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A B S T R A C T

Mn oxides (MnOx) are ubiquitous metal oxide minerals in nearly all environmental settings. They play important
roles in the transport and fate of many environmental components such as metals, organics, and nutrients. In the
presence of dissolved Mn(II), MnOx phases can undergo ripening and transformation, resulting in the formation
of phases with higher structural order, thus strongly affect the reactivity of MnOx over extended time scale. In
natural environments, metal cations can strongly interact with MnOx through mechanisms such as sorption,
incorporation, and/or coprecipitation, yet much still remain unknown about the effect of metal coprecipitation
on the transformation of MnOx. This study investigates the effects of Zn coprecipitation on Mn(II)-induced
reductive transformation of birnessite, a common MnOx mineral phase. Pure and Zn-coprecipitated acid bir-
nessite phases were synthesized and their transformation kinetics and pathways in the presence of Mn(II) was
investigated under oxic or anoxic conditions. During the transformation process, Zn-coprecipitated birnessite
showed higher capability toward Mn(II) uptake, likely due to smaller particle size and the fast consumption of
Mn(II) and precipitation of a new phase hetaerolite. The formation of an intermediate phase, feitknechtite, was
faster for Zn-coprecipitated birnessite than pure birnessite, which is the opposite of Zn-sorbed birnessite system.
Transformation from the intermediate phase feitknechtite to the final stable phase manganite was slower for Zn-
coprecipitated birnessite, due to the lower Mn(II) concentration which catalyzed the transformation. This study
revealed the importance of understanding the influence of metal cation impurities on the structural stability and
long term reactivity of Mn oxide minerals.

1. Introduction

Mn oxides (MnOx) are ubiquitous metal oxide minerals in nearly all
environmental settings, such as fresh waters, marine nodules, soils, and
sediments (Bodeï et al., 2007; Bargar et al., 2009; Lanson et al., 2008).
They are generally produced through the oxidation of Mn(II), and this
process is much faster when catalyzed by mineral surfaces, micro-
organisms (Tebo et al., 2004), or reactive oxygen species (ROS)
(Learman et al., 2011; Jung et al., 2017a, 2017b). Microorganisms are
highly effective in catalyzing MnOx production (Learman et al., 2011;
Jung et al., 2017a, 2017b; Murray et al., 2007; Bargar et al., 2005), and
the initial biogenic MnOx are typically highly reactive hexagonal
phases with high surface area, negative surface charge, and large
amount of vacancy sites (Tebo et al., 2004). Dissolved Mn(II) can react
with structural Mn(IV) to produce Mn(III) (Bargar et al., 2005; Zhu
et al., 2010; Tang et al., 2014; Zhao et al., 2016), resulting in the ri-
pening and transformation of the hexagonal birnessite phases and the
formation of phases with different symmetry (i.e. triclinic birnessite) or

oxidation states (i.e. Mn(III)-bearing oxides and hydroxides) (Webb
et al., 2005; Post, 1999). Such reductive transformation can strongly
affect the sorptive and redox reactivity of the MnOx. For example,
newly produced Mn(III) can incorporate at the vacancy sites of MnOx
and decrease the sorption capacity toward metal cations (e.g. Pb, Cu,
Zn, and Cd) (Wang et al., 2012). Mn(III)-bearing minerals are less re-
active compared to Mn(IV)-bearing minerals toward the adsorption of
As(III, V) (Zhu et al., 2009). The availability of Mn(III) in MnOx
structure is also important during the oxidation of Cr(III) by MnOx
(Landrot et al., 2012; Nico and Zasoski, 2000).

The reductive transformation process is controlled by factors such as
dissolved Mn(II) concentration, pH, and the presence of oxygen (O2). At
low Mn(II) concentrations, biotic and abiotic hexagonal birnessite can
react with Mn(II) to form Mn(III), which can order within the layer and
change the layer symmetry from hexagonal to triclinic (Bargar et al.,
2005; Zhu et al., 2010; Zhao et al., 2016). With higher Mn(II) con-
centration and under anoxic conditions, such reductive transformation
can lead to the formation of manganite (γ-MnOOH) at pH 7.0–8.0 and
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hausmannite (MnIIMnIII2 O4) at pH 8.0–8.5, both with the presence of an
intermediate phase feitknechtite (β-MnOOH) (Elzinga, 2011; Lefkowitz
et al., 2013). Under oxic conditions, hexagonal birnessite can react with
concentrated Mn(II) and precipitate nsutite (γ-MnIII,IV(O,OH)2) and
ramsdellite (MnO2) at pH 2.4, cryptomelane (K1.3–1.5MnIII,IV8 O16) at
pH 4.0, groutite (α-MnOOH) at pH 6.0, and feitknechtite and manganite
at pH 7–7.5 (Tu et al., 1994; Mandernack et al., 1995). The presence of
oxygen generally increases the uptake of Mn(II) by birnessite, due to
mineral-surface catalyzed oxidation of Mn(II) by O2 in addition to the
direct electron transfer reaction between Mn(II) and birnessite (Elzinga,
2011; Lefkowitz et al., 2013).

