilibrium time was 150 min, and the initial pH
was 7.0.

2.3.4 Evaluation of catalytic oxidation capacity. An experi-
ment was designed to determine whether the synthesized
oxides had a catalytic oxidation capacity or merely absorption of
ammonium and manganese. Two hundred mg L�1 of sodium
bicarbonate, which is approximate to the alkalinity content in
water sources in China,9,29 was added to the reaction solution to
enhance the acid–base buffer capacity of the reaction system
and eliminate the effect of pH. The initial pH of the reaction
solution was approximately 8.17.

The catalytic oxidation capacity of ammonium was evaluated
by detecting the concentration of nitrate and nitrate produced
in the removal process. To investigate the catalytic oxidation of
Mn2+, a 50 mg L�1 Mn2+ solution (with 200 mg L�1 NaHCO3) of
345 mL was added to a sealed glass bottle and reacted with
25 mg Me–MnOx in a water bath shaker for 600 min. The
catalytic oxidation capability of Mn2+ was evaluated by
discriminating the adsorbed Mn2+ and oxidized Mn2+. The
amount of total removed manganese (TMn) and the amount of
adsorbed manganese (AMn) were detected. AMn was measured
as described by Sahabi.19 When the reaction was complete, the
mixture was ltered, and the residual Mn2+ in the ltrate was
measured. The oxides were collected and washed with deion-
ized water several times. Then, the separated oxide was placed
in 100 mL of 10 mM CuSO4 solution (pH ¼ 4.8) and stored in
a closed polyethylene bottle for about 24 h. Since Cu2+ can
RSC Adv., 2021, 11, 33798–33808 | 33799
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View Article Online
replace Mn2+ on the oxides, any Mn2+ adsorbed but not oxidized
would be desorbed back into the solution and be detected.

The amount of oxidizedmanganese (OMn) and the oxidation
ratio (OR) were calculated using the following equation:

OMn ¼ TMn � AMn (2)

OR ¼ OMn/TMn (3)

2.4 Analytical methods

The chemical reagents used in this study were of analytical
grade and purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). The pH and dissolved oxygen (DO) were
measured using a pH meter (PH-25, Leici Co., China) and dis-
solved oxygen meter (JPB-607A, Leici Co., China), respectively.
The concentrations of Mn2+ and NH4

+ were measured by
potassium periodate oxidation spectrophotometry and Ness-
ler's reagent photometry according to the guidelines of the
Ministry of Environmental Protection of China.30

3 Results and discussion
3.1 Phase structure of the synthesized manganese oxides

The XRD patterns of the synthesized oxides are shown in Fig. 1.
This indicates that all the spectra can be indexed to akhtenskite
as compared to the reference pattern (3-MnO2, JCPDS 30-0820,
a ¼ 2.80, c ¼ 4.45 Å). The structure of akhtenskite is similar to
that of g-MnO2, but shows more structural faults (De Wolff
faults) and microtwinning.31,32 The manganese oxide tunnel
could be occupied by charge-balancing cations, and the
dimensions of the tunnel would vary slightly.25,33 This feature
highlights the potential of manganese oxides as an adjustable
molecular sieve.34 In this study, the experimental results
showed that for Na–, Mg–, and Ca–MnOx, the broad peaks on
the le (in the black box) of the spectra were at 21.17�, 20.44�,
and 20.78�, respectively. Therefore, the corresponding inter-
planar spacing was 4.19 Å, 4.34 Å, and 4.27 Å, respectively,
according to the Bragg diffraction equation.25 This indicated
Fig. 1 XRD patterns of the synthesized manganese oxides with
different structural cations.

33800 | RSC Adv., 2021, 11, 33798–33808
that Na+, Mg2+, and Ca2+ were inserted into the lattice of
manganese oxide and changed the tunnel size. For Fe–MnOx,
the intensities of the diffraction peaks of (101), (102), and at the
le of the spectrum were weak and eventually disappeared. This
suggested that Fe3+ made the structure more disordered and the
crystalline size of the oxide was smaller.
3.2 Evaluation of removal capability

3.2.1 Adsorption isotherms. The Langmuir and Freundlich
model equations are commonly used to describe the adsorption
isotherms in water and wastewater treatment.12 From the
adsorption isotherm data, the adsorption capacity or the
amount of adsorbent required to remove a pollutant can be
obtained. Langmuir and Freundlich data tting were performed
by linearization of eqn (4) and (5), respectively:12

