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Abstract The formation of manganese (Mn) oxides
is influenced by environmental conditions and, in
some red soils, Mn oxides occur as coatings on the
surface of kaolinite particles in the form of colloi-
dal films or fine particles. The present study aimed
to explore the types of formation mechanisms of Mn
oxide minerals on the surface of kaolinite. Mn oxide
minerals synthesized by reducing the Mn in KMnO,
with a divalent Mn salt (MnSO,) were examined
using X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM). The effects of various ini-
tial molar ratios of Mn?*/Mn’* (R=1:0.67, 1:1, 1:2,
and 1:4), cationic species (Na™ or Mg”"), synthe-
sis temperatures (30, 60, and 110°C), and amount
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of added kaolinite (0.25, 0.5, 1.0, 2.0, and 5.0 g) on
the formation of Mn oxides were studied. The results
showed that Mn oxide mineral types were affected by
the initial R value and the background cation. With
decreases in the initial R value, the synthesized min-
erals transformed from cryptomelane to birnessite.
The relative mass ratios of kaolinite to Mn oxide were
calculated as 1:0.92, 1:0.63, 1:1.15, and 1:1.63. The
sodium cation (Na*) had a greater role than Mg2+ in
promoting the dissolution—recrystallization of birnes-
site to cryptomelane. The synthesis temperature had
no effect on mineral types, but Mn content increased
as temperature increased. When the amount of added
kaolinite was increased from 0.25 to 5.0 g, Mn oxide
minerals formed gradually and transformed from
birnessite to cryptomelane. This work revealed a pos-
sible formation process and reaction mechanism on
the surface of kaolinite particles in some red soils.

Keywords Birnessite - Cationic species -
Cryptomelane - Kaolinite - Mn?*/Mn’* molar ratios -
Synthesis temperature

Introduction

Manganese is one of the major elements in the earth’s
crust and exists usually in the soil in the form of Mn
oxide minerals due to weathering and pedogenesis
(Hong et al., 2010; Huang et al., 2011; Namgung
et al.,, 2018; Post, 1999). Mn oxide minerals are
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ubiquitous in natural environments and are important
components of soil (Huang et al., 2011). They are
important sources of Mn for the nutrition of animals
and plants, as well as one of the important adsorbents
and carriers of environmental information (Huang
et al., 2008, 2009; Villalobos et al., 2003). The high
redox potential of Mn oxide minerals makes them
active in the environment, so that they are used com-
monly as an important redox agent in the soil (Lear-
man et al., 2011; Liu et al., 2020).

The formation and transformation of Mn oxide
minerals in soil are influenced substantially by envi-
ronmental changes and climate (Feng et al., 2004;
Hong et al., 2010; Huang et al., 2011; Jung et al.,
2020; McKenzie, 1971; Zhang et al., 2016). The
crystallinity of Mn oxides in soil is low, and they are
difficult to analyze and identify directly. Therefore,
artificial laboratory simulation synthesis methods by
reducing potassium permanganate with a divalent Mn
salt were utilized to examine indirectly the forma-
tion mechanism of Mn oxide minerals. The product
is fine-needle spherical crystals, which are very close
to natural birnessite (Feng et al., 2004, 2005; Handel
et al., 2013; Yang & Wang, 2002). Various kinds of
Mn oxide minerals have been reported to have formed
under different environmental conditions, such as
the ratio of Mn?*/MnO,, the concentration of Mn?*,
temperature, background electrolyte, etc. (Cornell
& Giovanoli, 1988; Handel et al., 2013; Hella et al.,
2017; Kijima et al., 2001; Liang et al., 2020; Zhao
et al., 2016; Zhu et al., 2010). The average oxidation
states of Mn in birnessite are affected by the Mn?*/
MnO,~ ratio and birnessite begins to form at low
Mn2+/MnO4‘ ratios (Luo et al., 1997). Furthermore,
Ma et al. (2013) showed that synthetic Mn oxide
minerals were transformed from cryptomelane to
birnessite with a decrease in Mn**/MnO,” from 1:1
to 1:4. Mn?* induced the transformation of birnessite
to other new phases such as cryptomelane at room
temperature (Tu et al., 1994). Background electro-
lytes affect the morphology, chemical composition,
and crystal structure of birnessite (Zhang et al., 2018;
Zhu et al.,, 2010). In the dissolution—recrystalliza-
tion process of birnessite, todorokite was generated
easily if the hydration ion radius of interlayer ions
was large, such as Ca®* and Mg>*, while Mn oxides
with smaller tunnel sizes such as cryptomelane were
formed if the hydration ion radius was small, such as
Na' and Kt (Hella et al., 2017; Zhao et al., 2015).
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The dissolution-crystallization process was affected
by temperature. Increasing the temperature shortened
the induction period, increased the crystallization
rate, and accelerated the phase transition from birnes-
site to other phases (Luo et al., 1997; Portehault et al.,
2007).