Birnessite minerals have high affinities for metal cations due to their
low point of zero charge (PZC) (Tebo et al., 2004; Spiro et al., 2009)
and negatively charged surface across a wide range of pH conditions.
Adsorbed and/or incorporated metal impurities in birnessite are likely
to affect the above-mentioned transformation processes. A few studies
have examined the effects of metal sorption and/or presence on the
reductive transformation process. Ni adsorption on biogenic birnessite
(Zhu et al., 2010) was shown to inhibit the formation of Mn(III) and
favor the hexagonal symmetry; whereas Na and Ca presence during the
transformation of biogenic MnOx can stabilize layer Mn(III) and favor
the triclinic symmetry (Zhu et al., 2010). Zn adsorption on birnessite
was found to slow down the transformation from birnessite to feit-
knechtite under anoxic condition (Lefkowitz and Elzinga, 2015).

Coprecipitation of metal cations (e.g. Ni, Zn, Fe, and Co) is known to
modify birnessite structural properties (e.g. average oxidation state,
surface area, vacancy site density) (Yin et al., 2015a, 2013, 2014, 2012,
2011). For example, Zn coprecipitation with fungal MnOx was shown to
interrupt layer stacking and result in thinner flake-shaped particles (Yu
et al., 2013). Our recent study also showed that Zn coprecipitation with
abiotic phyllomanganates (δ-MnO2 and birnessite) resulted in reduced
layer stacking and/or lateral layer size (Zhao and Wang, n.d.). Such
effects, though previously observed for Zn adsorption on MnOx
(Grangeon et al., 2012), were not as significant as the Zn coprecipita-
tion system (Zhao and Wang, n.d.). Yet, despite the commonly observed
structural modifications induced by metal coprecipitation with MnOx
and the obvious environmental relevance, no studies have investigated
how the structural modifications caused by metal coprecipitation would
influence the long-term reductive transformation processes of MnOx.

In this study, we systematically compared the Mn(II)-induced
transformation kinetics and pathways of pure and Zn-coprecipitated
birnessite, and compared the effects to a previous study on the trans-
formation of Zn-adsorbed birnessite (Lefkowitz and Elzinga, 2015). The
roles of light and oxygen were also investigated by conducting experi-
ments under light vs. dark conditions and oxic vs. anoxic conditions. To
our knowledge, this is also the first study on the effects of Zn-birnessite
interaction on birnessite reductive transformation under oxic condi-
tions. Results from this study can help understand how metal impurities
affect the long-term stability and reactivity of Mn oxides, thus Mn
geochemical cycling in natural environments. For example, the for-
mation of intermediate Zn-containing MnOx mineral phases as well as
the overall transformation kinetics and pathways might significantly
affect the sorptive and redox activities of the MnOx phases over ex-
tended time, and might also affect microbial anaerobic respiration of
these oxides depending on the redox reactivity of the products.

2. Methods

2.1. Synthesis of pure and Zn-coprecipitated acid birnessite

Acid birnessite was synthesized following a previous study
(Villalobos et al., 2003) by adding 45mL of 6M HCl to a boiling 300mL
of 0.667M KMnO4 solution under vigorous stirring. For Zn-coprecipi-
tated birnessite samples, calculated amount of ZnSO4 was mixed with
the HCl solution before the addition of KMnO4, to achieve Zn:Mntotal
molar ratio of 0.01, 0.1, and 0.2. These samples are labeled as 0.01

cppt, 0.1 cppt, and 0.2 cppt birnessite, respectively. At the end of re-
action, the suspension was allowed cooling down and settling. The
brown precipitates were collected by vacuum filtration (0.2 μm), wa-
shed and dialyzed with deionized (DI) water, and freeze dried. A por-
tion of the solids were digested by aqua regia and measured for Zn and
Mn concentrations using inductively coupled plasma–mass spectro-
metry (ICP-MS).