Ce

qe
¼ 1

Kqmax

þ 1

qmax

Ce (4)

log qe ¼ log Kf þ 1

n
log Ce (5)

where qe (mg g�1) is the equilibrium adsorption capacity,
Ce (mg L�1) is the concentration at equilibrium, qmax

(mg Mn2+/NH4
+–N g�1) is the maximum adsorption capacity,
Fig. 2 Ammonium andmanganese adsorption isotherms (initial pH for
ammonium solution was about 5.0, for manganese was approximately
6.1, adsorbent dose ¼ 0.5 g L�1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Parameters of adsorption isotherms of NH4
+ adsorption onto

MnOx

Samples

Langmuir model Freundlich model

qmax k R2 Kf 1/n R2

Na–MnOx 12.21 0.43 0.972 4.06 0.35 0.946
Mg–MnOx 10.2 0.38 0.97 3.01 0.41 0.968
Ca–MnOx 10.1 0.36 0.967 2.93 0.41 0.962
Fe–MnOx 8.85 0.22 0.988 1.61 0.58 0.955

Fig. 3 Adsorption amounts as a function of time: (a) ammonium, (b)
manganese (initial pH for ammonium solution was about 5.0, for
manganese was approximately 6.1, adsorbent dose ¼ 0.5 g L�1, initial
ammonium ¼ 10 mg L�1, initial manganese ¼ 25 mg L�1).
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K (L mg�1 Mn2+/NH4
+–N) is the equilibrium constant, KF

(mg Mn2+/NH4
+–N g�1 (L mg�1 Mn2+/NH4

+–N)1/n) is the
Freundlich capacity factor, and 1/n is the Freundlich inten-
sity parameter.12,35

The adsorption isotherms of the four oxides are shown in
Fig. 2. This showed that the performance of Fe–MnOx was much
lower than that of other oxides, especially for manganese
removal. The calculated Langmuir and Freundlich parameters
related to the adsorption of NH4

+ and Mn2+ are presented in
Table 1 and Table 2, respectively. This indicated that both the
adsorption process simultaneously tted the Langmuir and
Freundlich model equations well, but the correlation coefficient
(R2) of the Langmuir model equation is higher. According to the
Langmuir model, these adsorption processes are preferred for
monolayer adsorption.36

3.2.2 Adsorption kinetics. The adsorption kinetics of NH4
+

and Mn2+ were evaluated using pseudo-rst-order and pseudo-
second-order kinetic models, respectively. The linear form of
the pseudo-rst-order kinetic model and pseudo-second-order
kinetic model is represented by eqn (6) and (7), respectively:

log
�
qeq � qt

� ¼ log
�
qeq

�� K1t

2:303
(6)

t

qt
¼ 1

K2qeq2
þ 1

qeq
t (7)

where qeq and qt are the amounts of NH4
+ or Mn2+ adsorbed

(mg g�1) at equilibrium and at time t, respectively; K1 is the
Lagergren pseudo-rst-order adsorption rate constant (min�1),
and K2 is the pseudo-second-order adsorption rate constant
(g mg�1 min�1).12,18

The adsorption amounts as a function of time are shown in
Fig. 3. This showed that the adsorption reaction proceeded
Table 2 Parameters of adsorption isotherms of Mn2+ adsorption onto
MnOx

Samples

Langmuir model Freundlich model

qmax k R2 Kf 1/n R2

Na–MnOx 31.55 4.53 0.997 23.2 0.12 0.946
Mg–MnOx 32.23 5.17 0.995 24.7 0.12 0.968
Ca–MnOx 33.33 6 0.996 25.6 0.12 0.937
Fe–MnOx 17.54 0.17 0.949 4.02 0.43 0.946

© 2021 The Author(s). Published by the Royal Society of Chemistry
rapidly, especially for manganese removal, which was almost
complete in the rst 10 min. The calculated parameters of the
kinetic models are listed in Tables 3 and 4. This indicated that
the kinetic processes of NH4

