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Abstract: The heterogeneous oxidation of Cr(III) to Cr(VI), a toxic inorganic anion, by a synthetic
birnessite (δ-MnO2) was investigated in batch reactions using a combination of analytical tech-
niques including UV–Vis spectrophotometry, microwave plasma–atomic emission spectrometry,
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared
spectroscopy (FTIR), to evaluate both the solution speciation of Cr(III)/Cr(VI) and the surface of
the reacted δ-MnO2. The formation of dissolved Mn(II) was determined during the batch reactions
to evaluate the extent and stoichiometry of the Cr(III) oxidation reaction. A stoichiometric 3:2
Mn(II):Cr(VI) molar relationship was observed in the reaction products. The reductive dissolution of
the δ-MnO2 by Cr(III) resulted in a surface alteration from the conversion of Mn(IV) oxide to reduced
Mn(II) and Mn(III) hydroxides. The results of this investigation show that naturally occurring Cr(III)
will readily oxidize to Cr(VI) when it comes in contact with MnO2, forming a highly mobile and toxic
groundwater contaminant.
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1. Introduction

Chromium (Cr), a common soil and groundwater contaminant, exists in several oxida-
tion states ranging from −2 to +6. Trivalent chromium (Cr(III)) and hexavalent chromium
(Cr(VI)) are the most common and stable states of Cr in soils [1–3]. The Cr(III) species is
less toxic and less mobile than the Cr(VI) species due to the solubility control imposed by
the precipitation of Cr(OH)3 in the neutral-alkaline pH found in many soils [4]. Oxidation
of Cr(III) to Cr(VI) increases the risk of human exposure to Cr and contributes to elevated
Cr(VI) in groundwater. Exposure to Cr(VI) compounds can cause allergic reactions, skin
irritation, respiratory irritation, asthma, and lung cancer [5,6]. The occurrence of Cr in soil
and groundwater can be from both anthropogenic sources, such as chrome alloy production,
chrome electroplating, ceramics manufacturing, and chromite ore processing [7], as well as
natural sources, which are primarily Cr(III)-bearing minerals in ultramafic rocks [8,9]. The
slow, long-term leaching of Cr-rich minerals can release dissolved Cr(III), which then can
react with soil mineral surfaces or precipitate as Cr(OH)3 [4].

Manganese(IV) oxides (MnO2) are natural, oxidizing soil minerals that are part of
an important pathway for the heterogeneous oxidation of reduced species in soil pore
waters [4,10]. A variety of MnO2 polymorphs exist with different structural frameworks
consisting of chains of Mn(IV) ions in MnO6 octahedral units shared by corners and/or
edges [11]. Crystalline and poorly crystalline MnO2 minerals exist in several forms such as
pyrolusite (MnO2), tunneled MnO2 (α-MnO2), rutile (β-MnO2), and birnessite (δ-MnO2).
All of these MnO2 minerals are capable of oxidizing a wide variety of soil contaminants,
including organic compounds such as phenol [12] and amine compounds [13,14]. Several
inorganic contaminants including silver nanoparticles [15], Cr(III) [16] and As(III) [17] are
also oxidized by MnO2.
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Though previous studies have shown that the oxidation of dissolved species by
MnO2 exists as a known pathway in geologic materials, the work presented here uses a
unique combination of solution- and solid-phase analysis to provide a complete picture
of the specific Cr(III) oxidation reaction. The objectives of this work are to (1) investigate
Cr(III) oxidation to Cr(VI) by the synthetic mineral birnessite (δ-MnO2), (2) elucidate
the stoichiometry of the Cr(III) oxidation reaction by analysis of the dissolved Mn, and
(3) investigate the effects of Cr(III) oxidation on the solid MnO2 surface using surface-
sensitive X-ray photoelectron spectroscopy (XPS) and bulk Fourier transform infrared
spectroscopy (FTIR).

2. Materials and Methods
2.1. Materials and Synthesis of δ-MnO2

All chemicals used in this study (KMnO4, HCl, CrCl3, Na2CrO4, MnCl2) were reagent
grade and were used as received. Ultra-pure deionized (DI) water (>18.2 MΩ·cm) was
used throughout this study. Synthetic potassium birnessite (δ-MnO2, hereafter MnO2) was
synthesized according to previous investigations [15]. Briefly, 1 L of heated (60 ◦C) 0.4 M
KMnO4 was reacted with 0.5 L heated (60 ◦C), concentrated HCl followed by storage in
dialysis tubing immersed in DI water for 14 d until the K+ concentration in the dialyzing
solution decreased to <0.005 mM K. The MnO2 solids were air-dried for 48 h under nitrogen
and gently crushed and sieved to a <150 µm particle size.