The red soil region of southern China often under-
goes periodic flooding in the rainy season due to high
soil viscosity, poor drainage capacity, and moun-
tainous and hilly landforms. With much rainfall and
concomitant surface runoff in the rainy season, water
accumulates and remains in low-lying areas, which
leads to imperfect drainage and flooding. In the red
soils of Guangxi, Guizhou, Fujian, etc., in particu-
lar, due to the geological and climatic factors listed
above, the soils experience alternating oxidation/
reduction conditions necessary for producing manga-
nese oxide minerals. Therefore, the red soil of south-
ern China is rich in Mn oxide minerals (Hong et al.,
2010; Huang et al., 2008, 2009, 2011; Zhao et al.,
2022). The hydrothermal conditions and redox poten-
tial of the soil affect significantly the formation, trans-
formation, and surface properties of these Mn oxide
minerals (Huang et al., 2011; Liang et al., 2020). Mn
and Fe oxide minerals are often present simultane-
ously in red soils, where they are highly active (Chen
et al., 2019; Huang et al., 2011; Krishnamurti &
Huang, 1988; Liu et al., 2021; Luo et al., 2018). Iron
oxide mineral surfaces can accelerate the oxidation of
Mn(II) to form Mn oxides to a certain degree (Davies
& Morgan, 1989). Iron oxide promoted significantly
the oxidation of Mn?* and crystallization of Mn oxide
(Liu et al., 2022), which can be attributed to the fact
that Fe oxide can function as a catalyst by promot-
ing electron transfer between Mn?* and dissolved
O,. The formation of manganite was catalyzed by the
hematite surface which is explained by the electron
transfer from adsorbed Mn(Il) to another site with
adsorbed O, via the band structure of the semicon-
ducting hematite (Inoue et al., 2019). Semiconduc-
tor minerals (e.g. hematite, goethite, and ferrihydrite)
show greater catalytic ability for Mn?>* oxidation than
insulating minerals (e.g. albite, amorphous Al(OH)s,
and montmorillonite) (Lan et al., 2017). Furthermore,
Mn oxide minerals are often coated or stored on the
surface of kaolinite in the form of a colloidal film or
as fine particles to form complexes (Choi et al., 2009;
Khan et al., 2015; Mckenzie, 1972; Zhu et al., 2019).
Kaolinite is also an insulating mineral, which may
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provide a surface to precipitate the Mn mineral via
heterogeneous nucleation. The formation and trans-
formation of Fe oxide is significantly inhibited by the
presence of kaolinite, while the presence of Fe** in
solution accelerated it (Chen et al., 2019; Wei et al.,
2011). Do Mn oxide minerals also form and trans-
form on the surface of kaolinite? The factors which
influence their formation and transformation have yet
to be discovered.

In view of the above, the present study was per-
formed in order to explore the types and formation
mechanisms of Mn oxides synthesized on the sur-
face of kaolinite, a typical mineral in red soil, con-
sidering the influencing factors of different Mn**/
MnO,” molar ratios, cation types, synthesis tempera-
ture, and amount of kaolinite added. These results
will provide a theoretical foundation for a better
understanding of the formation process and reaction
mechanism of Mn oxide in red soil and enrich the
research of soil-interface chemistry.

