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A Mn oxide containing mine tailings, generated in the
Kalahari Mn fields, has been shown to oxidatively breakdown
acid azo dyes acid orange (A0) 7, acid red 88, acid red 151
and acid yellow 36 but not acid yellow 9. The total reducible Mn
content of the tailings is 33%, of which 3% is hydroquinone
extractable and thus easily reducible. The net oxidation state
of the Mn within the tailings is 3+. Decolorization of AO 7 by the
Mn tailings increases with decreasing pH. The decolorization
mechanismis initiated on the hydroxyl group of AO 7 and proceeds
via successive electron transfers from the dye molecule to
the oxide surface resulting in the asymmetric cleavage of the
azo bond. The reaction products have been identified as
1,2-naphthoquinone, 4-hydroxybenzenesulfonate, and coupling
products involving 1,2-naphthoquinone and benzenesulfonate
radicals. The AO 7: Mn(lll) reaction stoichiometry has been
tentatively calculated to be 1:3. The reaction shows longevity
with 95% decolorization still observed after 60 days of dye
replenishment. Further breakdown of 1,2-naphthoquinone and
4-hydroxybenzenesulfonate was not observed, thus these
compounds are considered to be the terminal reaction products
of the AQ 7- Mn tailings reaction.

Introduction

Textile industries produce large volumes of wastewater
polluted with dyes. It is estimated that between 10 and 15%
of manufactured dyes are lost in wastewater streams (I).
Within the compounds manufactured as dyestuffs, azo dyes
represent the largest class of dyes (2). The release of azo dyes
into the environment is undesirable not only for obvious
aesthetic reasons, but also because of the toxic and mutagenic
properties of many dyes (3). The removal of azo compounds
from textile waste streams is a pertinent issue in water
treatment and currently there is no single, economically
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attractive treatment that can effectively decolorize dyes (4).
Anaerobic treatment causes rapid decolorization but gener-
ally generates breakdown products which are more carci-
nogenic than the parent molecules (4). Advanced oxidation
processes such as ozonation (5), Fenton’s reagents (6) and
photocatalysis using UVradiation (7) have shown the capacity
to oxidatively decolorize dye solutions. The major drawbacks
of advanced oxidation processes are the high capital input
requirements and running costs.

White rot fungi are able to oxidatively decolorize a number
of acid azo dyes via peroxidase mediated reactions (8-12).
The active oxidant in many peroxidase mediated reactions
is complexed Mn(III) ions (13). The chelated Mn(IIl) acts as
adiffusible low molecular weight oxidant capable of oxidizing
alkyl, aromatic, and phenolic substrates (14).

Despite Mn playing a key role in certain peroxidase
mediated dye oxidation, little is known of the decolorization
capacity of Mn (IIT or IV) in its oxide form. Observations of
dye decolorization by Mn oxides have been made (15-18),
however, little is known about the reaction mechanisms
involved and the breakdown products formed.

Although the oxidizing potential of Mn (III and IV) oxides
is widely recognized the use of Mn oxides as an effluent
treatment technique has gained little recognition. The authors
have identified significant quantities of Mn oxide-containing
mine waste in the form of mine tailings material. The fine
(<2 mm) Mn tailings are generated in great volumes during
the mining operations of the Kalahari manganese fields (KMF)
situated in the Northern Cape Province of South Africa. The
KMEF represent the largest known Mn ore body in the world
and contains up to 135 different minerals, 59 of which are
Mn bearing (19).

The Mn tailings are generated during the ore extraction
and crushing operations and have undergone no chemical
processing thus the Mn oxides contained in the tailings are
derived directly from the ore deposit. This study demonstrates
the potential of the Mn tailings to oxidatively decolorize a
number of acid azo dyes (Structures given in Figure S1 of the
Supporting Information). The decolorization reaction for the
model dye AO 7 is discussed in detail.

Materials and Methods

Manganese tailings material was collected by taking com-
posite samples from the tailings dumps. The tailings were
dry at the time of collection. Details of the Mn tailings’
mineralogical, physical and chemical characterization are
given in the Supporting Information.

