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a b s t r a c t

�-MnO2 coatings on clay substrates tend to be poorer in crystallinity as compared with their discrete
counterparts, which may be of environmental significance for adsorption and oxidation of contaminants.
Discrete �-MnO2 particles and three �-MnO2-coated montmorillonite complexes with varying MnO2

loadings (4.8–34.9%) were synthesized, and oxidative decolorization of methylene blue (MB) by the syn-
eywords:
-MnO2 coatings
ontmorillonite
ethylene blue
xidative decolorization

thetic materials was investigated in batch systems. Results showed that oxidative decolorization of MB
increased with increasing loading of Mn-oxide coatings, whereas oxidation capacity of the coatings, on
the basis of unit mass of MnO2, tended to decrease. Initial reaction rate of MB oxidation by both �-MnO2

coatings and their discrete counterpart increased linearly with increasing Mn-oxide loadings, but the
rate of the former was higher than that of the latter. An increase in humic acid concentration displayed a
progressively enhanced promotive effect on MB decolorization, whereas the promotive effect was greatly
umic acid suppressed at lower pH.

. Introduction

Manganese (Mn) oxides are ubiquitous in natural environments
nd exhibit versatility in regulating mobility and environmental
ate of contaminants through adsorption, abiotic oxidation, cat-
lytic transformation, or photochemical processes [1–4]. As far as
biotic oxidation is concerned, Mn oxides are among the strongest
atural oxidants in soils and sediments with reducing potentials
etween 1.27 and 1.50 V. They are capable of oxidizing many inor-
anic contaminants [5–7], and a wide spectrum of natural and
enobiotic organic compounds such as catechol [1,8], quinines [9],
ubstituted phenols [10], aromatic amines [11,12], phosphonates
13], antibacterial agents [14], antibiotics [15], brominated flame
etardant [16], and steroid estrogens [17,18]. It has been reported
hat abiotic oxidation of a number of refractory organic contami-
ants by Mn oxides and subsequent polymerization are important
athways of their natural attenuation and immobilization in soils
nd sediments [8,12].

Natural Mn oxides may occur as discrete particles, small con-

retions/nodules, or coatings on surfaces of soils and sediments
2,19,20]. Manganese-oxide coatings on clay substrates, in partic-
lar on montmorillonite, are common in redox transition zones.

number of different mechanisms are involved in the forma-
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tion of Mn-oxide coatings [2,21]. Natural and synthetic Mn-oxide
coatings on clay minerals, silica, and alumina have been character-
ized using several techniques [22–24]. Those investigations have
demonstrated that Mn-oxide coating changes substrate surface
area, porosity, particle size, and surface electrochemical properties,
which greatly influences sorption behavior of the substrates. Most
importantly, interaction between Mn/Fe oxides with montmoril-
lonite substrates can hinder even inhibit crystallization of Mn/Fe
oxides [22,25], which may substantially enhance the density of
reactive sites on Mn-oxide coating.

Adsorption behaviors of both discrete Mn oxides and Mn oxide-
coated montmorillonite complexes for a number of inorganic ions
have been extensively studied [26,27]. As oxidants, however, only
discrete particles of Mn oxide have been tested to oxidize inor-
ganic/organic contaminants [5,28,29]. Up to date, there is only
limited information on redox reactivity of Mn-oxide coatings,
though their redox importance in bulk soils and sediments has long
been recognized [12,18].

It has been postulated that the formation of surface precursor
complexes via adsorption on Mn oxides is the prerequisite to oxida-
tion of organic compounds, and either surface complex formation
or electron transfer is the rate-limiting step [9]. Some researchers

found that oxidation kinetics of organic compounds during the ini-
tial stage followed a first- or pseudo-first-order rate with respect
to the loss of target organic compounds, but deviated from the rate
equation as the reaction proceeded [9,11,28]. However, a retarded
first-order rate model was successfully employed to describe the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhumaoxu@ouc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.04.080
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ong-term oxidation of some organic compounds [15,16]. Most
ecently, a so-called MnOII kinetic model was developed to describe
he entire time course of organic compound oxidation by Mn oxides
30].