Materials and Methods
Materials

Kaolinite was purchased from Sigma-Aldrich (Shang-
hai, China) Trading Co, Ltd (characterization of the
kaolinite is described in the supplementary informa-
tion), and KMnO, was acquired from Xilong Science
Co., Ltd (Chengdu, China). MnSO,-H,0, MgSO,,
and Na,SO, were provided by Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Hydroxylamine
hydrochloride was purchased from Aladdin Chemi-
cal Reagent Co., Ltd (Shanghai, China). All reagents
were used without further purification. The HK-UV-
10 (Hongke Technology Co., Ltd, Hefei, China) pure
water purification system provided the deionized
water (DDW) for this study.

Synthesis of Mn oxide Minerals on Kaolinite
Surfaces

1 g of kaolinite was placed in a reactor containing
30 mL of 0.067, 0.1, 0.2, or 0.4 M KMnO, and 0.1 M
Na,SO, or MgSO,. The reactor was placed in an
oil bath at a specific temperature (30, 60, or 110°C)
and at a stirring speed of 300 r/min. Then, 30 mL of
0.1 M MnSO, solution was added dropwise into the
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above-mixed solution using a peristaltic pump. This
was followed by agitation of the mixtures for 30 min
at constant temperature and aging for 24 h at 60°C
after cooling (Frias et al., 2007). The aged minerals
were centrifuged and cleaned with deionized water
until the conductivity was <20 pS cm™, then freeze-
dried immediately, crushed, sieved with a 100-mesh
sieve, and stored for further analysis. The synthesis
conditions for all Mn oxides were the same.

Effect of the molar ratio of Mn** to Mn”*

The Mn oxide minerals were synthesized at various
molar ratios (R) of Mn>* to Mn"* (R=1:0.67, 1:1,
1:2, and 1:4). The pH of the mixture was measured
and found to be ~1.4. The synthesis temperature was
controlled at 30°C, with Na* as the background cati-
ons. 1 g of kaolinite was added.

Effect of the background cations

The Mn oxide minerals were synthesized with the
same concentrations of Na,SO, or MgSO, as differ-
ent background cations. 1 g of kaolinite was added at
a synthesis temperature of 30°C. Meanwhile, a con-
trol experiment was conducted without background
cations, and the other treatments were the same as
above.

Effect of the synthesis temperature

The Mn oxide minerals were synthesized at 30, 60,
and 110°C. The value of R was 1:4, with Na™ as the
background cation. 1 g of kaolinite was added.

Effect of the amount of kaolinite added

When the Mn oxide minerals were synthesized, the
amount of kaolinite used was 0.25, 0.50, 1.0, 2.0, or
5.0 g. The value of R was 1:1, with a synthesis tem-
perature of 30°C and Na* as the background cation.
The synthesis procedure of Mn oxide minerals with
various values of R was the same as above except that
no kaolinite was added.

Mn content in Mineral Determinations

The synthetic kaolinite-Mn oxide mineral complex
samples were dissolved by 0.25 M hydroxylamine
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hydrochloride. The Mn contents of samples were meas-
ured using an A3AFG-13 (Purkinje General Instrument
Co., Ltd, Beijing, China) flame atomic absorption spec-
trometer (Yan et al., 2020).

Relative Mass Ratio of Kaolinite to Mn oxide
Determination

0.2 g of the sample was dissolved in 4 mL of 0.25 M
hydroxylamine hydrochloride solution, which was
placed in a 10 mL centrifuge tube, then centrifuged
(8000 rpm, 10 min) and washed with deionized water.
The supernatant was poured out and the residues of the
samples after the dissolution were dried and weighed.
This was the mass of kaolinite. The mass of Mn oxide
was obtained from 0.2 g minus the mass of kaolinite.
The relative mass ratio of kaolinite to Mn oxide in the
final product was calculated (Neaman et al., 2004).