Decolorization Reactions. In this work, the term decol-
orization is used to describe the loss of absorbance in the
visible region (400—700 nm) of a UV—visible spectrum.
Percentage decolorization is calculated using the following
equation:

% decolorisation = (1-AA/AB)x100

Where AAis the absorbance after and AB is the absorbance
before the reaction, measured at the A, of the dye in the
visible region (20)

Five azo dyes (purchased from Sigma-Aldrich), acid yellow
9 (AY 9), acid red 88 (AR 88), acid red 151 (AR 151), acid
yellow 36 (AY 36) and acid orange 7 (AO 7) were reacted with
the Mn tailings in a pH 4 acetate buffer using a batch
procedure. Dye stock solutions at a concentration of 0.14
mM were prepared in a 0.2 M, pH 4 acetate buffer. A 40 mL
volume of stock solution was added to 2 g of tailings material,
weighed out into 50 mL centrifuge tubes. These suspensions
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were agitated on a reciprocal shaker set at 250 rpm. In all
cases, controls and blanks were prepared by omitting the
Mn tailings and the dye solution, respectively. At various
time intervals, specified in the corresponding figures, samples
were removed and centrifuged at 3000 rpm for 5 min. The
supernatants were analyzed using UV—visible spectrometry
(Varian Cary 50).

The effect of pH was established by reacting the tailings
with AO 7 at pH 9; 7; 5; 4; and 3. Samples were prepared by
weighing 2 g tailings material into 50 mL centrifuge tubes
and adding 20 mL deionized (DI) water. The pH of this slurry
was adjusted and held constant by addition of 0.1 M HCl
using a Metrohm 785 titrino autotitrator. Once the desired
pH was reached 2 mL of 1000 ppm dye stock solution
(prepared in DI water) was added to the suspension. After
reacting for 1 h, all sample volumes were adjusted to 40 mL
using DI. Samples were shaken for 10 s, centrifuged and the
supernatants filtered before analysis with UV—visible spec-
troscopy and High Performance Liquid Chromatography.
Soluble Mn concentrations were measured in the decolorized
dye solutions as well as in a series of pH adjusted blank
solutions using atomic absorption spectroscopy (AAS) on a
Varian SpectraAA 220FS spectrometer. Reaction rates were
determined at pH 4 and 6 by reacting the tailings with acetate-
buffered AO 7 dye solutions and blanks. Aliquots were
extracted and filtered at increasing time intervals and the
Mn concentration determined using AAS. The dye related
Mn release ([Mn]iss) was calculated by subtracting Mn release
in the dye treatments from Mn release in the blanks.

Liquid Chromatography. High Performance Liquid Chro-
matography (HPLC) was conducted using a Perkin-Elmer
Series 200 fitted with a Genesis, C-18 column (4.6 x 250 mm)
containing 4 um packed particles (Alltech, Deerfield, Ger-
many). Acetonitrile and 0.03 M, pH 7.7 ammonium carbonate
buffer were used as eluents. The pump program was set as
follows: isocratic 20% acetonitrile: 80% buffer held for 2 min;
grading to 100% acetonitrile over 10 min and held at 100%
for 7 min. The chromatograms were recorded at 254 and 484
nm. The diode array detector allowed for concomitant
recording of spectra from 200 to 600 nm. Dye concentrations
were determined from peak area-concentration curves,
plotted for a series of concentration standards (1.3 x 107 M
to 1.1 x 107 M).

Liquid chromatography—mass spectroscopy (LC—MS)
was conducted on two different systems depending on
instrument availability. In the first system, separation was
accomplished using a Surveyor HPLC system (ThermoFinni-
gan, Hemel Hempstead, UK) fitted with the same column
described above. LC—MS” was performed using a Finnigan
LCQ ion trap mass spectrometer equipped with an electro-
spray ionization interface (ESI) source operated in positive
or negative ion mode.