2.2. Mn(II)-induced transformation of birnessite phases

Parallel experiments were conducted to investigate the kinetics and
pathways of Mn(II)-induced reductive transformation of pure and Zn-
coprecipitated birnessite under oxic or anoxic conditions. For oxic ex-
periments, 20mg of pure or Zn-coprecipitated birnessite was suspended
in a 200-mL solution containing 20mM HEPES and 10mM NaCl, with a
solids/liquid ratio of 0.1 g/L. pH of the suspension was adjusted to 7.5
using NaOH and HCl solutions. The suspension was ultrasonicated for
3min and equilibrated for 3 h by shaking at 150 rpm. To initiate the
reaction, 200 μL of 1M MnSO4 stock solution was added to the sus-
pension to achieve 1mM Mn(II) concentration. Reaction bottles were
consistently agitated on an orbital shaker at 150 rpm for 18 days. At
certain time point, aliquots of the reaction suspension were collected
and vacuum-filtered (0.22 μm). Mn(II) concentration in the filtrate was
determined using a colorimetric method (Madison et al., 2011) using a
UV–vis spectrometer (Cary 60, Agilent). Zn concentration was analyzed
using ICP-MS. Filtered solids were repeatedly rinsed with DI water and
freeze-dried for later structural characterization. For anoxic experi-
ments, all reactions were conducted inside a glove box (Coy) filled with
95% N2 and 5% H2. All solutions used for the experiments were boiled
and cooled down under N2 bubbling before transferring into the glove
box. The transformation experiments above were conducted under dark
conditions (bottles wrapped with aluminum foil). To investigate the
potential influence of Mn oxide photo-reduction, the effect of light was
also investigated using transparent plastic bottles under ambient lab
lighting with other conditions same as above.

2.3. Solid phase characterization

A suite of complementary techniques were used to analyze the
morphology and structure of the pure and Zn-coprecipitated birnessite,
as well as their transformation products. X-ray diffraction (XRD) ana-
lysis was conducted using a Panalytical Empyrean multipurpose dif-
fractometer with Cu Kα radiation and a PIXcel 3D-Medipi×3 1×1
detector. Freeze-dried samples were placed on a zero-background
holder, and data collection was conducted at 0.03° 2θ interval with 4 s
counting time per step. Fourier transformed infrared (FT-IR) spectro-
scopy analysis was conducted on a Bruker Vertex 80 V spectrometer
using KBr pellets at 800–1250 cm−1. FTIR spectra were normalized by
the highest peak intensity in each spectrum, according to previous
studies (Elzinga, 2011; Lefkowitz et al., 2013; Lefkowitz and Elzinga,
2015). High resolution transmission electron microscopy (HRTEM)
analysis was conducted on a JEOL 2010F TEM. Solid samples were
suspended in ethanol and ultrasonicated for 1min, then a single drop of
the suspension was added on a 200-mesh Cu grid with a holey-carbon
support film and air dried. Image focus was obtained on the carbon film
adjacent to the particles of interest to avoid beam damage, then the
beam was moved to the sample for image collection.

For Mn and Zn K-edge XAS analysis, wet pastes of the synthesized
birnessite samples were vacuum filtered using a 0.22 μm membrane,
rinsed with DI water, and mounted in an acrylic sample holder covered
with Kapton tape. Samples were stored at −20 °C before analysis. XAS
experiments were conducted at Beamline 4-1 at Stanford Synchrotron
Radiation Lightsource (SSRL, Menlo Park, CA) and beamlines 5-BM-D
and 12-BM-B at Advanced Photon Source (APS; Argonne National
Laboratory, Lemont, IL). Energy calibration used the corresponding Mn
or Zn metal foil. Spectra of reference foils were collected
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simultaneously with sample scans. XAS data were collected in both
fluorescence and transmission mode at room temperature using a
Vortex detector (APS 5-BM-D) or a 13 element Ge solid-state detector
(APS 12-BM-B and SSRL 4-1). Both X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) data
were collected. Reference compounds (feitknechtite, manganite, pure
and Zn-substituted hausmannite and hetaerolite) were from Lefkowitz
and Elzinga (2015).

XAS data processing and analysis used the programs SIXpack (Webb
et al., 2005) and Ifeffit (Ravel and Newville, 2005). Multiple scans
(2–6) were energy calibrated and averaged for further analysis. Prin-
cipal component analysis (PCA) was conducted on the normalized
sample spectra to determine the number of components needed for
obtaining reasonable fits. Using the corresponding reference compound
spectra library, target transformation (TT) was conducted to determine
appropriate candidate compounds. Linear combination fitting (LCF)
was conducted on the EXAFS region. Combinations of TT-determined
candidate compounds were used, and the goodness of fit was de-
termined by R-factor. Fits with smallest R-factors were used.