Solution pH exerts critical impact on oxidation rate of
rganic compounds by Mn oxides by altering surface protona-
ion/deprotonation and reducing potential of Mn oxides [28]. The
ffects of cosolutes on oxidation rate of inorganic/organic com-
ounds by Mn oxides have been widely studied. Manganese(II)
nd to a lesser extent other metal cations such as Ca2+, Zn2+, Cu2+,
nd Fe3+ at environmentally relevant concentrations display rate-
nhibiting effect; however, humic acid was found to exhibit either
romotive or inhibitive effect [9,17,31,32].

Given the potential decrease in crystallinity of Mn-oxide coat-
ngs on montmorillonite substrate, the objectives of this study were
o evaluate oxidative decolorization of methylene blue (MB), a

odel organic pollutant, by Mn-oxide coatings through compar-
son with discrete �-MnO2, with an emphasis on redox reactivity
f the coatings. The results are expected to add to our understand-
ng on potential roles of natural Mn-oxide coatings in degradation
f some anthropogenic organic contaminants in natural environ-
ents.

. Materials and methods

.1. Materials

Methylene blue (purity >98%) was purchased from Tianjin
uangcheng Chemical Reagent Co. Ltd., China, and used without

urther purification. All other employed chemicals are of analytical
eagent grade. The chemical structure of MB was given previously
29].

Sodium-saturated montmorillonite (Na-Mt) used for the prepa-
ation of �-MnO2-coated montmorillonite (Mn-Mt) complexes was
btained from bentonite [33]. Humic acid (HA) used to evaluate its
ffect on oxidation of MB by Mn-oxide coatings was extracted from
orest surface soil of the Qingdao Mountain according to Stevenson
34]. Organic carbon of the extracted HA was determined using a
otal carbon analyzer (Shimadzu Corp., Japan).

.2. Preparation and characterization of ı-MnO2 and Mn-Mt
omplexes

Discrete �-MnO2 and Mn-Mt complexes were prepared through
redox process [35]. MnSO4 solution for the preparation of dis-

rete �-MnO2, or well mixed suspensions containing constant
mount of MnSO4 but varying amounts of the Na-Mt (20.0, 3.33,
nd 2.00 g L−1) for the preparation of Mn-Mt complexes, were
dded dropwise to mixtures of KMnO4 (4.6 × 10−3 M) and NaOH
6.9 × 10−3 M) with the same volume as the MnSO4 solution
nder motor-stirring and nitrogen purging. The precipitated Mn-
xide particles and Mn oxide-coated montmorillonite slurries were
llowed to settle and age for 3 h. After aging, the resulting dis-
rete �-MnO2 and Mn-Mt complexes were centrifuged and rinsed
ith deionized water and then re-dispersed in dilute KNO3 solu-

ion (1.5 × 10−3 M) for 16 h. Finally, the discrete �-MnO2 and Mn-Mt
omplexes were centrifuged, rinsed, freeze-dried, and ground gen-
ly to pass a 100-mesh sieve for use. For brevity, the three Mn-Mt
omplexes with increasing Mn loadings are denoted hereafter as
n-Mt-1, Mn-Mt-2 and Mn-Mt-3, respectively, and the discrete
-MnO2 denoted simply as DMO (Table 1).
The Na-Mt, DMO, and Mn-Mt complexes were subjected to X-

ay diffraction (XRD) analysis on a Rigaku D/max-rB diffractometer
Rigaku Corp., Japan) (Cu K�, 40 kV, 100 mA, 7◦ min−1) and scanning
lectron microscopy (SEM) imaging (JEOL JSM-840). The amounts
s Materials 181 (2010) 57–64