In the second system reversed-phase HPLC was ac-
complished using a Surveyor HPLC system (ThermoFinnigan,
Hemel Hempstead, UK) fitted with a Phenomenex, C-18
column (2.00 mm x 150 mm) containing 3 um packed
particles. LC—MS was performed using a ThermoFinnigan
LTQion trap mass spectrometer equipped with an ESI source
operated in positive or negative ion mode. Details of the
LC—MS settings for both systems are provided in the
Supporting Information. The major difference between the
two systems described above, is the first system allowed
secondary fragmentation patterns to be obtained of the most
intense ion detected in the initial scan, while in the second
system only one scan of the intact parent ions was obtained.

Results and Discussion

Tailings Characterization. The mineralogy of the KMF has
been well characterized (19), thus an extensive mineralogical
study was not required. The clay phase of the tailings is likely

TABLE 1. Percentage Decolorization of 5 Acid Azo Dyes
Reacted with the Mn Tailings for 2 and 24 h in a pH 4
Acetate Buffer

dye % decolorization (2 h) % decolorization (24 h)
acid orange 7 42 91
acid red 88 94 97
acid red 151 97 97
acid yellow 36 93 96
acid yellow 9 0 0

to be the most reactive in geochemical reactions, thus a brief
mineralogical survey was conducted of the clay fraction
extracted from tailings. X-ray diffraction data along with other
chemical and physical properties of the tailings is provided
in Table S1 of Supporting Information. The major mineral
phases identified include manganite, braunite, bixbyite,
hausmannite, birnessite, todorokite, hematite, and calcite
all of which have been identified within the KMF (19).
Although Mn carbonate minerals were not identified in the
clay extract, these minerals (e.g., kutnahorite and rhodo-
chrosite) have been identified in the KMF by previous workers
(19). The BET surface area analysis indicated a very low
surface area (2.4 m?-g!), which relates to the coarse texture
of the material (83.3% sand size fraction). Textural differences
within the tailings are a result of mechanical crushing during
ore excavation and milling processes. Major and selected
trace element concentrations measured in an aqua regia
extract are given in Table S2 (Supporting Information). The
low trace element concentrations in the Mn tailings suggests
that the material would be suitable for water treatment, as
it will not release unacceptable levels of toxic metals into
solution.

Despite the low surface area, the tailings show a high
reactivity with an easily reducible (hydroquinone (HQ) ex-
tractable) phase of 3% (w/w). The total reducible (dithionite
citrate (DC) extractable) phase is 33.3%. The high HQ and
DC extractable contents of the tailings suggest that the
material will have “quick” and “slow” release oxidizing
capacity. The difference between the Mn concentration
measured in the aqua regia extract (38%; Table S2) and that
measured in the DC extract represents the Mn phase
associated with carbonates and aqua regia soluble silicates.
The O/Mn ratio is 1.5 indicating an average Mn oxidation
state of 3+. The pH of the tailings is 8.8 and is likely to be
buffered by the carbonate minerals in the material.

Attempts to determine the surface charge potentiometri-
cally were unsuccessful on the whole tailings (<2 mm) due
to the pronounced buffer capacity, which required large
volumes of acid to adjust the pH below pH 4. Potentiometric
titration of the clay phase was also unsuccessful and a discrete
point of zero charge (PZC) could not be determined. Instead,
aflocculation technique was employed and visual observation
made to determine the pH at which the clay phase began to
flocculate (Figure S2 of the Supporting Information).

Amphoteric oxides have been shown to aggregate near
the pH of their PZC (21) where the electrostatic repulsion
between the particles is negligible. This may be expected to
be a discrete point for a single mineral phase, but for a mineral
compilation like the Mn tailings flocculation might be
expected to occur over a range of pH values. Clay particles
of the Mn tailings aggregate below pH 4, therefore we assume
that the PZC for the tailings is below pH 4. This seems
reasonable based on the low PZC often reported for Mn oxides
(22).