3. Results and discussion

3.1. Effects of Zn-coprecipitation on birnessite properties

HRTEM images of pure and 0.2 cppt birnessite samples are pre-
sented in Fig. 1. Both samples contain low crystallinity particles with
heavy aggregation, making it difficult to directly measure particle size.
In general, thinner nano-sheets were observed in Zn-coprecipitated
birnessite samples compared to pure birnessite sample. XRD patterns of
the unreacted samples were shown in Fig. 2 (reaction t= 0). The peaks
(001) and (002) at ~13° (labeled as “B”) and 24° in pure birnessite
sample can provide an overall estimation of the thickness of birnessite
particles. With Zn coprecipitation, both peaks became lower and
broader, indicating less layer stacking. A previous study also reported
that Zn inhibited fungal Mn oxide growth and resulted in thinner par-
ticles (Yu et al., 2013). Grangeon et al. (2012) found that Zn sorption
onto δ-MnO2 caused mineral dissolution and smaller lateral coherent
domain size. Zn might also cause smaller lateral layer size in the Zn-
coprecipitated samples which requires more detailed XRD model fitting
as described in previous studies (Grangeon et al., 2012). Coprecipita-
tion of other heavy metals (e.g. Ni, Co, Cu, and Fe) has also been pre-
viously shown to influence the crystallization of abiotic (Yin et al.,
2013, 2012, 2011; Grangeon et al., 2012) and biotic (Yu et al., 2013)
birnessite, producing birnessite particles with less stacking layers and/
or smaller lateral layer dimension, i.e., overall smaller particle size.

Both pure and Zn birnessite solids were analyzed by digestion and

ICP-MS to obtain the Zn and total Mn contents (Table 1). Mn content
barely changed by Zn coprecipitation, while K content was significantly
reduced. Interestingly, the reduced K content (~0.23mM) was almost
twice of the structural Zn (~0.12mM), which is expected for a direct
cation exchange mechanism that maintains the same interlayer charge.
Previous studies showed that adsorbed (Lanson et al., 2002; Manceau
et al., 2002; Kwon et al., 2013) or coprecipitated (Yu et al., 2013) Zn
did not substitute for Mn atoms in the layer, but was adsorbed above or
below the layer vacancy sites, replacing interlayer K (Lanson et al.,
2002), and have minimum effects on Mn contents. With the same bir-
nessite concentration (0.1 g/L) in both pure and Zn coprecipitated
systems, total Mn content in the solids were almost the same.

3.2. Transformation of pure birnessite under anoxic condition

When Mn(II) reacted with pure birnessite under anoxic condition,
Mn(II) can instantly sorb onto birnessite vacancy sites at interlayer and
edge regions, replacing other previously sorbed cations (e.g. Zn2+)
before further reactions occur (Elzinga, 2011; Lefkowitz and Elzinga,
2015; Villalobos et al., 2014). This is consistent with the observed fast
decrease of Mn(II) concentration after adding Mn(II) to both pure and
Zn-coprecipitated birnessite systems (Fig. 3A). Fig. 2 shows the XRD
data of solid products during the 18-day transformation process. After
Mn(II) addition, peak B decreased along with the growth of other peaks,
indicating that adsorbed Mn(II) reacted with birnessite and produced
new mineral phases. Previous study also found that HEPES buffer can
cause partial dissolution of birnessite and production of Mn(II) (Elzinga
and Kustka, 2015). After comparison with XRD spectra of reference
compounds (details in Text S1 and Fig. S1), the growing peaks belong to
feitknechtite (β-MnOOH), which indicates electron transfer from Mn(II)
to structural Mn(IV), producing Mn(III)-containing mineral phase (Eq.
(1)), consistent with the results of previous studies (Elzinga, 2011;
Lefkowitz et al., 2013; Lefkowitz and Elzinga, 2015). The two bands at
1067 and 946 cm−1 in FT-IR spectra (Fig. 4), resulting from OH
bending, (Elzinga, 2011; Lefkowitz et al., 2013; Lefkowitz and Elzinga,
2015) confirm the existence of feitknechtite. Feitknechtite production
likely continuously decreased Mn(II) concentration in the following
5 days under anoxic condition.

+ + → +
+ +Mn MnO 2H O 2β‐MnOOH 2H2
(aq) 2(s) 2 (s) (aq) (1)

Mn(II) concentration reached a steady state after 5 days and stay
unchanged (~0.44mM) in the next 13 days. Peak “F” gradually dis-
appeared with the growth of new peaks such as the peak “M” at ~29°.
These new peaks belong to a more stable Mn(III)-containing phase
manganite (γ-MnOOH, Eq. (2)). Three appearing bands at 1150, 1116,
and 1087 cm−1 in FT-IR data (Elzinga, 2011; Lefkowitz et al., 2013;

Fig. 1. HRTEM images of pure and Zn-coprecipitated birnessite samples.
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Lefkowitz and Elzinga, 2015) confirmed the transformation from feit-
knechtite to manganite (Elzinga, 2011; Lefkowitz et al., 2013;
Lefkowitz and Elzinga, 2015). This process does not consume Mn(II),
resulting in a sustained Mn(II) concentration from day 5 to 18. The ratio
between initial Mn(II) (1 mM) and Mn(IV) concentrations (0.76 mM) is
larger than the 1:1 Mn(II)/Mn(IV) stoichiometry in Eq. (1), but
~0.20mM Mn(IV) remained in the solids after 18-day reaction

(Table 1). This is probably due to the newly formed Mn-bearing phases
preventing the further reaction between birnessite and Mn(II).