Characterization
X-ray diffraction (XRD)

The powder samples were characterized using an
XD6 X-ray diffractometer (Purkinje General Instru-
ment Co. Ltd., Beijing, China) using monochromatic
CuKa radiation. The diffractometer was operated at a
tube voltage of 36 kV and a tube current of 20 mA,
and all of the XRD patterns of samples were scanned
from 5 to 80°20 at a scanning rate of 1°20 per min.

Scanning electron microscopy (SEM)

The samples were mounted on sample holders
with carbon glue and then gold coated. The sam-
ples were analyzed using the Zeiss Sigma 300
field emission scanning electron microscope
(Oberkochen, Baden-Wurttemberg, Germany),
with an accelerating voltage of 3 kV, and the
microstructure and morphology of minerals were
examined by SEM.

Results
Effect of the Molar Ratios of Mn** to Mn”*

The Mn oxide minerals were synthesized on the sur-
face of kaolinite by reducing potassium permanganate
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with a divalent Mn salt, controlling the molar ratios of
Mn”* to Mn"* at 1:0.67, 1:1, 1:2, and 1:4 (Frias et al.,
2007). In the system of adding kaolinite (Fig. 1), the
synthesized kaolinite-Mn oxide complexes showed
strong peaks of kaolinite (Choi et al., 2009). When R
was 1:0.67, the complex also had characteristic dif-
fraction peaks of cryptomelane and birnessite (Kijima
et al., 2001; Tu et al., 1994; Zhao et al., 2016), indi-
cating that the surface mineral of kaolinite was a
mixture of cryptomelane and birnessite. However,
when R was 1:1, the only Mn oxide on the surface
of kaolinite was cryptomelane; when R was 1:2 and
1:4, Mn oxides formed were single-phase birnessite
(Fig. 1a, b). The results showed, thus, that the types

a A Kaolinite
m Birnessite

A A Cryptomelane

u n A

\ A A m  14Na
W 2B _12Na

Intensity (a.u.)

°20

b M Birnessite
Cryptomelane

1:4Na

AT 1:2Na

WWWM %w w.www -

Ao A }\ 1:0.67Na

I T T T T T T T

40 45 50 55 60 65 70 75 80
°20

Intensity (a.u.)

Fig. 1 XRD patterns of kaolinite-Mn oxide mineral com-
plexes a with various molar ratios of Mn?* to Mn’*
(R=1:0.67, 1:1, 1:2, and 1:4); and b in the high-angle region.
The synthesis temperature was controlled at 30°C, with Na* as
the background cation. 1 g of kaolinite was added. The labeled
peaks are identified

@ Springer


https://doi.org/10.1007/s42860-023-00236-6

110

Clays Clay Miner.

of Mn oxides formed on the surface of kaolinite were
influenced by the value of R.

Scanning electron microscopy images of the kao-
linite-Mn oxide complexes with various R values and
Na* as the background cation (Fig. 2) showed that
kaolinite had a stacked-plate structure (Zhu et al.,
2019). When R was 1:0.67, nanowire structures
(diameter 0.2-2 pm; height 1-10 nm) and flower-
spherical aggregate structures (formed by the flaky
crystals (diameter 200-300 nm)) were formed on the
surface of kaolinite (Fig. 2a). The nanowires struc-
tures and flower-spherical aggregate structures were
the crystal morphology of cryptomelane and birnes-
site, respectively (Mckenzie, 1971; Portehault et al.,
2007; Yin et al., 2018). When R was 1:1, the surface
mineral of kaolinite was cryptomelane with nanow-
ire structures (Fig. 2b). When R was 1:2 and 1:4, the

Signal A = InLens
Mag= 50.00 KX

Aperture Size = 30.00 ym
Time: 15:31:34

— WD = 10.1 mm

surface minerals of kaolinite showed uniform flower-
spherical aggregate structures (Fig. 2c, d), which was
the crystal morphology of birnessite. The morphol-
ogy changes shown by the SEM images were consist-
ent with the mineral phase transformation results of
the XRD patterns.