Decolorization Reactions. The percentage decolorization
of the five azo dyes after reaction with the tailings for 2 and
24 h is presented in Table 1. The UV—Visible spectra are
provided in Figure S3 (Supporting Information). Acid azo
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FIGURE 1. Concentration (mM) of (a) A0 7 and (b) soluble Mn after reacting the Mn tailings (HT tailings) for 1 h with 0.14 mM AQ 7
at pH 3, 4, 5, 7, and 9 presented with Mn release from pH adjusted blank samples.

dyes AR 88, AR 151, AY 36, and AO 7 all show near complete
(>90%) decolorization after reaction with the Mn tailings for
24 h (Table 1). There is no color removal of AY 9 (Table 1).
Acid yellow 9 is one of the most recalcitrant of the azo dyes
due to the arrangement of electron withdrawing substituents
(23). The UV—Visible spectra of the decolorized supernatants
from AR 88, AR 151, AY 36, and AO 7 show new peaks in the
UV region which persist after 28 days of reaction (Figure S3
of the Supporting Information), suggesting that alteration of
the dye molecules had taken place rather that color removal
via sorption of the dyes to the tailings surface. The structures
of AR 151, AR 88, and AO 7 all contain an OH functional
group on the aromatic ring (Figure S1 of the Supporting
Information), whereas AY 36 contains a phenylamine group.
Thus, it is likely that any transformations of AY 36 will follow
a chemical pathway different to that of the other dyes as will
be shown in a future communication.

Oxidative Breakdown of Acid Dye AO 7. Removal of color
from a dye solution can either be as a result of sorption
reactions or transformation of the parent molecule to
colorless breakdown products. The aim of this section was
to establish the processes involved in color removal of AO
7 by the Mn tailings. Acid orange 7 was chosen as a model
dye as it displays the “core-structure” of a number of
commercial dyes and thus has similar physiochemical
properties of the more complex dye compounds (24).

pH Treatments. The pH range investigated spanned from
pH 3 to 9. This pH range was chosen because the pH of the
tailings is close to 9 and acid dyes are applied in organic acid
buffers thus textile effluents are often acidic. A set of controls
(pH adjusted AO 7 solutions) were assessed by UV—Visible
spectroscopy to establish any pH-related color changes or
flocculation of the original dye over this pH range. No pH-
dependent wavelength shifts or concentration differences
were observed in the UV—Visible spectra of the controls.

A plot of AO 7 concentration for samples reacted with the
Mn tailings for 1 h at pH 3, 4, 5, 7, and 9 is given in Figure
la. The concentration of AO 7 in solution decreases as a
function of pH when reacted with the Mn tailings. Dye
removal is most pronounced below pH 5, and increases
linearly as pH decreases with 95% color removal achieved at
pH 3. Figure 1b shows the Mn concentration measured in
the decolorized dye and blank solutions. In both the blank
and treatment solutions, soluble Mn concentrations were
below detection limit above pH 7, but at lower pH soluble
Mn increases exponentially. This pH-dependent Mn release
from the blank samples is expected and can originate through
a number of factors including, dissolution of Mn carbonate
minerals, reductive dissolution of Mn oxides as the redox
potential of the oxides increases and/or release of Mn(II)
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ions housed in the Mn oxide mineral lattice via proton
promoted dissolution (25). There is large variation in the Mn
release both in the blank and the dye treatment below pH
4 and at pH 3 the difference between the Mn release in the
blank and dye treatment just fails a significance test at a 5%
confidence interval (P = 0.059). The reason for this large
variation most likely stems from the heterogeneous nature
of the tailings and it was noted that different acid volumes
and reaction times were needed to obtain the starting pH
conditions in repeat experiments. The UV—Visible spectra
measured at each pH are given in Figure S4 of the Supporting
Information.