2.2. Characterization of δ-MnO2

The synthetic MnO2 was characterized by several methods including the determina-
tion of the K content of the solid MnO2 by X-ray fluorescence (XRF) spectrometry with an
Olympus-Innov-X Delta hand-held XRF analyzer, X-ray diffraction (XRD) with a Bruker
D8 Advance powder XRD (Cu Kα) equipped with an energy dispersive detector, and
scanning electron microscopy (SEM) with a Zeiss Ultra 55 SEM equipped with a Gemini
field emission column. The MnO2 samples were mounted on aluminum stubs with carbon
paint and heated at 80 ◦C for 20 min prior to SEM imaging. The images were collected
with a secondary electron in-lens detector. The MnO2-specific surface area was deter-
mined by single-point Brunauer–Emmett–Teller (BET) N2 adsorption using a Quantisorb Jr.
flow-through surface area analyzer (Quantichrome Corp., Boynton Beach, FL, USA).

2.3. Reaction of Cr(III) with Synthetic MnO2

Batch reactions containing Cr(III) (as CrCl3) or Cr(VI) (as Na2CrO4) and solid MnO2
were performed with Cr(III) and Cr(VI) solutions prepared in either 0.1 mM HCl or DI wa-
ter. The Cr treatment concentrations ranged between 0.10 and 1.0 mM Cr (5.40–54.0 ppm),
which is a range well above most naturally occurring Cr(III) and Cr(VI) found in ground-
waters [1]. The dissolved Cr–MnO2 suspensions were created by weighing 0.050 g MnO2
and adding 20.0 mL of a Cr(III)- or Cr(VI)-containing solution in round-bottom 40.0 mL
polycarbonate Oak Ridge-type centrifuge tubes. The suspensions were shaken (120 rpm)
and allowed to react for 48 h followed by centrifugation (5000 rpm, 10 min), filtering
(0.2 µm), and a pH measurement with a Mettler Toledo SevenCompact pH/ion meter S220
prior to UV–Vis spectrophotometric analysis. All samples were measured by UV–Vis spec-
trophotometry followed by pH adjustments to >7.5 with 1.0 M NaOH as later described.

2.4. Determination of Dissolved Cr(III), Cr(VI), and Mn(II)

The analysis and speciation of Cr(III)/Cr(VI) were performed by combining the
selective determination of Cr(VI) by UV–Vis spectrophotometry with the analysis of the
total Cr (Cr(III) + Cr(VI)) by microwave plasma–atomic emission spectrometry (MP–AES).
All UV–Vis spectrophotometric measurements were performed with a Cary 60 single-beam
UV–Vis spectrometer equipped with a xenon flash lamp using 4-sided, 1 cm quartz cuvettes.
The UV–Vis spectrophotometric measurements were then followed by an analysis of the
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total dissolved Cr and Mn with an Agilent 4200 MP–AES using the 357.68 and 403.075 nm
wavelengths for Cr and Mn, respectively.

2.5. Analysis of MnO2 Solids by XPS and FTIR

Cr-treated samples analyzed by XPS and FTIR spectroscopy included 0.50 g MnO2
reacted with 20 mL of 10 mM Cr(III) or Cr(VI) for 48 h, followed by 5 cycles of rinsing with
DI water. The samples were dried for 24 h at 80 ◦C and stored under N2 in a desiccator
until analysis (within 1 day). X-ray photoelectron spectroscopy (XPS) was used to analyze
pristine (unreacted) and Cr-treated MnO2 solid samples mounted on double-sided Cu tape.
The XPS analyses were performed with a Physical Electronics PHI5400 X-ray photoelectron
spectrometer with a Mg Kα X-ray source (20 mA and 15 kV) equipped with an ultra-high
vacuum chamber operating below 1×10−8 Torr. The X-ray beam was incident normal to
the sample and the hemispherical detector was oriented at 45◦ to the sample stage. High-
resolution C 1s, O 1s, Cr 2p, and Mn 2p line scans involved the collection of 80 sweeps
per element at a 0.1 eV/step energy resolution. Experimental binding energies (BEs) were
corrected for surface charging by the comparison of the experimental C 1s main peak
centroids to the theoretical C 1s line energy of 285.0 eV [18]. Binding energies and XPS peak
assignments were made on the C 1s corrected data with Gaussian–Lorentzian curve fitting
using AugerScan 3.0 software. A Thermo Nicolet NEXUS 470 FTIR spectrometer was used
to collect infrared absorption spectra. The dried, solid MnO2 (pristine and Cr-treated)
samples were mixed with dried KBr to achieve a solid concentration of 1% w/w and pressed
into semitransparent pellets with a stainless-steel pellet press.