When the R values were 1:0.67, 1:1, 1:2, and 1:4,
with Na' as the background cation, the Mn content
in kaolinite-Mn oxide complexes was small,~0.14,
0.10, 0.20, and 0.22 mg/g, respectively (Fig. 3).
The Mn content among various treatments was sig-
nificantly different (P <0.05). In addition, the rela-
tive mass ratios of kaolinite to Mn oxide in the final
product were calculated as 1:0.92, 1:0.63, 1:1.15, and
1:1.63. The mass percentage of Mn oxide in the final
product increased when the R value decreased, except
the sample with R=1:1.

%
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cryptomelane " kaolinite
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Aperture Size = 30.00 um
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Fig. 2 SEM images of kaolinite-Mn oxide mineral complexes with Na* as the background cation; the R values were a 1:0.67, b 1:1,

cl:2,andd 1:4
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Fig. 3 Mn content in kaolinite-Mn oxide mineral complexes
with Mn?* to Mn’* molar ratios of 1:0.67, 1:1, 1:2, and 1:4,
with Na* as the background cation

Effect of the Background Cation

The XRD pattern of kaolinite-Mn oxide complexes
formed under the background cations of Na*, Mg2+,
and without a background cation (Fig. 4) revealed
that when R was 1:0.67, the characteristic peaks of
cryptomelane and birnessite were both shown in com-
plexes under different cation backgrounds, suggest-
ing that the Mn oxide minerals synthesized on the
surface of kaolinite were a mixture of cryptomelane
and birnessite. When R was 1:2 and 1:4, the single-
phase birnessite was synthesized under different
cation backgrounds. However, when R was 1:1 with
Na* as the background cation (Fig. 1b), the complex
had diffraction peaks characteristic of cryptomelane.
Under Mg*" as the background cation (Fig. 4a, c) and
without a background cation (Fig. 4b, ¢), Mn oxides
formed were composed of cryptomelane and birnes-
site. These results indicated that the presence of Na*
as the background cation promoted the transforma-
tion from birnessite to cryptomelane, while Mg+ had
no obvious effect.

When R was 1:0.67, 1:1, 1:2, and 1:4, the Mn
contents of kaolinite-Mn oxide complexes with Na*
(Fig. 3) or Mg?* (Fig. 5) as the background cation
were 0.14, 0.10, 0.20, 0.22 mg/g and 0.14, 0.13, 0.18,
0.20 mg/g, respectively. The relative mass ratios of
kaolinite to Mn oxides in the complexes were 1:0.92,
1:0.63, 1:1.15, 1:1.63 and 1:0.81, 1:0.67, 1:1.09,
1:1.53, respectively. This indicated that the Mn
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content of minerals on the surface of kaolinite was
affected by the choice of background cation, although
the difference was small. The Mn content and the
mass percentage of Mn oxide in the final product with
Na?* as the background cation were generally larger
than with Mg>*.

Effect of the Temperature of Synthesis

From the analysis above, the mineral on the surface
of kaolinite under different background cations with
an R value of 1:4 was pure phase birnessite (Fig. 4),
which is the most abundant Mn oxide mineral in the
soil (Feng et al., 2004).

The effect of temperature on the formation of Mn
oxides with an R value of 1:4 was studied. The kao-
linite-Mn oxide complexes were synthesized at 30,
60, and 110°C. The XRD patterns (Fig. 6) revealed
that, besides the characteristic diffraction peaks of
kaolinite, there were very obvious peaks of birnessite
at various temperatures (Fig. 6a, b), indicating that
single-phase birnessite formed on the surface of kao-
linite at various temperatures and temperature had no
effect on the type of Mn oxide formed.

The Mn contents of kaolinite-Mn oxide complexes
synthesized at 30, 60, and 110°C in Na* (Fig. 7a) and
Mg?>* (Fig. 7b) were 0.22, 0.28, 0.29 mg/g and 0.20,
0.27, 0.28 mg/g, respectively. The relative mass ratios
of kaolinite to Mn oxide were 1:1.63, 1:2.14, 1:2.46,
and 1:1.53, 1:1.87, 1:2.20, respectively. The results
showed that the Mn content and the mass percentage
of Mn oxide in complexes increased gradually with
increase in temperature. The amount of birnessite
on the surface of kaolinite increased gradually with
increasing temperature.