The pH 4 treatment was analyzed by HPLC to establish
whether oxidative or sorption reactions were responsible for
the progressive increase in decolorization in increasingly
acidic solutions. The chromatogram is shown in Figure 2.
The peak at 13.8 min was identified in both the blank (DI
water) and the treated sample as a plastisizer and the small
peak at 9.7 min was present in the dye control thus these
peaks will be ignored in the subsequent discussion.

Five compounds were observed following chromato-
graphic separation of the pH 4 treatment. The peak at 10.2
min represents that of the parent compound, while the
remaining four peaks represent breakdown products.

Previously 1,2-naphthoquinone (NQ), 4-hydroxybezene-
sulfonate (4HBS), and benzenesulfonate (BS) have been
identified as breakdown products in the oxidation of AO 7
by the enzymelaccase (11, 20). The UV spectra and retention
times of the NQ and 4HBS standards compare well with the
8.9 and 3.3 min peaks, respectively (Figure S5 of the
Supporting Information), suggesting that theses compounds
are breakdown products of AO 7 oxidation by the Mn tailings.
The BS standard, although having a comparable retention
time did not have a UV spectrum fitting that of the 2.3 min
peak (Figure S5 of the Supporting Information) and thus its
formation as a product cannot be confirmed by HPLC
analysis. The small peak at 5.2 min was observed in the NQ
standard and is assigned to quinone-hydroquinone equi-
librium (11).The peak at 3.7 min gives a UV spectrum with
a broad absorption band, this was assigned to one of the
coupling products between 1,2-naphthoquinone and ben-
zenesulfonate radicals discussed below.

To establish the effect of pH on reaction rate the tailings
were reacted with AO 7 at pH 6 and 4 and [Mn] 4iss measured
over time (Figure S6 of the Supporting Information). Man-
ganese release is commonly used for kinetic determinations
due to the difficulty of obtaining reductant sorption data
(26). Initial release rates of 3 x 107 M+min~! and 4 x 1078
M-min~! were measured for the pH 4 and pH 6 treatments,
respectively. This demonstrates that reaction kinetics will
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FIGURE 2. Chromatogram of the AD 7 solution after reaction with the tailings at pH 4 for 1 h. UV—Visible spectra corresponding to

peaks at the various retention times shown in the inset.

TABLE 2. Mass Spectra Data of AO 7 and Degradation Products

compound no. retention time? (min) mode
| ES—
1] 3.73 ES—
1] 3.94 ES—
Ive ES+
\Y 7.65 ES—

MS mj/z (% relative intensity)

173 (100); 198 (80); 196 (70); 137 (36) NA
313 (100); 314 (22); 315 (10); 329 (5)

329 (100); 173 (90); 411 (40); 287 (34);
159 (100); 191 (45); 181 (31) NA
327 (100); 500 (10); 329 (5)

MS? (% relative intensity)

285 (100); 249 (17); 257 (5); 233 (7)
301 (100); 285 (52); 302 (30); 273 (7)

171 (100); 247 (12); 156 (10)

7 Excessive crusting on the ion transfer tube prevented the use of ammonium carbonate buffer in the LC—MS systems
therefore retention times for HPLC and LC—MS data differ. ® Compounds | (rt: 3.9 min) and IV (rt: 5.7 min) were identified
using the second LC—MS system described in the methods section, thus retention times have not been included in the

table.

contribute to the observed decolorization efficiency at low
pH. Other factors influencing the reaction rate such as tailings
surface area and dye concentration will be dealt with in a
future paper.