+ and Mn2+ adsorption agreed well
with the pseudo-second-order model. The correlation coeffi-
cient R2 was 0.999, and the tted qeq approximated the data
obtained in the experiment. It appears that the rate-limiting
stage in this process could be the chemical adsorption
involving valence forces through sharing or exchange of
Table 3 Kinetic constants of NH4
+ adsorption onto Me–MnOx

Samples

Pseudo rst-order model
Pseudo second-order
model

K1 qeq R2 K2 qeq R2

Na–MnOx 0.056 4.29 0.888 0.055 9.26 0.999
Mg–MnOx 0.113 4.40 0.919 0.129 7.75 0.999
Ca–MnOx 0.058 3.09 0.818 0.083 7.75 0.999
Fe–MnOx 0.037 3.08 0.793 0.048 6.49 0.999

RSC Adv., 2021, 11, 33798–33808 | 33801
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Table 4 Kinetic constants of Mn2+ adsorption onto Me–MnOx

Samples

Pseudo rst-order model
Pseudo second-order
model

K1 qeq R2 K2 qeq R2

Na–MnOx 0.164 9.77 0.654 0.020 32.26 0.999
Mg–MnOx 0.062 10.47 0.817 0.030 33.33 0.999
Ca–MnOx 0.058 4.90 0.536 0.078 33.33 0.999
Fe–MnOx 0.060 7.23 0.908 0.032 14.49 0.999
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electrons between adsorbent and adsorbate, based on the
assumption of the pseudo-second-order model.12

3.2.3 Effect of pH. The adsorption capacity was studied as
a function of pH (Fig. 4a). It showed that the adsorption amount
of ammonium and manganese increased with the increasing
pH. This can be explained by the increased zeta potential and
catalytic activity of the oxides, which is signicantly inuenced
by the pH of the aqueous solution.20,29 However, when the pH
increased to 8.0, the adsorption amount of ammonium
decreased. This behavior can be explained by the fact that more
Fig. 4 Effect of pH on (a) ammonium and (b) manganese removal
(adsorbent dose¼ 0.5 g L�1, temperature¼ 25 �C, initial ammonium¼
2 mg L�1, initial manganese ¼ 25 mg L�1).

33802 | RSC Adv., 2021, 11, 33798–33808
NH4
+ could be converted into NH3 species at a pH above 8.0.

Similar results have been reported previously for the layer-
structured birnessite.15 Moreover, Fig. 4b shows that when the
pH was as low as 2, Mn2+ could still be removed. This indicated
that Mn in the oxides would not be leached out when the pH
was higher than 2.0.

3.2.4 Simultaneous removal of ammonium and manga-
nese. Fig. 5 shows the results of the simultaneous removal of
ammonium and manganese. It showed that an increased initial
concentration of Mn2+or NH4

+ could decrease the adsorption
amounts of the other ions. This means that the removal
processes of these two ions compete with each other. However,
a maximum removal capacity of ammonium was also observed
at 5 mg L�1, which suggested that a low concentration of Mn2+

may promote NH4
+ removal. It appears that the adsorption sites

are relatively adequate at lower concentrations of Mn2+, and
when the adsorbed Mn2+ is oxidized, it may provide new active
sites for ammonium removal. The changes of pH in these
experiments are shown in Fig. S1.† In the experiment of
ammonium removal at different concentration of Mn2+, the
nal pH decreased with the increase of the initial concentration
Fig. 5 Performance of the simultaneous removal of ammonium and
manganese: (a) ammonium (5 mg L�1) removal at different initial Mn2+

concentration; (b) manganese (25 mg L�1) removal at different NH4
+

concentration (initial pH was approximately 7.0, adsorbent dose ¼
0.5 g L�1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of manganese oxides (500 00�): (a) Na–MnOx, (b)
Mg–MnOx, (c) Ca–MnOx, (d) Fe–MnOx.