3. Results and Discussion
3.1. Characterization of MnO2

The synthetic MnO2 prepared in this study consisted of a dark, blackish powder
similar to the “black birnessite” described previously [19]. Figure 1a shows a representative
example of a large ~8 µm MnO2 particle with a complex surface roughness. A higher
magnification image of this particle (Figure 1b) shows nanoscale plate-like structures
similar to images of synthetic birnessite in previous studies [20,21]. Previous synthesis
of potassium birnessite (KMnO2) has shown similar morphologies that consist of mostly
irregular, plate-shaped (100–200 nm) crystallites [22].
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The XRD pattern of synthetic MnO2 (Figure 2a) is consistent with a monoclinic bir-
nessite crystal structure (JCPDS 43-1456) with a C2/m space group. The XRD peaks at
2θ = 12.3◦ (7.19 Å), 24.8◦ (3.59 Å), and 37.1◦ (2.40 Å) are characteristic features of birnessite
materials with layered structures containing sheets of edge-sharing MnO6 octahedra with
an approximate interplane repeat distance of 7 Å [23,24]. The low intensity and broadening
of the XRD peaks are features of a poorly ordered MnO2 material and are similar to most
natural birnessite minerals [11]. Approximately one out of six Mn4+ octahedral sites are
unoccupied, creating Oh holes in the structure where Mn2+ and Mn3+ ions are positioned
above each unoccupied octahedral site [25]. A characteristic feature of the layered structure
of birnessite (δ-MnO2) is the cation and water exchange properties. The measured K+

ion content of MnO2 analyzed by XRF (Figure 2b) was 0.60 mmol g−1 (2.5% w/w), yield-
ing a molecular formula of K0.09MnO2.H2O. The specific surface area of the MnO2 was
32.0 m2 g−1, which compared favorably to a previous study of MnO2 prepared from the
same KMnO4/HCl method [26].
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3.2. UV–Vis Spectrophotometric Analysis of Cr(III) and Cr(VI)

The analysis and speciation of Cr(III) and Cr(VI) were carried out by UV–Vis spec-
trophotometry and the representative spectra are shown in Figure 3. The Cr(III) species
shows two broad UV–Vis absorbance peaks centered at 405 and 584 nm. The Cr(VI) (as
Na2CrO4) absorbance spectrum features two narrower peaks at 275 and 375 nm that are
distinct from Cr(III) due to their wavelength shift and narrow peak shape [27]. The behav-
ior of Cr(III) in aqueous solution is strongly affected by pH, temperature, and complexing
agents [28]. The pH of the solution is a critical parameter for both the qualitative and
quantitative analysis of Cr(III) and Cr(VI). The Cr(III) solutions contained 0.1 mM HCl
as a supporting electrolyte to maintain the Cr(III) species as a mixture of soluble hex-
aaqua/pentaaqua ions ([Cr(H2O)6]3+ + [Cr(H2O)5OH]2+) with a pKa = 4. The pronounced
difference in the sensitivity between Cr(III) and Cr(VI) is evident with Cr(VI) having a
300x greater molar absorptivity than Cr(III). The effect of pH on the Cr(VI) UV–Vis peak
is shown in Figure 4. Lowering the pH of the Cr(VI) solution from 7.30 to 3.08 causes a
pronounced decrease in the absorbance intensity as well as wavelength shifts from 275 to
260 nm and 375 to 355 nm in the Cr(VI) spectrum.