From the above data, it is clear that the dye is reacting
with the Mn oxides within the tailings to produce breakdown
products and the reaction is enhanced as the pH is lowered.
The influence of pH in the reaction between organic
molecules and Mn oxides has been well established, with a
decrease in pH facilitating oxidation of various organic
compounds (27-29). These workers have attributed the
increased oxidation of organic compounds by Mn oxides at
lower pH to: (i) the decrease of the negative charge on the
Mn oxide surface; (ii) positive charging of the organic
molecule resulting in electrostatic attraction to the oxide
surface; (iii) the increased redox potential of the MnO,/Mn?*
couple; and (iv) enhanced removal of Mn?" from the oxide
surface, exposing new reactive sites. It is likely one or more
of these pH-dependent influences are playing a role in the
reaction between AO 7 and the Mn tailings. As discussed
above, the Mn tailings have a PZC below 4. The pK,; of AO
7 is 1, which corresponds to the protonation of the sulfonate
group (30), therefore in the pH range of this study (3 to 9)
the molecule will be negatively charged. This implies that
any electrostatic attraction between the dye and the Mn oxide
surface will be dependent on charge generation on the oxide
surface. Sorption of AO 7 on other oxides (Ti, Fe, and Al
oxides) has been shown to commence once the pH is lowered
sufficiently to generate M—OH,* groups on the oxide surface
and increases linearly below the PZC of the oxide (30). Similar
increases in sorption and thus oxidation are likely to occur
with positive charge generation on mineral phases within
the tailings.

Reaction and Polymerization Products Determined by
LC—MS. The mass spectral data for AO 7 and its breakdown
products is summarized in Table 2. Compound (V), measured
in negative ion mode, represents the parent dye molecule
(mlz: 327). The fragmentation pattern of the parent dye

molecule is in good agreement with the fragmentation
observed by Lopez et al. (11) for AO 7.

Four AO 7 degradation products were identified using
LC—MS analysis. In addition to 4HBS and NQ (compounds
I and 1V, respectively) observed in the HPLC investigation,
two additional products (compounds II and III) were
identified. Compound II has been interpreted as being the
coupling product of BS and NQ. Similarly, compound IIT has
been identified as the polymerization product of the inter-
mediate oxidation species and NQ. The presence of a NQ
group in compounds II and III is supported by a loss of CO
[M-28] from the major ions. Comparable polymerization
products have been identified during enzymatic oxidation
of AO 7 (3D).

The proposed reaction mechanism for AO 7 oxidation by
the Mn tailings is given in Scheme 1. The mechanism is similar
to that proposed for peroxidase degradation mechanisms
(8, 11, 20, 31). Electron transfer from the phenolic group to
the Mn oxide generates a phenoxy radical which undergoes
resonance rearrangement and additional electron transfer
to generate a carbocation on the C-1 carbon of the naphthol
ring. Nucleophilic attack by water generates an unstable
tetrahedral complex resulting in the cleavage of the C—N
bond yielding 1,2-naphthoquinone (IV) and (4-sulfophe-
nyl)diazene. Although the latter compound was not detected
in the current study, possibly due to its instability in the
oxidative environment, it has been identified by Lopez et al.
(I11). Unstable diazene derivatives readily oxidize in the
presence of oxygen to generate unstable phenyldiazene
radicals (32). These phenyldiazene radicals in turn lose the
azo linkage to yield N, and a phenyl radical (33). The phenyl
radical can abstract a hydrogen radical from its surroundings
to generate a stable phenyl compound (12), take part in
coupling reactions with other oxidation products (31), or
undergo further oxidation followed by nucleophilic attack
by water to generate 4-hydroxybenzenesulfonate. Benze-
nesulfonate was not detected in the LC-MS or HPLC study,
however, 4-hydroxybenzenesulfonate (I) and coupling prod-
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SCHEME 1. Proposed Mechanism for the Oxidation of AQ 7 hy the Mn Tailings
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ucts (IT and III) of benzenesulfonate and NQ were detected,
suggesting that the latter two processes are occurring. This
reaction mechanism suggests the asymmetric cleavage of
the azo bond.

The mechanism presented in Scheme 1 involves three
successive electron transfers. It has been established that
the net oxidation state of the tailings is 3+, and the mineralogy
shows a predominance of Mn(IIl) oxides. If this were the
case, then the reaction would have a dye: Mn(IIl) reaction
stoichiometry of 1:3 and 3 mols of Mn?* would be expected
to be generated from the breakdown of 1 mol of AO 7.