→β‐MnOOH γ‐MnOOH(s) (s) (2)

Fig. 2. XRD spectra of pure (black) and 0.2_cppt Zn-
coprecipitated birnessite (red) samples after reaction
under (a) anoxic or (b) oxic conditions at pH 7.5 for
18 d. “B”, “F”, “M” and “H” indicate the peak posi-
tions for birnessite, feitknechtite, manganite, and
hetaerolite, respectively. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Concentrations of dissolved Mn(II) in the reaction solution (measured by colorimetric method), as well as the concentrations of total Mn in birnessite, Zn, and K
(measured by ICP-MS) in pure or Zn-coprecipitated birnessite samples before and after 18 d reaction under anoxic or oxic conditions. To better compare with
dissolved Mn(II) concentration, concentrations of total Mn, Zn, and K in birnessite were converted to mM by normalizing the contents by total liquid volume.

Reaction condition Birnessite phase [Mn(II)]aq (mM) [Mn] in birnessite (mM) [Zn] in birnessite (mM) [K] in birnessite (mM)

t=0 t= 18 d t= 0 t= 18 da

Anoxic Pure 1.0 0.44 0.76 0.20 0 0.27
0.2 cppt 1.0 0.26 0.72 0 0.12 0.04

Oxic Pure 1.0 0.09 0.76 – 0 0.27
0.2 cppt 1.0 0.11 0.72 – 0.12 0.04

a The total Mn remaining in birnessite at day 18 was calculated according to dissolved Mn(II) concentration and Eq. (1).

Fig. 3. Concentrations of dissolved Mn(II) and Zn(II) in the reaction suspension during the reductive transformation of pure or 0.2 cppt-birnessite under (A) anoxic
and (B) oxic conditions at pH 7.5.
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3.3. Transformation of pure birnessite under oxic condition

Under oxic conditions, Mn(II) concentration quickly decreased
during the first few days, similar to the observed trend under anoxic
condition (Fig. 3B). This fast decrease was mostly attributed to Mn(II)
adsorption and reaction with birnessite. Mn(II) concentration con-
tinuously decreased, compared to reaching a steady state concentration
under anoxic condition. The continuous removal of Mn(II) from the
solution was likely due to surface-catalyzed oxidation of Mn(II) by
oxygen under oxic conditions (Eq. (3)) (Elzinga, 2011; Lefkowitz et al.,
2013; Lefkowitz and Elzinga, 2015). Mn(II) oxidation by oxygen is ki-
netically slow at neutral pH (Tebo et al., 2004), but can become faster
when catalyzed by Mn-oxide mineral surfaces (i.e., birnessite and feit-
knechtite in this study) (Lefkowitz et al., 2013). At day 9, both the XRD
patterns (Fig. 2) and the normalized FT-IR spectra (Fig. 4) showed a
higher content of feitknechtite but little manganite under oxic condi-
tion, as compared to the results under anoxic condition. At day 18, a
significant amount of feitknechtite remained in the oxic system,
whereas nearly all feitknechtite were transformed to manganite at day
9 under anoxic condition. This is because feitknechtite was produced
through Mn(II) oxidation by both birnessite (i.e. direct oxidation) and
oxygen (i.e. mineral catalyzed oxidation) in the oxic system, whereas
Mn(II) oxidation was only through birnessite (direct oxidation) in the
anoxic system (Elzinga, 2011; Lefkowitz et al., 2013; Lefkowitz and
Elzinga, 2015).Under oxic condition, feitknechtite was continuously
produced in the presence of both oxygen and mineral surfaces

throughout 18 days, whereas under anoxic condition the production
stopped at ~day 5. In addition, the transformation from feitknechtite to
manganite was also catalyzed by Mn(II). Low Mn(II) concentration
(after day 5) might have accounted for the slow transformation of
feitknechtite to manganite under oxic condition.

+ + → +
+ +4Mn O 6H O 4β‐MnOOH 8H2
(aq) 2(aq) 2 (s) (aq) (3)

3.4. Transformation of Zn-coprecipitated birnessite under oxic and anoxic
conditions

Parallel experiments were conducted on pure and Zn-coprecipitated
birnessite under oxic vs. anoxic and light vs. dark conditions. Under
light vs. dark conditions, no significant difference was observed in Mn
(II) concentration (Fig. S3) and solid phase structure (Fig. S4). Under
oxic vs. anoxic conditions, the effects of Zn-coprecipitation on the
transformation process had similar trends, as discussed below.