of Mn oxide loaded on the montmorillonites were evaluated by
extraction using hydroxylamine hydrochloride–hydrochloric acid
(NH2OH·HCl) [36]. The separated Mn filtrates through a 0.22-�m
filter were immediately acidified with three droplets of 1:1 HNO3
to around pH 1.0 and then stored at 4 ◦C until Mn measurement
using flame atomic absorption spectroscopy (AAS) (Thermo Elec-
tron Co., USA). Zero point of charge (pHzpc) of the DMO and Mn-Mt
complexes was determined using a simplified method [37], and
specific surface area and pore size distribution were determined
by the BET method. Particle size distribution of the DMO and Mn-
Mt was obtained using a laser-based particle size analysis (Laser
2000, UK) (Table 1).

2.3. Oxidative decolorization of MB

Oxidative decolorization of MB by the DMO and Mn-Mt
complexes was carried out in batch reactors under conditions
pertaining to natural soil environments: pHs from 4.0 to 5.5, HA
contents from 12 and 30 mg organic carbon L−1, and Mn-oxide
loadings from 4.8% to 34.9%. It should be pointed out that higher
contents of Mn oxides were used as compared with Mn contents
in common soils and sediments (0.0061–25%) for the purpose
of experimental convenience. Solution pHs were buffered using
HAc–NaAc solutions with constant �Ac− concentration (0.05 M).
It was found that acetate had only negligible effect on oxidation
of many organic compounds [28,31]. Thus any potential effects of
acetate on the systems were not taken into account in later discus-
sion.

Fifty-milligram DMO or Mn-Mts were added to 100-mL con-
ical flasks containing 25 mL MB of 80 mg L−1. The suspensions
were then gently shaken in a water bath at (27 ± 0.5) ◦C to
pre-determined time intervals (10 min to 12.5 h). At each pre-
determined time interval, the reactions were quenched using two
methods (methods I and II) to yield oxidative loss of MB. In
previous studies using MnO2 as an oxidant, effort was made in
some cases [15,32] and not in others [31,38] to separate oxida-
tive fraction from adsorptive loss of organic compounds, and
in the latter cases the total loss was simply used in kinetic
modeling of oxidative reaction. In the present study, how-
ever, the separation of oxidative loss of MB from the total
removal is critically important, because large surface area and
low pHzpc (2.81) of montmorillonite rendered MB cation sorption
substantial, especially after reductive dissolution of Mn-oxide coat-
ings.

Direct filtration separation (method I): aliquots of 15-mL sus-
pensions were sampled using a syringe and immediately filtrated
through a 0.22-�m syringe-end filter to separate the solid parti-
cles and thus stop further reaction in the filtrates. Methylene blue
was immediately measured using a Hewlett-Packard 8453 UV–vis
spectrophotometer at �max = 665 nm. Percent removal of MB, �, is
defined as:

�(%) =
(

1 − Ct

C0

)
× 100 (1)

where C0 is initial concentration of MB and Ct concentration at time
t. In some selected systems, dissolved Mn(II) was measured to eval-
uate reductive dissolution of Mn oxides. Total percent removal of
MB, �T, using this quenching method was attributed to the sum of
adsorptive removal and oxidative degradation.

Filtration separation after reductive dissolution (method II):
excess amount of NH2OH·HCl was added to the reaction systems to

quickly dissolve all remaining DMO and Mn-oxide coatings. After
complete dissolution, the suspensions in the Mn-Mt systems were
filtrated (0.22 �m) and MB in the filtrates were immediately mea-
sured. Separate experiments confirmed that MB was stable in the
presence of NH2OH·HCl (with or without Mn2+). In the DMO system,
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Table 1
Basic properties of Na-Mt, DMO, and Mn-Mt complexes.