To assess the correlation between dye decolorization and
Mn release, AO 7 was reacted with the tailings for 18 hin a
pH 4 acetate buffer. Aliquots were collected periodically and
analyzed for dye and Mn content. The relationship between
percentage decolorization and [Mn]4;ss (Mn release additional
to the blank), is given in Figure 3a. There is an initial increase
in dye decolorization without concomitant Mn release, but
after this, further decolorization is proportional to [Mn] giss.
The initial color decrease, without simultaneous Mn release
suggests the dye is adsorbing to the tailings prior to the
oxidation reaction. It is interesting to correlate the concen-
tration of AO 7 as a function of [Mn] ;s after the first sampling
interval (i.e., not including the initial rapid dye removal)
(Figure 3b). A linear correlation exists (R?= 0.99) with a
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gradient of —0.32 giving an AO 7: Mn(III) reaction stoichi-
ometry of 1:3 as suggested by the reaction mechanism above.

To establish whether 4HBS and NQ are the terminal
products in the reaction, these 2 compounds were reacted
with the tailings in a pH 4 buffer. No transformation of NQ
or 4HBS was observed after 28 days reaction time, thus it is
assumed that these two compounds and their coupling
products are the final products of AO 7 oxidation and
complete mineralization of the dye is not possible using the
Mn tailings under the current experimental conditions. 1,2-
Naphthoquinone is a colored product which explains why
total color removal was never achieved.

Effluent treatment technologies are highly dependent on
the longevity of the reactive surface. To establish if the Mn
tailings can sustain the decolorization reaction over an
extended period of time, a batch experiment was conducted
in which the acetate buffered (pH 4) dye solutions were
replenished daily and dye and Mn concentrations measured
in the decolorized extracts. The decolorization and Mn release
results are shown in Figure 4.

On days 1 and 2, the alkalinity of the tailings resulted in
the pH drifting upward to 4.7 over the 24 h reaction period.
Maximum decolorisation (95%) is reached on day 3 when
the pH stabilized at 4. After 60 days of dye replenishment
95% decolorization was still being achieved illustrating the
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longevity of the tailings oxidative capacity (Figure 4a). The
initial spike observed in the Mn release of both the dye
treatment and the blank (Figure 4b) is likley to result from
dissolution of a carbonate or a highly labile Mn phase. After
this initial spike, the Mn release stabilizes at 1.5 mM for the
dye treatment and 1.1 mM in the blank.

Environmental Implications. The Mn tailings have shown
the capacity to oxidatively decolorize acid azo dyes AO 7, AY
36, AR 88, and AR 151, but not the recalcitrant dye AY 9. The
Mn oxide component of the tailings provides the oxidative
potential for the reaction. The proposed mechanism for the
decolorization of the dyes involves cleavage of the azo bond.
As observed with many white rot fungi mediated dye
decolorization reactions (8, 10-12), complete mineralization
of the dyes was not achieved after reaction with the tailings.
The reaction mechanism and terminal reaction products of
Mn oxide-mediated dye decolorization are essentially the
same as that proposed for enzymatic reactions. Unwanted
coupling products were identified in this study and in enzyme
mediated oxidations (31). By controlling the contact time
between the oxidant and the dye, it may be possible to limit
the coexistence of the different radical species thereby
hindering the formation of some of the coupling products.
The longevity of the decolorization reaction was demon-
strated, which is essential for a viable treatment technology.
A distinct disadvantage of using Mn oxides, to treat acid azo
dyes lies in the release of soluble Mn, especially in acidic
media. This released Mn would need to be recovered if this
technology were to be useable. The reaction rate is dependent
on pH and even at pH 4 dye removal rates of 3.9
mg-hr-g liings (based on a Mn:AO 7 reaction stoichiometry
of 1:3) were calculated suggesting that dye removal may be
too slow for a wastewater treatment technology. More

information on reaction rates and impacts of auxiliary
compounds, such as salts and organic acids, is needed before
the viability of using the Mn oxide containing waste can be
determined. These issues will be dealt with in a future com-
munication.
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