Effect of Kaolinite Addition

Two different pretreatments were used, one with-
out kaolinite (Fig. 8a) and the other with 0.25, 0.5,
1.0, 2.0, and 5.0 g of kaolinite added (Fig. 8b). With
no added kaolinite the XRD pattern of Mn oxide
showed that, when R was 1:0.67, only the charac-
teristic diffraction peaks of cryptomelane were pre-
sent. When R was 1:1, 1:2, and 1:4, the Mn oxide
was birnessite (Fig. 8a). In the treatment with added
kaolinite, when R was 1:1 and the amount of kao-
linite was 0.25 or 0.50 g, the Mn oxide formed
was birnessite. However, when 1.0, 2.0, or 5.0 g
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Fig. 4 XRD patterns of products formed after treatment of kaolinite-Mn oxide complex a with background Mg>*cations; b without
background cations; and ¢ with background cations of Na*, Mg?*, and without background cations. The R value was 1:1. The labeled

peaks are identified

of kaolinite was added, the Mn oxide formed was
cryptomelane (Fig. 8b). In addition, the relative
mass ratio of kaolinite and Mn oxide in the end
products was calculated as 1:4.67, 1:2.34, 1:0.63,
1:0.53, and 1:0.28, for 0.25, 0.5, 1.0, 2.0, and 5.0 g
of added kaolinite, respectively. With the increase
in kaolinite content, the mass percentage of Mn
oxide in the complex decreased gradually, which is
also the reason why the diffraction peak intensity of
kaolinite gradually became strong and sharp with
the addition of kaolinite from 0.25 g to 5 g. The
results showed that the addition of kaolinite affected
the Mn oxide mineral type of the complexes; with
increase in kaolinite concentration, the conversion
rate of birnessite increased gradually, indicating
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that kaolinite can promote the process of birnessite
dissolution and recrystallization into cryptomelane.

Discussion

The types of Mn oxide minerals were affected by
various environmental conditions in the synthesis
process. In the present study, birnessite and crypto-
melane were synthesized under different molar ratios
of Mn** to Mn"* on the surface of kaolinite. The for-
mation of birnessite on the surface of kaolinite fol-
lowed one of two processes, and the chemical reac-
tion stoichiometry of which was (Villalobos et al.,
2003):
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Fig. 5 Mn content in kaolinite-Mn oxide mineral complexes
with Mn?* to Mn"* molar ratios of 1:0.67, 1:1, 1:2, and 1:4,
with Mg?* as the background cation

2 MnO; +3 Mn?* +2 H,0 — 5 MnO, (Birnessite) + 4 H*
6]

4 MnO; + 4 H" — 4 MnO, (Birnessite) + 2H,0 + 3 O,
@)

Studies have shown that the transformation of
birnessite into cryptomelane is a process of dissolu-
tion—recrystallization (Lefkowitz et al., 2013; Zhang
et al.,, 2011), and the interaction between birnessite
and Mn?* in solution promotes the transformation
of birnessite (Morgan, 2005; Tu et al., 1994; Zhang
et al., 2011). When R was 1:0.67 or 1:1, with grad-
ual dropwise addition of of Mn**, the MnO, in the
system was exhausted gradually. With continuous
dropwise addition of acidic Mn?", the acidity in the
system was relatively strong and promoted the dis-
solution process and accelerated recrystallization.
The dissolution of birnessite and the recrystalliza-
tion of Mn oxide octahedra continued in the system
until birnessite was dissolved completely and trans-
formed into cryptomelane (Zhang et al., 2011; Zhao
et al., 2015). When R was 1:0.67, the reaction was in
the process of dissolution—recrystallization, a mixture
of birnessite and cryptomelane was formed. When R
was 1:1, and the reaction completed, birnessite was
converted into cryptomelane completely. When R was
1:2 and 1:4, the concentration of MnO," in the system
was greater, and Mn”>" was consumed completely in
the reaction system, and the product was single-phase
birnessite (Tu et al., 1994). The Mn oxide mineral

https://doi.org/10.1007/s42860-023-00236-6 Published online by Cambridge University Press

A Kaolinite

a . Na
‘ ’ W Birnessite

|
J}W% N mrgec

intensity(a.u.)