A plot of the absorbance change vs. pH overlaid on the pH-predominance diagram
for Cr(VI) (Figure 5) indicates a close relationship with the HCrO4

-/CrO4
2− aqueous

speciation and the importance of maintaining the CrO4
2− form in solution. For maximum

sensitivity and reliability of the Cr(VI) UV–Vis spectrophotometric measurement, a solution
of pH >7.5 must be maintained [27]. Thus all extracts were measured once by UV–Vis
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spectrophotometry, followed by an adjustment of the pH to >7.5 with 1.0 M NaOH and a
second UV–Vis spectrophotometry measurement to confirm the Cr(VI) concentration.
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3.3. Reaction of Cr(III) with Synthetic MnO2

Experiments on the oxidation of Cr(III) to Cr(VI) by MnO2 were accompanied by a
decrease in pH due to the following heterogeneous redox reaction [4]:

Cr3+ + 1.5 MnO2(s) + H2O→ HCrO4
- + 1.5 Mn2+ + H+ (1)

Evidence of the reaction in Equation (1) can be found from the release of dissolved
Mn2+ from the reductive dissolution of MnO2 and a corresponding pH decrease. An
example spectrum showing the UV–Vis absorbance spectrum of 0.37 mM Cr(III) reacted
with MnO2 is shown in Figure 6, with a final reaction pH = 3.0, displaying the characteristic
wavelength shift and intensity decrease of the Cr(VI) spectrum as shown in Figure 5.
Following centrifugation and filtering, the 0.37 mM Cr(III) + MnO2 reaction solution was
treated with milliliter quantities of 1.0 M NaOH to increase the pH to 7.5 and the resulting
Cr(VI) spectrum showed a close agreement with a 0.37 mM Cr(VI) standard (Figure 6). This
method was also employed for all Cr(III)– and Cr(VI)–MnO2 reactions in the 0.10–1.0 mM
Cr(III) treatment range. It was confirmed that quantitative oxidation of Cr(III) and recovery
of Cr(VI) was achieved in all Cr(III) treatments.

To visualize the Cr(III) oxidation reaction and provide an approximate time course
measurement, a set of samples containing 0.50 g MnO2 and 20 mM Cr(III) or Cr(VI) were
reacted in 5 mL glass vials for 4 h. Figure 7 shows the changes in the suspension during
the Cr(III) oxidation reaction and the similarities in the final mixtures. In Figure 7a, the
unreacted Cr(III) and Cr(VI) solutions are shown, followed by the addition of MnO2 at t = 0
(Figure 7b). After 2 h (Figure 7c), the solution is a mixture of approximately 30% Cr(III)
and 70% Cr(VI). After 4 h (Figure 7d), the Cr(III) oxidation is complete and 100% Cr(VI) is
recovered in solution.

The total dissolved Cr was determined by MP–AES to confirm the quantitative re-
covery of Cr in all the experimental solutions. A comparison of the results of the total
dissolved Cr by MP–AES and Cr(VI) by UV–Vis spectrophotometry is shown in Figure 8.
It is shown that Cr(VI) adsorption on MnO2 after the Cr(III) oxidation reaction was negli-
gible or undetectable. In control experiments where Cr(VI) was added directly to MnO2
suspensions over the same treatment range as Cr(III), a detectable amount of Cr(VI) ad-
sorption occurred yielding Cr(VI) surface loading of 0.70–0.78 µmol g−1. These results
agree with previous work on Cr(VI) adsorption showing a weakly adsorbed, outer-sphere
Cr(VI) adsorption mechanism on birnessite using extended X-ray absorption fine structure
(EXAFS) spectroscopy [16].
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The dissolved Mn(II) was analyzed to determine the agreement with the reaction
stoichiometry in Equation (1). Figure 9 provides the results of the recovery of total dissolved
Mn (as Mn(II)) by MP–AES over the Cr(III) treatment range. The dashed lines provide