Table 6 Specific surface area (SSA) and pore properties of the oxides

Samples SBET (m2 g�1) Vpore (cm
3 g�1) Dpore (Å)

Na–MnOx 351.05 0.35 39.86
Mg–MnOx 368.93 0.39 41.92
Ca–MnOx 400.62 0.38 38.20
Fe–MnOx 416.86 0.57 54.92
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of Mn2+. The nal pH decreased from 7.49–7.75 (initial Mn2+ ¼
0 mg L�1) to 5.55–5.65 (initial Mn2+ ¼ 25 mg L�1). In the
experiment of Mn2+ removal at different concentration of NH4

+,
the nal pH increased with the increase of the concentration of
NH4

+. The nal pH increased from 5.48–5.57 (initial NH4
+ ¼

0 mg L�1) to 5.68–5.82 (initial NH4
+ ¼ 15 mg L�1). The corre-

sponding mechanism is claried in Section 3.3.3.
3.2.5 Effects of the competent cations present in water. In

the treatment of water source, Na+, Mg2+ and Ca2+ may affect the
removal of NH4

+ and Mn2+.15,37 In Fig. S2,† it indicates that Na+,
Mg2+ and Ca2+ in water have some adverse effects on the
adsorption of manganese. The adsorption capacity of Mn2+

decreased with the increase of the concentration of Na+, Mg2+

and Ca2+ in water. However, the impact is not signicant. The
maximum decrease of the adsorption capacity in the four oxides
was from 32.7 mg g�1 to 29.50 mg g�1 (the effect of Mg2+ on the
Mn2+ removal of Na–MnOx). Different form the removal of
manganese, the adsorption capacity of ammonium decreased
obviously with the increase of the concentration of Na+, Mg2+

and Ca2+ in water (Fig. S3†). The maximum decrease of the
adsorption capacity in the four oxides was from 2.00 mg g�1 to
0.89 mg g�1 and the adsorption capacity decreased by 55.5%
(the effect of Mg2+ on the NH4

+ removal of Ca–MnOx). It shows
that as a monovalent cation, the removal of NH4

+ is more easily
disturbed by other ions in water. In addition, Mg2+ has the most
signicant interference on the removal of ammonium and
manganese. It may because of that Mg2+ has smaller radius than
Ca2+, which results in the stronger electrostatic attraction with
MnOx. Similar results were also found in previous study for the
investigation of Na-rich birnessite. Researchers found that Mg2+

could increase the surface zeta potential of MnOx and weaken
its surface electronegativity more obviously than Ca2+ and Na+
15.

3.2.6 Comparation the adsorption capacity with other
adsorbents. Table 5 shows the adsorption capacity of some
commonly used adsorbents. It indicates that the maximum
adsorption capacity of ammonium of akhtenskites is higher
than biochar, commercial activated carbon, d-MnO2 Coated
Zeolite, Greensand and the maximum adsorption capacity of
Mn2+ is higher than greensand, Fe and Mn oxide-coated sand
Table 5 The maximum adsorption capacity of some commonly used ad

Adsorbent

Capacity (mg

Ammonium

Biochar 5.86
Commercial activated carbon 0.5
NaOH treated corncob activated carbon 17.03
d-MnO2 coated zeolite 7.64
Greensand 2.53
Na-rich birnessite 22.61
Fe and Mn oxide-coated sand Not mention
Manganese oxide coated zeolite Not mention
Synthetic manganese oxides 25.77–28.90
Synthesized akhtenskites 8.85–12.21

© 2021 The Author(s). Published by the Royal Society of Chemistry
and manganese oxide coated zeolite. Consequently, akhten-
skites synthesized in this study are promising adsorbents.

3.3 Evaluation of removal mechanism

3.3.1 Morphology and specic surface area. SEM images of
the four oxides are shown in Fig. 6. This gure indicates that
Na–, Mg–, and Ca–MnOx consist of spherical particles with
pores like a honeycomb or sponge. However, the morphology of
Fe–MnOx was noticeably different, consisting of ne particles.
This indicates that structural cations could signicantly affect
the morphology of manganese oxides. The specic surface area
sorbents for NH4
+ and Mn2+ removal

L�1)

ReferenceManganese

Not mentioned 38
Not mentioned 39
Not mentioned 40
23.6 41
11.29 42
Not mentioned 15

ed 2.617 43
ed 1.123 12

Not mentioned 37
17.54–33.3 This study
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(SSA) and pore properties of the oxides are listed in Table 6. It
showed that all the oxides had a high SSA, and that of Fe–MnOx

was the largest. These results differ from those of a previous
report on layer-structured birnessite, in which Fe–MnOx had the
minimum specic surface area.25 However, as shown in Fig. 2–5,
the capability of Fe–MnOx was the lowest, although it had the
largest SSA and ner particles. It can be derived that the SSA and
diameter of the particle are not the most important factors for
determining the activity of the oxides. Moreover, it is assumed
that zeta potential may be a more important factor, which can
affect the removal capability of MnOx. Further discussion is
processed in Section 3.3.2.