Sample Na-Mt Mn-Mt-1 Mn-Mt-2 Mn-Mt-3 DMO

pHzpc 2.81 2.58 2.47 2.31 2.15
Predicted mass fraction of MnO2 (%) – 4.76 23.1 33.3 –

.80 25.5 34.9 –

.25 91.30 116.3 234.3

.9 6.3 5.9 2.3

.8 3.6 2.4 0.5
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Extracted mass fraction of MnO2 (%) – 4
Specific surface area (m2 g−1) 27.70 31
Pore diameter median (nm) 7.8 6
Particle size median (�m) 3.5 3

B could be directly measured without filtration after dissolution
f the Mn oxide.

After complete dissolution of Mn oxide, previously adsorbed
B on Mn oxides was released into solution. Thus the percent

emoval of MB in the DMO system, �2(DMO), was attributable to
xidative loss, �ox(DMO). In the Mn-Mt systems, however, the per-
ent removal, �2(Mn-Mt), was attributable to the sum of oxidative
egradation by the Mn-oxide coatings plus surface adsorption on
he montmorillonite substrate. So a correction for MB adsorption
n montmorillonite in all the Mn-Mt systems is needed in order to
etermine oxidative decolorization of MB, �ox(Mn-Mt).

For correction for MB adsorption on montmorillonite in the
n-Mt systems containing varying masses of montmorillonite, MB

dsorption on uncoated Na-Mt, �Na-Mt, in the presence of Mn(II)
ons was determined independently using uncoated Na-Mts whose

asses were corresponding to those present in the Mn-Mt-1, Mn-
t-2, and Mn-Mt-3, respectively. The presence of Mn(II) ions was

mportant in the system because substantial amounts of Mn(II)
ons would adsorb on montmorillonite once released from the Mn-

t complexes [32], which would compete surface sites with MB.
he concentration of Mn(II) used in each system was based on
orresponding loadings of Mn oxide in the Mn-Mts. We assume
B oxidation by uncoated Na-Mt negligible in time scale of the

xperiments, though it has been reported that iron-bearing mont-
orillonite can oxidize phenols and aromatic amines, for instance,

n a long duration [39]. The oxidation of Mn(II) ions by O2 in the
ncoated Na-Mt system during the experiments was expected triv-

al because of slow kinetics in acidic solution. The correction of
ox(Mn-Mt) for MB adsorption on montmorillonite in the Mn-Mt
ystems is made by:

ox(Mn-Mt) = �2(Mn-Mt) − �Na-Mt (2)

It should be pointed out that the quantities of adsorbed MB
n the uncoated Na-Mt are expected larger than on the mont-
orillonite present in the Mn-Mts because in the former system

ot all cosolutes present in the latter system were taken into
ccount even though Mn(II) was included. For example, intermedi-
te products of MB degradation were not included in the uncoated
a-Mt system. In the Mn-Mt systems, however, the intermediate
roducts would compete with MB for adsorption sites and reduce
B adsorption. Thus the above correction would underestimate

he oxidative decolorization to some extent. But this imperfection
ould not undermine the validity of the study because oxidative
ecolorization obtained under the circumstance of underestima-
ion still played an important role in MB removal.

To evaluate the degree of MB mineralization, dissolved organic
arbon (DOC) in two selected experimental runs (DMO and Mn-Mt-
) was determined using the same method for HA measurement.
imilar to decolorization, DOC removal in solutions was also from
ontributions of both adsorption (non-degradation) and oxida-

ion. Oxidative DOC removal (i.e., mineralization) was corrected
or adsorption on the Na-Mt using the same method as that in the
orrection of the oxidative decolorization.

All the experiments were run in duplicate and data presented
ere averages of duplicate analysis.
Fig. 1. X-ray diffraction patterns of Na-montmorillonite (Na-Mt), discrete �-MnO2

(DMO), and �-MnO2-coated montmorillonite (Mn-Mt) complexes. (1) Na-Mt, (2)
Mn-Mt-1, (3) Mn-Mt-2, (4) Mn-Mt-3, and (5) DMO.