3.4.1. Hetaerolite precipitation
Based on XRD data in Fig. 2 (t= 0), Zn-coprecipitation did not

cause the formation of additional phases other than birnessite. The k3-
weighted Zn EXAFS data and Fourier transformed spectra of 0.2_cppt
birnessite sample are shown in Fig. 5. Shell-by-shell fitting results in our
recent study (Zhao and Wang, n.d.) showed that Zn mostly existed in
octahedral configuration and as surface adsorbed species. In previous
studies (Lefkowitz and Elzinga, 2015; Hinkle et al., 2017), it was shown
that Zn(II) and Mn(II) can strongly compete with each other during
adsorption. Pre-adsorbed Zn(II) can decrease birnessite sorption capa-
city toward Mn(II) at pH 6 (Lefkowitz and Elzinga, 2015). At low Mn(II)
loading, Mn(II) can replace pre-adsorbed Zn(II) on birnessite and δ-
MnO2 vacancy sites at pH 4 (Hinkle et al., 2017). However, in this study
with high Mn(II) concentration (1mM) and higher reaction pH (7.5), no
desorbed aqueous Zn was observed in both anoxic and oxic systems
throughout the 18-day reaction, even within the first few minutes
(Fig. 3). On the other hand, compared to pure birnessite system, Zn-
coprecipitated birnessite showed a much higher Mn(II) sequestration
rate under both anoxic and oxic conditions. Under anoxic condition, a
lower steady state Mn(II) concentration was reached after 5 days. Be-
cause Zn-coprecipitation produced birnessite phases with smaller par-
ticle size, the subsequent increase in surface area might have con-
tributed (at least partially) to the faster Mn(II) uptake as compared to
the pure birnessite system.

Besides feitknechtite and manganite, XRD data of Zn-coprecipitated
birnessite samples showed additional peaks at ~18°, 29°, and 33° (Figs.
S1 and S3). These peaks correspond to a new phase hetaerolite
(ZnMnIII2 O4), formed by Zn coprecipitation with newly produced Mn
(III), as shown in Eq. (4). Hetaerolite production was previously ob-
served in systems involving Zn and Mn redox reactions (Lefkowitz and

Fig. 4. FTIR spectra of pure and Zn-coprecipitated birnessite samples after re-
action under anoxicor oxic conditions at pH 7.5. “F” and “M” stand for feit-
knechtite and manganite.

Fig. 5. k3-weighted Zn EXAFS (A) and Fourier transformed (B) spectra (not corrected for phase shift) of 0.2 cppt birnessite anoxic transformation products. Raw and
fitted data are in solid and dotted lines, respectively.
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Elzinga, 2015; Chang et al., 2014). The precipitation of hetaerolite also
consumed Mn(II) and Mn(IV) at a 1:1 ratio, same as feitknechtite pro-
duction in Eq. (1). Based on mass balance calculation (Table 1), the
reaction in pure systems was not complete. Both Mn(IV) and Mn(II)
remained at stable stage. In comparison, nearly all Mn(IV) in Zn-co-
precipitated birnessite was consumed after 18 days. Mn(III) in solutions
readily undergoes disproportionation into Mn(II) and Mn(IV) (Tebo
et al., 2004; Zhu et al., 2010; Murray et al., 1985). The precipitation of
feitknechtite and hetaerolite in this study removed Mn(III) from solu-
tions and preserved it. Previous study showed that hetaerolite acted as a
stronger sink of Mn(III) compared to feitknechtite (Lefkowitz and
Elzinga, 2015), consistent with the complete consumption of Mn(II) and
Mn(IV) in the anoxic Zn systems. The rapid precipitation of hetaerolite
relative to feitknechtite may be another cause of the faster Mn(II) up-
take by Zn coprecipitated birnessite.

+ + + → +
+ + +Mn MnO Zn 2H O ZnMn O 4H2
(aq) 2(s) 2 (aq) 2

III
2 4(s) (aq) (4)

Fig. 5 shows the k3-weighted Zn EXAFS data and Fourier trans-
formed spectra of initial Zn-coprecipitated birnessite and the transfor-
mation products under anoxic condition. Pure hetaerolite was also
plotted as a reference compound. Zn-coprecipitated birnessite and he-
taerolite showed distinct features at 6–12 Å in k space, especially the
peaks at ~6.5 and 8.5 Å. The evolution of both peaks suggested the
gradual transformation from surface adsorbed Zn to hetaerolite. Linear
combination fitting of Zn EXAFS was conducted using hetaerolite and
Zn-coprecipitated birnessite as end members, and the results are shown
in Fig. 6 and Table S1. The fitting results suggested a very fast trans-
formation, with more than 60% of the adsorbed Zn precipitated in
hetaerolite within the first 3 h. This is consistent with the strong Mn
(III)-removal ability of hetaerolite as discussed above. In k space EXAFS
spectra, the 3-hour sample already resembled the spectra of hetaerolite.
This fast transformation also explains why no desorbed Zn was detected
in the solution.