3.3.2 Zeta potential and pH changes in the removal
process. To explore this mechanism further, the zeta potential
of manganese oxide was measured (Fig. 7). This indicated that
the point of zero charge (PZC) of Na–, Mg–, and Ca–MnOx were
observed at pH¼ 2.4–2.7, and that of Fe–MnOx was measured at
pH ¼ 3.5. The results suggested that Fe could increase the PZC
of akhtenskite. The adsorption ability of manganese oxide
depends on its surface charges to a certain extent.15 When the
pH value is higher than that of PZC, the surface of manganese
oxides is negatively charged. It can effectively adsorb NH4

+ and
Mn2+ by electrostatic interactions. Moreover, the amount of
negative charge increases with increasing pH. Therefore, this
can explain the result of Fig. 4, in which a higher pH corre-
sponds to a higher removal activity. Moreover, the lower
removal performance of Fe–MnOx (Fig. 2–5) could be attributed
to the higher zeta potential at pH 2–8, although it had the
largest specic surface area (SSA) (Table 6). This indicates that
the zeta potential was a more critical factor than SSA to inu-
ence the removal activity of manganese oxides. Further, at lower
pH, negative charges on the surface of the oxides were less,
which weakened the affinity towards NH4

+ and Mn2+. In addi-
tion, increased H+ content at lower pH would intensify
competition for adsorption sites.12,15

3.3.3 Removal mechanism of adsorption process. Previous
research has shown that hydroxyl groups on the surface of
manganese oxides are critical for their adsorption capability.12,44

In aqueous systems, metal oxides have surface hydroxyl groups
that have acidic and basic characteristics simultaneously.12

When the solution pH is higher than the pH of the PZC, part of
Fig. 7 Zeta potential of manganese oxide as a function of pH.

33804 | RSC Adv., 2021, 11, 33798–33808
the surface hydroxyl groups on manganese oxides (^Mn–OH)
would change to ^Mn–O�, and the surface of the oxides was
negatively charged.45 It is assumed that NH4

+ was mainly
adsorbed onto^Mn–O�, which is a Brønsted base. When NH4

+

was adsorbed, the reaction for NH4
+ to NH3 was limited. As

a result, the pH of the reaction solution increased. The surface
reactions of divalent ions with metal oxide surfaces have been
described as the free metal ions exchanged with the H in^Mn–
OH and formation a hydrolysis complex or abidendate
complex.12 Unlike the removal of NH4

+, it can be assumed that
Mn2+ could also be removed by replacing the H in ^Mn–OH
groups. Thus, the pH of the reaction solution decreased with
the removal of Mn2+. This hypothesis could be supported by the
change in pH in these experiments (Fig. 8). It indicated that pH
increased in ammonium removal but decreased in Mn2+

removal. The relevant reactions are summarized as follows:

^Mn–O� + NH4
+ 4 ^Mn–ONH4 (8)

2^Mn–O� + Mn2+ 4 2^Mn–OMn (9)

2^Mn–OH + Mn2+ 4 2^Mn–OMn + 2H+ (10)

This conclusion is also supported by the results of Fig. 4.
When pH¼ 2, at which the hydroxyl group existed as^Mn–OH,
Fig. 8 The changes of pH in (a) ammonium and (b) manganese
removal (initial ammonium ¼ 2.0–15.0 mg L�1, initial manganese ¼
5.0–25.0 mg L�1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Mn2+ could still be removed signicantly, but ammonium was
hardly removed.

3.3.4 Possible catalytic oxidation activity of the oxides.
Some layer-structured manganese oxides have been reported to
remove ammonium and manganese from water by catalytic
oxidation.9,10 In this study, the possible chemical catalytic
oxidation capacity of tunnel-structured akhtenskite was also
investigated.