3. Results and discussion

3.1. Characterization of DMO and Mn-Mt complexes

As shown in Table 1, the loadings of Mn oxide on the Na-Mt
were slightly higher than the theoretical values due probably to loss
of montmorillonite colloids. The DMO has narrower range (from
0.1 �m to 40 �m) and smaller median value of particle sizes than
the Na-Mt and Mn-Mt complexes (0.1–150 �m) (Table 1). As shown
in Fig. 1, the DMO was poorly crystalline with a broad and weak
XRD peak. With an increase in Mn loadings, all diffraction peaks
of montmorillonite and quartz of the Mn-Mt complexes became
progressively weaker even obscured. The (0 0 1) diffraction peak of
montmorillonite almost completely disappeared after coated with
even low Mn loading, which is similar to the observation of Boon-
fueng et al. [22]. The specific surface area of the DMO is generally
within the values of �-MnO2 reported in literature. Specific sur-

face areas of the Mn-Mt complexes ranged between those of the
uncoated Na-Mt and the DMO, and substantially enhanced with
an increase in Mn loadings as compared with the uncoated Na-
Mt. The results may indicate that Mn loadings did not reach site
saturation on interlayer and outer surfaces of the Na-Mt. A site
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Fig. 2. SEM images of (a) DMO, (b) Na-M

aturation effect was observed on montmorillonite with high Mn
oadings [22], where surface properties of the complexes were pre-
ominantly determined by Mn-oxide end-member. The pHzpc of
he DMO is 2.15, slightly lower than the value (2.4) reported by Mur-
ay [35]. Similar to the specific surface area, the pHszpc of the Mn-Mt
omplexes are between those of the uncoated Na-Mt and the DMO,
nd increase with increasing Mn loadings. As given in Fig. 2, the
MO shows fine-sized, aggregated morphology. The Na-Mt is of
assive aggregates in morphology, flakes were also observed. The
orphology of the Mn-Mt-1 is similar to that of the Na-Mt, but the

urfaces of the former are somewhat coarser. The Mn-Mt-2 is not
uite different from the Na-Mt and the Mn-Mt-1 in particle sizes,
ut shows acicular texture on the surfaces. The acicular texture was
lso observed on the Mn-Mt-3, but the particle sizes were smaller
n comparison with the Mn-Mt-1 and Mn-Mt-2.

.2. Effect of Mn-oxide loading on oxidative decolorization of MB

The total (�T) and oxidative (�ox) decolorization of MB at pH 4.0
ollowed similar time course (Fig. 3): a quick increase in the ini-
ial stage followed by a slow process in the later stage. At any given
ime, the �T followed the order (Fig. 3a): DMO > Mn-Mt-3 > Mn-Mt-
> Mn-Mt-1 > Na-Mt. The �ox also increased with increasing Mn

oadings (Fig. 3b). The �ox in the DMO system approached 100%
ithin 5 h due to high Mn-oxide mass; in the Mn-Mt-2 and Mn-

t-3 systems the �ox increased gradually for quite a long time

fter the initial quick increase (>10 h). At low Mn loading (Mn-
t-1), however, the �ox was less than 20% and remained almost

onstant after the short initial stage. In the DMO system, simulta-
eous approach to 100% of both the �T and �ox over 5 h indicates
n-Mt-1, (d) Mn-Mt-2, and (e) Mn-Mt-3.

complete decolorization mainly via oxidation. In the three Mn-Mt
systems the �ox was lower than the corresponding �T, implying
that a fraction of the �T was from the contribution of adsorption on
surfaces.