‘ |
1\

T T T
10 20 30 4

B 1=30°C

0 50 60 70 80

°26
b a
A Mg
‘ . A Kaolinite
l . M Birnessite
|
| A
A
”«JW B 7=110 °C

|

‘ |

| |
W\MWL \ u T=6o oC
‘ o \ m 7=30°C

T T T T T T T

10 20 30 40 50 60 70 80
°20

intensity(a.u.)

Fig. 6 XRD patterns of kaolinite-Mn oxide mineral com-
plexes formed with R=1:4 and with 1 g of added kaolinite;
the synthesis temperatures were 30, 60, and 110°C, with back-
ground a Na* and b Mg?* cations. The labeled peaks are iden-
tified

types on the surface of kaolinite transformed from
the mixture of birnessite and cryptomelane to birnes-
site as the R value decreased within a certain R value
range, which was consistent with the results reported
by Ma et al. (2013). The R value affects directly the
type of Mn oxide synthesized. In addition, the coat-
ing amount of Mn oxide in the complexes was also
affected by the R value. When the R value decreased,
the amount of Mn in minerals increased, which may
be related to the crystallinity of the Mn oxide min-
erals. When the crystallization of Mn oxide minerals
was weaker, the mineral crystals formed were smaller
and the effective area in contact with the kaolinite
increased, thus more easily covering the kaolinite sur-
face (Khan et al., 2015). Furthermore, as the R value
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Fig. 7 Mn content in kaolinite-Mn oxide minerals under the
background of a Na*, b Mg?* at 30, 60, and 110°C, with the R
value = 1:4 and the amount of kaolinite added was 1 g

decreased, the concentration of MnO,™ in the system
increased, the reaction between excess MnO,™ in the
solution and H* formed more birnessite (chemical
reaction process 2). The amount of Mn in minerals
increased accordingly (Zhang et al., 2011). When the
R value was 1:1, the amount of MnO,™ in the system
was insufficient (chemical reaction process 1). With
continuous dropwise addition of Mn?*, the birnessite
transformed into cryptomelane through dissolution-
recrystallization (Tu et al., 1994; Zhang et al., 2011).
At this time, birnessite was in the stage of dissolu-
tion-recombination, and the Mn content in the com-
plex was smaller than that in other conditions. This
assumption was also confirmed by XRD studies. As
seen in the XRD pattern (Fig. 1), when R was 1:1,
the kaolinite peak was strongest, probably caused by
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Fig. 8 XRD patterns of a Mn oxide minerals and b kaolinite-
Mn oxide mineral complexes formed when using the following
amounts of kaolinite: 0.25, 0.5, 1.0, 2.0, and 5.0 g, with Na*
as the background cation; the value of R was 1:1; the synthesis
temperature was 30°C

the amount of Mn oxide synthesized on the kaolinite
surface being least.