Nitrate and nitrite were measured in the ammonium
removal experiment to explore the possible catalytic oxidation
of ammonium. The results showed that when ammonium was
removed from water, almost no nitrate or nitrite was detected.
Therefore, ammonium was merely removed by adsorption. In
previous study, researchers also found that Na-rich birnessite
synthesized in laboratory, which is layered structure, also
removed ammonium just by electrostatic adsorption.15

The absorbed and oxidized Mn2+ in the experiment were
measured and calculated, respectively. The results are shown in
Fig. 9. This indicated that the akhtenskites could also remove
Mn2+ by catalytic oxidation. Previous studies suggested that the
catalytic oxidation of Mn2+ by MnOx should be a self-catalytic
oxidation reaction.19,46 In this reaction, MnOx is not only the
catalyst but also the product. The reaction process can be
described by the following equation:

2^Mn–OMn + nO2 / 2^Mn–O� + ^MnOx (11)

As a result, MnOx is not consumed but produced, so the
catalytic reaction can continuouly proceed. In addition, Ca– and
Mg–MnOx had the highest and lowest catalytic capacities,
respectively. This result is signicantly different from the
experimental results in Fig. 2–5, in which the activity of Fe–
MnOx was the worst. It has been proven that the catalytic
oxidation rates of Mn2+ are limited by alkalinity and pH.29 In
this study, when 200 mg L�1 NaHCO3 was added, the oxidation
rate was intensied. Moreover, as shown in Fig. 7, when the pH
increased to approximately 8, the zeta potential difference
Fig. 9 Amount of oxidized Mn2+ in manganese removal by the oxides
(dose ¼ 0.07 g L�1, with 200 mg L�1 NaHCO3, initial pH ¼ 8.25,
manganese ¼ 50 mg L�1, reaction time ¼ 600 min).

© 2021 The Author(s). Published by the Royal Society of Chemistry
between Fe–MnOx and other oxides was reduced signicantly.
Therefore, a higher activity of Fe–MnOx was observed in this
stage.

To investigate the manganese oxidation mechanism, XPS
proles were used to identify the species and chemical states of
O and Mn present in manganese oxides (Fig. 10). This shows
that the O1s spectra could be tted to three peaks, representing
different oxygen species (Fig. 10a). The peaks located at 529.73–
530.14, 530.80–531.82, and 532.49–533.41 eV could be attrib-
uted to lattice oxygen bonding with Mn (Olatt), adsorption of
oxygen species (Oads), and oxygen in surface residual water (Os),
respectively.21,25 Olatt can participate in the oxidation of Mn(II) to
Mn(IV), and a higher concentration is favorable for Mn
removal.21 The atomic percentages of different species of O and
Mn are shown in Table 7. It shows that the composition of Mn
in different species on the surface of Ca– and Mg–MnOx is
almost the same. However, the proportion of Olatt on the surface
of Ca–MnOx is up to 67.2%, which is 44.83% higher than the
proportion of Mg–MnOx (Table 7). In addition, Ca– and Mg–
MnOx have the highest and lowest catalytic capacity, respec-
tively (Fig. 9). Consequently, a higher concentration of surface
Olatt is favorable for the oxidation of Mn2+. Lattice oxygen has
stronger binding force with Mn(II) than the oxygen in water. It
Fig. 10 XPS profiles of O1s and Mn2p in manganese oxides: (a) O1s, (b)
Mn2p.

RSC Adv., 2021, 11, 33798–33808 | 33805
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Table 7 Atomic percentage of different species of O and Mn in
manganese oxides

Species of the
oxides

Species of O (%) Species of Mn (%)

Olatt Oad Os IV III II

Na–MnOx 65.8 18.1 16.1 48.9 38.9 12.8
Mg–MnOx 46.4 50.4 3.3 39.5 52.2 8.4
Ca–MnOx 67.2 23.9 8.9 37.6 52.8 9.6
Fe–MnOx 64.6 27.3 8.0 25.1 71.5 3.4
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can react with Mn(II) to form new MnOx. When the lattice
oxygen is consumed it will be reformed by O2 in water. Similar
conclusion had been derived in a manganese oxides lter for
the removal of manganese from groundwater.21 Moreover, it
appears that Mg2+ is unfavorable for the formation of Olatt in
manganese oxide, and the lower Olatt content may be the main
factor that lowers the catalytic oxidation capability of Mg–
MnOx. However, further studies should be performed to explore
how Mg2+ can inuence the content of Olatt in manganese
oxides.