The increase in the �ox with increasing Mn loadings is consistent
with previous postulation that oxidative degradation of organic
compounds is via a surface mechanism [9,28]. It follows that surface
reactivity and density of available adsorption sites are two criti-
cal factors controlling oxidative decolorization of MB. The increase
in Mn loadings on Na-Mt can enhance reactive sites available for
adsorption and thereby for MB oxidation. The gradual increase in
the �ox in the later stage in the Mn-Mt-2 and Mn-Mt-3 systems
could be attributed to hindrance of MB diffusion through micro-
pores to react with interlayer Mn-oxide coatings. This retardation
effect was not observed in the Mn-Mt-1 due probably to low Mn
loading. It can be inferred that outer Mn-oxide coatings on the
three Mn-Mts became depleted over relatively short duration of
reaction.

The comparison of oxidative decolorization and oxidative DOC
removal is shown in Fig. 4. In the initial stage, the oxidative decol-
orization was much higher than the oxidative DOC removal, but
the latter approached gradually the former in the later stage, sug-
gesting that the decolorization (i.e., breakdown of chromophoric
moieties) was the preferential process of the degradation, followed
by slow mineralization of intermediate products. For the purpose

of characterizing redox reactivity of Mn-oxide coatings at the initial
stage, it is therefore more appropriate to use the rate of oxidative
decolorization rather than the rate of oxidative DOC removal. In
the following parts, our discussion is mainly based on the data of
oxidative decolorization.
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Fig. 3. Effect of MnO2 loading on total (a) and oxidative (b) decolorization of methy-
lene blue (MB).

F
t

a
M
p
o
t
e
t
r
m
c
t
M
a
o
i

Fig. 5. Oxidizing capacities (on the basis of unit mass of MnO2) of discrete �-MnO2

(DMO) and �-MnO2 coatings in oxidative decolorization of methylene blue (MB).

Table 2
Initial rate constants in DMO, Mn-Mt systems calculated on the basis of pseudo-
first-order rate equations.

Samples Solid phase
conc. (g L−1)

MnO2 conc.
(g L−1)

Initial rate constant
k (min−1)

R2

Mn-Mt-1 0.200 0.011 0.0019 0.9563
DMO 0.011 0.011 0.0015 0.9808

Mn-Mt-2 0.200 0.051 0.0049 0.9603
DMO 0.051 0.051 0.0042 0.9949
ig. 4. Comparison of oxidative decolorization and oxidative DOC removal in sys-
ems of DMO and Mn-Mt-2.

To compare the oxidation capability of Mn-oxide coatings
mong the Mn-Mts and DMO, MB oxidation capacities (% MB g−1

nO2) in terms of unit mass of Mn oxide were calculated and com-
ared in Fig. 5. Interestingly, the Mn-Mt-1 exhibited the highest
xidation capability, followed by the Mn-Mt-2 and Mn-Mt-3, and
he DMO was the lowest in the capability. This trend could only be
xplained by different crystallinity of the Mn oxides, and thereby
heir different adsorption affinity and redox reactivity. It has been
eported that the presence of montmorillonite substrate results in
ore poorly crystalline birnessite coatings and potentially inhibits

rystallization of pyrolusite which otherwise well crystallizes in

he absence of the substrate [22]. The decrease in crystallinity of

n oxides will result in an enhancement in both specific surface
rea and redox reactivity. Unfortunately, the specific surface area
f the Mn-oxide coatings on the montmorillonite could not be
ndependently determined to confirm the postulation. The high-
Mn-Mt-3 0.200 0.070 0.0068 0.9674
DMO 0.070 0.070 0.0054 0.9626

R: correlation coefficient.

est oxidation capacity of the Mn-oxide coatings on the Mn-Mt-1
implies that the inhibitive effect on crystallization of the Mn-oxide
coatings tends to be larger at lower density of Mn oxides on the sur-
faces. However, a simple conclusion like this could not be reached
because the oxidation capacities between the Mn-Mt-2 and Mn-
Mt-3 were similar and were not markedly larger than in the DMO
system despite obvious differences in Mn-oxide contents among
them (Fig. 5).