3.4.2. Effect of Zn coprecipitation on the formation of feitknechtite
“F” peaks in XRD (Fig. 2) and FT-IR (Fig. 4) spectra showed the

gradual production then consumption of feitknechtite along the 18-day
reaction time. The initial F peaks in XRD are stronger in Zn-coprecipi-
tation system under both anoxic and oxic conditions, indicating that
feitknechtite production is faster from Zn-coprecipitated birnessite than
from pure birnessite. In contrast to our results, Lefkowitz and Elzinga
(2015) conducted similar transformation study using Zn-sorbed bir-
nessite and found decreased feitknechtite precipitation rate in their Zn-

sorbed birnessite system. If there were no birnessite structure mod-
ification (e.g. Zn-sorption system), the presence of Zn can affect feit-
knechtite production under anoxic conditions in several ways. Firstly,
Zn sorption on birnessite surfaces could suppress Mn(II) sorption on
birnessite and subsequent electron transfer. In several previous studies,
pre-sorbed metal cation on MnOx surface modified surface charge and
blocked surface sites, preventing further reaction between birnessite
and other species. Ni coprecipitation with birnessite was found to de-
crease Pb and Zn adsorption on birnessite (Yin et al., 2012). Adsorbed
Zn on birnessite surface could slow down the oxidation of As(III) by
birnessite (Power et al., 2005). In our parallel study, Zn coprecipitation
with δ-MnO2 also suppressed Cd sorption on δ-MnO2 by neutralizing
negative δ-MnO2 surface charges and blocking vacancy sites (Zhao
et al., 2018). Secondly, the fast precipitation of hetaerolite (within
minutes) consumed the newly-produced Mn(III), acting as a stronger
Mn(III) sink than feitknechtite. Based on these two factors discussed
above, feitknechtite precipitation would not be favored in Zn-sorbed
birnessite system (i.e. no structure change to birnessite itself). There-
fore, the accelerated production of feitknechtite within the first 3 days
in our Zn-coprecipitation systems is like due to the birnessite structural
and morphological modification by Zn-coprecipitation (as discussed in
Section 3.1). Zn coprecipitation resulted in reduced birnessite particle
size and more exposed surface area, which possibly resulted in fast Mn
(III) production from the reaction between Zn-coprecipitated birnessite
and Mn(II). The accumulation of feitknechtite was thus more significant
in the Zn-coprecipitation system, despite the competition with hetaer-
olite precipitation. Previous studies showed that cobalt coprecipitation
with birnessite enhanced the oxidative capacity of birnessite toward As
(III) (Yin et al., 2011), and cobalt coprecipitation with cryptomelane
also enhanced Cr(III) oxidation (due to higher surface area and average
oxidation state) (Li et al., 2015). In this study, Zn-coprecipitated bir-
nessite exhibited enhanced uptake and oxidative capability toward Mn
(II), suggesting the potential enhancement of oxidative capacity of the
solid, which warrants further investigation.

Under oxic conditions, the faster feitknechtite formation in Zn-co-
precipitation system could also result from a faster mineral surface-
catalyzed Mn(II) oxidation by oxygen. Mn oxides have been widely
used as effective catalysts and the catalytic reactivity is influenced by
chemical composition and structure (Kim and Shim, 2010; Subbaraman
et al., 2012; Kang et al., 2017). Metal impurity in Mn oxides (e.g. alkali
(Kim and Shim, 2010; Kang et al., 2017), alkaline earth (Kim and Shim,
2010), and heavy metals (Yin et al., 2015b; Lin et al., 2001; Kang et al.,
2006)) can generally enhance the catalytic capacity of Mn oxides. The
mechanisms vary and are metal specific, such as expanded interlayer
distance by alkali cations (Kang et al., 2017), increased surface area and
average oxidations state by Fe (Yin et al., 2015b), and enhanced surface
hydroxyl group by Co (Yin et al., 2011; Kim and Shim, 2010). In this
study, the smaller particle size of the Zn-coprecipitated birnessite pos-
sibly enhanced the efficiency of the oxide for catalyzing Mn(II) oxidi-
zation by oxygen, contributing to the faster Mn(II) removal from so-
lution and feitknechtite production under oxic condition.