Fig. 10b shows that the manganese spectra can also be tted
to three different species. The peaks located at 643.35–644.53,
642.09–642.78, and 640.59–641.26 can be assigned to Mn(IV),
Mn(III), and Mn(II), respectively, according to the references in
the NIST X-ray Photoelectron Spectroscopy Database. Table 7
shows that the percentage of Mn(III) was the lowest in the
monovalent cation doping oxide Na–MnOx, middle in the
divalent cation doping oxides Mg– and Ca–MnOx and the
highest in the trivalent cation doping oxide Fe–MnOx. This
indicates that higher valence cations can induce the formation
of more Mn(III) in manganese oxides. Metal cations inside the
crystal tunnels can stabilize the negative charge balance origi-
nating fromMn(III) in an otherwise perfect Mn(IV)O2 structure.34

This may be because higher valence ions can balance more
negative charges in manganese oxides.

Moreover, Mn(III) is also an important factor affecting the
catalytic activity of manganese oxides.47,48 Previous research
indicated that the superior oxidizing capacity of active MnOx

might arise from the higher Mn(III) content in MnOx.10,22 Mn2+

may be removed via Mn(III) in the following steps: (1) Mn2+ was
oxidized by Mn(III) and Mn(III) transferred to Mn(II); (2) Mn(II)
was oxidized to Mn(III) by Olatt; (3) O2 in the solution (O2(aq))
transferred to Olatt. In this reaction, Mn(III) was used as
a catalyst.

In addition, the Mn(III) content in Fe–MnOx was the highest,
reaching 71.47%. However, its catalytic activity is lower than
that of Na–MnOx and Ca–MnOx. The reported Mn(III) content of
high-activity manganese oxides is commonly 48.4–57.8%.10,21 It
appears that the high proportion of Mn(III) may not be the best.
This may be because of Mn(IV) and vacancy defect in the oxide.
The XRD analysis showed that all four MnOx had poor crystal-
linity (Fig. 1), which commonly has a high vacancy defect
content.49 It has been reported that vacancies can act as the
active site absorbing Mn2+ and the adsorbed Mn2+ could be
oxidized by Mn(IV) to form Mn(III).21 Therefore, the appropriate
33806 | RSC Adv., 2021, 11, 33798–33808
Mn(III) content should be dependent on the oxidation rate of
Mn2+ by different chemical catalytic pathways, which requires
further investigation.

To verify these conclusions further, the XPS spectra of the
oxides aer the reaction of Mn2+ removal was detected and
shown in Fig. S4.†Different from the results before the reaction,
O1s spectra of the oxides aer the reaction can only be tted as
two species: Olatt and Oad, and OS was not detected (Fig. S4a†).
In addition, the binding energies of different O species
decreased. The binding energy of the Olatt was 529.55–529.60 eV
and the binding energy of Oad was 531.07–531.12 eV. Fig. S4b†
shows the Mn2p spectra of the oxides. The binding energies of
Mn also decreased aer the reaction. According to the tting
results of the Mn2p3/2 orbit, Mn can still be tted into three
mixed components. The binding energies at 642.89–643.01 eV,
641.82–641.85 eV and 640.62–640.85 eV represent Mn(IV), Mn(III)
and Mn(II) respectively.

Table S1† is the proportion of different species of O and Mn
aer the reaction. It can be seen that aer the reaction, the
proportion of Mn(III) (except Fe–MnOx) and Mn(IV) on the
surface of the oxides aer reaction decreased signicantly,
while the proportion of Mn(II) increased. The main reason for
the increase proportion of Mn(II) is that the removed Mn2+ is
just partially oxidized probably. There is a good corresponding
relationship between the proportion of Mn(II) and the oxidation
rates of Mn2+ showed in Fig. 9. While the catalytic efficiency is
low, the proportion of Mn(II) on the surface of the oxides is high.
The proportion of Mn(II) on the surface of Mg–MnOx and Ca–
MnOx is the highest (31.84%) and the lowest (21.83%), respec-
tively. It indicates that the Mn2+ oxidation rate of Mg–MnOx is
the lowest, and the Mn2+ oxidation rate of Ca–MnOx to is the
highest. This conclusion is consistent with the results in Fig. 9.