Crystals 2021, 11, 443 8 of 13

the expected recovery of Mn(II) related to 1:1 and 1.5:1 Mn:Cr mol ratios. The upper
dashed line is the stoichiometric agreement with Equation (1) and the results suggest
partial Mn2+ ion adsorption on the reacted MnO2 surface. Assuming the stoichiometry
given in Equation (1), the estimated Mn2+ adsorption on the MnO2 surface is between
80 and 85 µmol g−1. The reactions in both 0.1 mM HCl and DI water were analyzed to
determine the effects of background electrolyte matrices, and a small, detectable increase
in recovered Mn(II) can be seen in the 0.1 mM HCl solutions. A Cr(VI)–MnO2 control
experiment revealed that negligible dissolved Mn arose from the Cr(VI) addition. This
provides direct evidence that the source of Mn(II) is the reductive dissolution of MnO2
surfaces coupled with Cr(III) oxidation to Cr(VI).
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3.4. XPS and FTIR Analysis of Cr(III)-Treated MnO2

XPS is a surface-sensitive technique for the determination of the elemental composition
and electronic states of solid materials. The C 1s, O 1s, Cr 2p, and Mn 2p lines were run
in high-resolution mode, and it was determined that Cr was not detectable in either the
Cr(VI)- or Cr(III)-treated MnO2 samples. In addition, the Cr(VI)-treated MnO2 sample did
not yield results that were significantly different from pristine MnO2, and the results are
not shown here.

The theoretical 285.0 eV C 1s line was used for absolute eV correction and a −3.0 eV
shift was applied to all the experimental lines in each scan. The C 1s-corrected O 1s core-
level spectra of unreacted (pristine) MnO2 and Cr(III)–MnO2 are shown in Figure 10. A
Gaussian–Lorentzian curve-fitting procedure was applied using a previously described
O species in birnessite [29] that includes structural oxide (Mn−O−Mn) at 530.1 ± 0.2 eV,
surface hydroxyl (Mn−OH) at 531.6 ± 0.2 eV, and adsorbed water (H2O) at 532.3 ± 0.1 eV
similar to previous investigations of synthetic MnO2 [18,29,30]. The results of XPS O 1s and
Mn 2p3/2 are provided in Table 1. All peak widths at full width half maximum (FWHM)
were constrained to 1.5–2.0 eV during the fit procedure.

Table 1. O 1s and Mn 2p3/2 X-ray photoelectron spectroscopy (XPS) peak-fit results for MnO2 and
Cr(III)-treated MnO2.

O 1s Fits

Sample O species eV Intensity FWHM Area Area %
MnO2 Structural O2− 529.6 2468 1.89 4961 68.6

Surface OH 530.9 1024 1.82 2059 28.5
Adsorbed H2O 532.3 134 1.44 215 3.00

Cr(III) + MnO2 Structural O2− 529.6 2047 1.77 4040 57.2
Surface OH 530.9 1501 1.66 2778 39.4

Adsorbed H2O 532.3 144 1.5 241 3.4

Mn 2p3/2 Fits

Sample Mn species eV Intensity FWHM Area Area %
MnO2 Mn(II) 640.2 155 1.47 242 3.2

Mn(III) 641.5 340 1.13 409 5.4
Mn(IV) 642.1 2316 1.49 4295 57.0
Mn(IV) 643.4 1324 1.84 2593 34.4

Cr(III) + MnO2 Mn(II) 640.2 365 1.23 478 6.5
Mn(III) 641.5 662 1.26 888 12.0
Mn(IV) 642.1 1691 1.39 2502 33.9
Mn(IV) 643.4 1684 1.76 3155 42.7
Mn(IV) 644.7 225 1.5 359 4.9

The O 1s XPS spectra confirm that an alteration in the surface O speciation occurred due
to the reductive dissolution of the MnO2 surface. The “Area %” values in Table 1 provide
a quantitative analysis restricted to the surface region of MnO2. A distinct decrease in the
predominantly Mn−O−Mn structural O peak in unreacted MnO2 centered at 529.6 eV in
Figure 10a can be seen in the Cr(III)-treated MnO2 spectrum in Figure 10b. The decrease in
the proportion of the Mn−O−Mn structural O peak from 68.6 to 57.2% is associated with a
concurrent increase in Mn−OH surface hydroxyl from 28.5 to 39.4%, whereas the adsorbed
H2O peak was constant at ~3% between the two samples. These results are consistent with
previous studies on the stepwise reduction of MnO2 that yields an MnOOH species [4]