3.4.3. Effect of Zn coprecipitation on the formation of manganite
“M” peaks in XRD data (Fig. 2) showed continuous transformation

from feitknechtite to more stable manganite. This process did not
change Mn(II) concentration under anoxic condition (Elzinga, 2011).
Despite of modified kinetics of feitknechtite production and hetaerolite
precipitation in Zn-coprecipitation system, Mn(II) concentration
reached steady state at similar time (~5 days) as the pure birnessite
system (Fig. 3A). This suggests that the precipitation of both feit-
knechtite and hetaerolite was almost finished after ~5 days. Linear
combination fitting of Zn EXAFS data showed that ~90% of Zn pre-
cipitated as hetaerolite after 5 days, with continuous slow precipitation
until almost 100% of Zn was precipitated as hetaerolite at ~day 9. The
normalized FT-IR spectra of solids after 9 and 18-day transformation
are shown in Fig. 4. Almost all feitknechtite was replaced by manganite

Fig. 6. Fractional composition of 0.2 cppt birnessite transformation products
from linear combination fitting results of k3-weighted Zn EXAFS.
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in the pure birnessite system after 9 days. With increasing Zn/Mntotal
ratio from 0 to 0.2, the fraction of residual feitknechtite increased. After
18 days, manganite became the dominant phase in both pure and Zn-
coprecipitation systems. However, there were still some remaining
feitknechtite in the 0.2 cppt birnessite system, suggesting that in-
creasing Zn content slowed down the transformation to manganite. This
lower rate is likely due to the lower concentration of dissolved Mn(II) in
the Zn-coprecipitation system (Fig. 3), which was previously shown to
be proportional to manganite production rate (Elzinga, 2011).

Similar phenomena were also observed under oxic conditions where
more feitknechtite remained in the 0.2 cppt birnessite system than in
the pure birnessite system after 18 days. However, the dissolved Mn(II)
concentration was almost the same in pure and Zn-coprecipitation
systems from day 9 to 18, and this period was the primary time for
feitknechtite transformation to tunnel structured manganite. Several
factors might have contributed to the slow formation of manganite in
Zn-coprecipitation system. Lefkowitz and Elzinga found that feit-
knechtite transformation was prohibited by adsorbed Ni (Lefkowitz and
Elzinga, 2017). Metal cations such as Ni and Zn were also found to slow
down the transformation of ferrihydrite to more stable phases (e.g.
goethite and hematite) (Cornell, 1988; Ebinger and Schulze, 1990; Ford
et al., 1999). These studies suggested that Fe/Mn (oxyhydr)oxide
transformation were prohibited by the bonds between Fe/Mn and ad-
sorbed metals (Lefkowitz and Elzinga, 2017; Ford et al., 1999;
Giovanoli and Cornell, 1992). Similar mechanism might also preserved
feitknechtite in this study. Secondly, Zn might block feitknechtite sur-
face and compete with Mn(II) and interfere with the catalytic function
of Mn(II) in feitknechtite transformation to manganite (Lefkowitz and
Elzinga, 2017).

4. Conclusion and environmental implications

In this study, the effects of Zn coprecipitation on Mn(II)-induced
birnessite transformation was explored. Zn-coprecipitated birnessite
had smaller particle size compared to pure birnessite. During the in-
teraction with Mn(II), compared to the pure birnessite system, a new
Zn-containing mineral phase (hetaerolite) was formed in the Zn-co-
precipitation system, modifying the transformation pathway and in-
creasing Mn(II) removal and Mn(IV) consumption. Compared to Zn
sorption on birnessite, the Zn coprecipitation system showed different
transformation kinetics. Accelerated feitknechitite precipitation sug-
gested enhanced redox and catalytic reactivity of Zn-coprecipitated
birnessite. Compare to previous studies using pure MnOx, Zn-copreci-
pitation resulted in different phase (i.e. hetaerolite) with likely dis-
tinctive sorptive and oxidative properties and bioavailability.

Considering the common association of metal cations (e.g. Zn) with
MnOx in natural environments, further investigations are warranted to
explore the effects of metal-coprecipitation on MnOx structure mod-
ification and subsequent transformation kinetics and pathways, as well
as the influence of other common environmental factors (e.g. oxygen
level, pH, Mn(II) concentration) on the transformation process. Such
information can help better constrain the roles of MnOx in the fate and
transport of a range of nutrients and contaminants, as well as the Mn
cycle itself. In addition, because MnOx are also widely used as oxidants
and catalysts, the modified redox and/or catalytic property of metal-
coprecipitated MnOx can provide information on the design and se-
lection of targeting phases for environmental remediation and catalytic
applications.
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