Further, the ratios of Mn(IV) : Mn(III) before theMn2+ removal
reaction are 1.25, 0.76, 0.71 and 0.35 respectively. Aer the
reaction these values are 0.74, 0.85, 0.70 and 1.00, respectively.
It shows that Mn(IV) : Mn(III) of Ca–MnOx is almost unchanged,
indicating that its structure is relatively stable. The increased
ratio of Mn(IV) : Mn(III) of Fe–MnOx indicates that Mn(IV) is
formed in Mn2+ removal process. The relative ratios of Na–
MnOx decreased. It can be derived that Mn(IV) is consumed or
Mn(III) is formed in Mn2+ removal. These changes further show
that the catalytic oxidation process of Mn2+ is related to the
content of Mn(IV) and Mn(III) in the oxides.

In addition, the lattice oxygen ratio on the oxide surface
decreased and the proportion of adsorbed oxygen on the oxide
surface increased obviously. No OS was detected, indicating that
the adsorption capability of water of the oxides weakened aer
the reaction. This may be related to the increase of Mn(II). The
decrease of Olatt content can be attributed to the consumption
of Olatt and the decrease of Mn(III) and Mn(IV) content. This
further veries that surface Olatt plays an important role in the
removal of Mn2+.

In summary, Ca–MnOx had a higher lattice oxygen concen-
tration, more suitable Mn(III) content, and lower zeta potential.
These features may be responsible for its higher catalytic
oxidation ability. In previous studies, it was thought that Ca had
an important effect on the catalytic activity of manganese
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Removal mechanism of NH4
+ (a) and Mn2+ via MnOx (b, c).
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oxides.22,50,51 However, the underlying mechanism is not clear.
The experimental results of this study may provide new insights
into this question.

3.3.5 Summary of the probable removal mechanism. Based
on the analysis of the above experimental results, the removal
mechanism of ammonium and manganese can be summarized
in Fig. 11. Ammonium is merely removed by electrostatic
adsorption with ^Mn–O� (Fig. 11a), while Mn2+ can be
removed by ion exchange with ^Mn–OH and directly absorbed
by ^Mn–O� simultaneously (Fig. 11b). Moreover, absorbed
Mn2+ can be further catalytically oxidized by three possible
pathways (Fig. 11c): (1) being oxidized toMn(IV) by lattice oxygen
directly, and the consumed Olatt would be reformed by O2 in
water; (2) being oxidized by Mn(III) and Olatt as the nal electron
acceptor, Olatt would also be consumed and reformed by O2 in
water; (3) transferring into Mn(III) via a comproportionation
reaction with Mn(IV). The newly formed oxide is coated on the
original oxide surface and produces new surface hydroxyl
groups and new lattice oxygen for continuing the removal of
ammonium and manganese.
4 Conclusion

In this study, four akhtenskites with different structure cations
(Na+, Mg2+, Ca2+, Fe3+) were successfully synthesized. The
experimental results indicated that the tunnel-structured akh-
tenskite could remove ammonium and manganese effectively,
and the removal performance was signicantly affected by pH.
NH4

+ was removed by electrostatic adsorption via ^Mn–O�.
Mn2+ could be adsorbed by electrostatic adsorption and ion
exchange with ^Mn–OH simultaneously, and then part of the
adsorbed Mn2+ could be oxidized catalytically. The structure
cations can signicantly affect the properties and removal
performance of akhtenskite. Higher valence ions can result in
higher Mn(III) content in the synthesized manganese oxide.
Mg2+ reduced the proportion of lattice oxygen in the oxide, and
Fe3+ can increase the zeta potential of the oxides. Both of them
are unfavorable for the oxidation of Mn2+, although Fe3+ could
also increase the specic area of the oxides. Ca–MnOx had the
optimal removal performance in the catalytic oxidation of Mn2+,
which could be attributed to the higher Olatt content,
© 2021 The Author(s). Published by the Royal Society of Chemistry
appropriate percentage of and Mn(III), and lower zeta potential.
In summary, the synthesized akhtenskites (especially the Ca–
MnOx) are promising adsorbents for the removal of ammonium
and manganese from water; in future, researchers can contin-
ually explore the regeneration process or strengthen the cata-
lytic capability to further improve the removal capacity and
service life of MnOx.
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