Mn 2p3/2 XPS peaks were Gaussian–Lorentzian curve-fit by constraining the binding
energies of the Mn(II), Mn(III), and Mn(IV) species to 640.4, 641.5, and 642.1 eV, respec-
tively (Figure 11). These binding energies are consistent with previous work on synthetic
MnO2 [29] and MnOx catalysts [31]. The unreacted MnO2 Mn 2p3/2 XPS spectrum in
Figure 11a is predominantly composed of the Mn(IV) species (57%), with smaller amounts
of 3.2 and 5.4% Mn(II) and Mn(III), respectively (Table 1). Additional Mn(IV)-fitted peaks
were added to account for a higher binding energy region associated with MnO2 Mn
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2p3/2 XPS spectra. After reaction with Cr(III), the pronounced change in the Mn 2p3/2
XPS spectrum (Figure 11b) is due to a decrease in the intensity of the Mn(IV) species with
increases in Mn(II) and Mn(III) (Table 1). This is consistent with a surface alteration where
Mn(II) and Mn(III) are produced during the reductive dissolution of Mn(IV) and become
part of the surface structures of Cr(III)-treated MnO2. The Mn2+ ion is restricted to the
MnO2 surface region [29] due to its relatively large ionic radius (0.81 Å, low spin) compared
with Mn4+ (0.67 Å).
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The results of FTIR analysis of the Cr-treated MnO2 solids over the entire 400–4000 cm−1

spectral range are shown in Figure 12a. All three samples show a strong band around
3450 cm−1 from interlayer hydrates and hydroxyl bound directly to interlayer metal ions [32].
This peak is the strongest in the Cr(III)-treated MnO2 samples, suggesting a greater de-
gree of interlayer hydration due to the Mn(IV) reduction and Mn(II)/Mn(III) formation at
the surface.
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Figure 12. FTIR absorbance spectra of unreacted MnO2, Cr(VI)-treated MnO2, and Cr(III)-treated MnO2 showing (a) the
entire 400–4000 cm−1 spectral range and (b) a magnified view of the Mn–O peak region (400–1000 cm−1) showing the effects
of Cr(III) and Cr(VI) treatment. The data in (b) were baseline-corrected and normalized to the spectral region at 800 cm−1.

The peak near the 1636 cm−1 band is attributed to O–H bending vibrations and the
strong band between 400 and 700 cm−1 is attributed to the Mn–O lattice vibrations [33,34].
An expanded view of the 503 cm−1 Mn–O vibrational band was created by baseline
correction and normalizing the spectra to the baseline region at 800 cm−1 (Figure 12b).
The pristine MnO2 and Cr(VI)-treated MnO2 have nearly identical spectra, except for
a lower intensity in the Cr(VI)–MnO2 sample band. The Cr(III)-treated MnO2 sample
displays a slight increase in the top region of the Mn–O vibrational band near 565 cm−1,
suggesting a portion of the structural Mn–O near the MnO2 surface was altered by reductive
dissolution along with an increased occupancy of Mn2+ and possibly Mn3+ in the surface
region. Overall, these spectroscopic results are consistent with a Mn(IV) oxide reductive
dissolution reaction occurring at the MnO2–water interface forming highly soluble Cr(VI)
and a stoichiometric amount of Mn(II) that is weakly adsorbed on the MnO2 surface.

4. Conclusions

In summary, the heterogeneous oxidation of Cr(III) to Cr(VI) by a synthetic birnessite
was studied using a direct speciation method combining UV–Vis spectrophotometry and
MP–AES. The reaction was characterized by both the Cr(III)/(VI) speciation and the
formation of dissolved Mn(II). The reaction very closely followed a stoichiometric 3:2
MnO2:Cr(III) molar relationship, causing a production of both Mn2+ and H+ in the reaction
solution. The reaction was accompanied by a significant surface alteration of the MnO2
solid due to the reduction of Mn(IV) and the formation of reduced Mn(II) and Mn(III) that
are associated with the MnO2 surface as an altered layer. An important result of this study
was the finding that a negligible adsorption of the Cr(VI) product on the synthetic MnO2
solids occurred. However, Mn(IV) oxides exist in several polymorphs and morphologies,
and thus other forms of MnO2 may sequester some Cr(VI). The formation of Cr(VI) in
natural environments from Cr(III) oxidation by MnO2 will likely result in mobile Cr(VI)
that will be transported in groundwater and may adsorb on other soil minerals, such as Fe
and Al oxides.
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