In addition, coexisting cations will also affect the
type of Mn oxide. Studies have shown that coexist-
ing cations can affect the layer structure, microstruc-
ture, and crystallinity of the Mn oxide, and a series
of new minerals can be obtained from birnessite by
ion exchange (Feng et al., 2004; Hella et al., 2017;
Luo et al., 1997; Zhu et al., 2010). The interlayer
Na™ of birnessite has been shown (Zhao et al., 2015)
to exchange easily with Mg?*, which indicates that
the structure of birnessite with Mg?>* as the inter-
layer ion is more stable. The hydrated ionic radius
of Na* (3.58 A) is less than Mg>* (4.28 A) (Kuma
et al., 1994; Zhang et al., 2018), so Mg2+ with a
larger radius (relative to Na™) prevents the structural
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layer of birnessite from collapsing (Feng et al., 2005;
Zhang et al., 2016, 2018). The hydrated ionic radius
of Na* was too small to support the layered structure
of birnessite in the process of dissolution—recrystal-
lization, and the interlayer space of 0.72 nm in birnes-
site collapses easily. Finally, the cryptomelane with
a tunnel structure was formed (Zhang et al., 2011).
Therefore, when the R value was 1:1, the single-
phase cryptomelane was synthesized with Na* as the
background cation. However, with Mg?* as the back-
ground cation, the surface mineral of kaolinite was a
mixture of cryptomelane and birnessite. The amount
of Mn oxide synthesized under various background
cations differs slightly. The Mn content when Mg>*
was the background cationt was generally smaller
than in the background cations of Na*, which may
be attributed to the delayed crystallization rate of the
system with Mg?*. Birnessite crystallization occurs in
three stages: an induction period, a fast crystallization
period, and a steady-state period (Luo et al., 1997).
The induction period with Mg?* was longer than that
of the Mg>* free synthesis; thus, the amount of Mn
was smaller with the coexisting Mg?".

Increasing the temperature can shorten the induc-
tion period and increase the crystallization rate (Luo
et al,, 1997). In the present study, only birnessite
formed on the surface of kaolinite over the tempera-
ture range 30 to 110°C. This suggested that increas-
ing the temperature within a certain temperature
range (30—110°C) was conducive to the formation of
birnessite on the surface of kaolinite. The temperature
affected the Mn content in minerals; the Mn content
in complexes increased gradually with increasing
temperature (Fig. 7).When the temperature was low,
the crystallinity of birnessite was obviously impeded,
while high temperature accelerated the crystalliza-
tion rate (Luo et al., 1997). As a result, birnessite
formed quickly and had a larger Mn content at higher
temperature.

Mn oxides in soil are not only observed com-
monly in nodules containing high concentrations of
the oxides of Fe and Mn, but also often occur coated
or stored on the surface of clay minerals such as kao-
linite in the form of colloidal films or fine particles
(Choi et al., 2009; Khan et al., 2015; Liu et al., 2021;
McKenzie, 1972). Studies have shown that mineral
surfaces, such as Fe (oxyhydr)oxides, can acceler-
ate the oxidation of Mn** to form Mn oxides to a
certain degree (Jung et al., 2020, 2021; Lan et al.,
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2017). Kaolinite is an insulating mineral, which may
provide a surface on which to precipitate the Mn
oxides via heterogeneous nucleation. SEM images
(Fig. 2) demonstrated the uniform distribution of
birnessite/cryptomelane on the surface of kaolinite.
This is similar to a previous report (Won et al., 2020)
which showed that kaolinite particles may play a role
as nucleation sites and promote the heterogeneous
nucleation of calcite.

Conclusions

The Mn oxide minerals formed on the surface of
kaolinite particles were affected by the initial molar
ratio of Mn*" to Mn’* (R). When R was 1:0.67,
the product contained both birnessite and crypto-
melane, while when R was 1:1, the product was
single-phase cryptomelane, and single-phase birnes-
site was formed when R was 1:2 and 1:4. As the R
value was decreased, the Mn content in the minerals
increased. Background cations also affected the type
of Mn oxide formed on the surface of kaolinite. The
Na* ion promoted birnessite transformation by disso-
lution/recrystallization to cryptomelane, while Mg>*
had no obvious effect. Furthermore, the Mn content
in the background Mg?" cation solution was generally
less than in the Na* solution. The synthesis tempera-
ture had no effect on the type of Mn oxide mineral
formed, but Mn content increased as the temperature
was increased. When the amount of kaolinite added
was increased from 0.25 to 5.0 g, the Mn oxide min-
erals synthesized were transformed gradually from
birnessite to cryptomelane. With an increase in kao-
linite content, the relative mass ratios of kaolinite
to Mn oxide in the end products was calculated as
1:4.67, 1:2.34, 1:0.63, 1:0.53, and 1:0.28.
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