3.3. Initial kinetic rate of oxidative decolorization of MB

In this study, kinetic experiments were undertaken to compare
the initial rate of MB oxidation in the Mn-Mt and DMO systems
at three Mn levels (Table 2). Preliminary results demonstrated that
MB oxidation by the DMO well followed a pseudo-first-order kinet-
ics within 60 min. Thus this type of rate equation was used to yield
the initial kinetic rate with respect to oxidative loss of MB in the
systems studied. The initial kinetic rates were determined from the
slopes in the plot of logarithmetic concentration of MB versus time
within 60 min. The initial rate constants in the Mn-Mt systems were
larger than in the corresponding DMO systems (Table 2), which fur-
ther confirmed the earlier conclusion that redox reactivity of the
Mn-oxide coatings was higher than that of their discrete counter-
part under otherwise identical conditions. For both the Mn-oxide
coatings and DMO, the initial rate constants increased linearly as a
function of Mn-oxide quantity (Fig. 6), suggesting that the kinetic
rate was directly proportional to the total surface areas of the Mn
oxides, and thereby to the concentration of surface complexes, as
suggested by Xyla et al. [40].
3.4. Effect of pH on oxidative and adsorptive decolorization of MB

A selected sample (Mn-Mt-2) was used to evaluate the effect of
pH on �T and �ox of MB in the Mn-Mt systems, where the initial
concentration of MB was 80 mg L−1 and Mn-Mt-2 dosage 50 mg.
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ig. 6. Initial rate constants of methylene blue (MB) oxidation as a function of Mn-
xide contents.

fter the initial reaction stage, the �T and �ox decreased with an

ncrease in pH (Fig. 7).

Besides exerting an influence on surface charge density of Mn
xides and on species distribution of ionizable adsorbates, pH also
nfluences reducing potential of Mn oxides in reaction (3) according

ig. 7. Effect of pH on total (a) and oxidative (b) decolorization of methylene blue
MB) by Mn-Mt-2, and dissolved Mn(II) concentration as a function of time at pH
.0 and 5.5 (c).
s Materials 181 (2010) 57–64

to the Nernst Equation:

�-MnO2(s) + 4H+ � Mn2+(aq) + 2H2O ϕ◦(MnO2/Mn2+) = 1.23 V (3)

The surfaces of all the Mn-Mts are negatively charged due to
lower Hzpc (2.31–2.58) (Table 1) than suspension pH (4.0–5.5) of
this study, and the negative charge density increased with increas-
ing pH, which was conducive to adsorption of MB cations and
thereby to the formation of surface complexes. However, the �T
and �ox decreased with increasing pH (Fig. 7a and b), suggesting
that the increase in density of surface complexes was not the pre-
dominant factor controlling oxidative decolorization of MB. As a
matter of fact, a decrease in pH would cause an increase in reduc-
ing potential of Mn oxides according to the Nernst Equation. Thus
pH exerted a double-edged effect on MB oxidation by controlling
surface complex formation and Mn-oxide reducing potential. The
larger �ox at lower pH than at higher pH suggested that pH effect on
reducing potential outcompeted its effect on surface complexation.
The increase in Mn(II) concentration as reaction proceeded was an
indicative of oxidative decolorization of MB (Fig. 7c) because in the
absence of MB, dissolved Mn(II) was under detection limit at the
two pHs. It should be pointed out, however, that the higher Mn(II)
concentration at pH 4.0 than at pH 5.5 was not solely caused by ele-
vated reductive dissolution at lower pH, but was superimposed on
by suppressed adsorption of Mn(II) due to enhanced protonation.

Adsorption of MB cations on montmorillonite was expected to
decrease with decreasing pH due to increased protonation and
competitive effect of Mn(II). However, the consistent increase in
�T and �ox with decreasing pH implied that oxidative loss of MB
was predominantly responsible for the total loss of MB.

3.5. Effect of HA cosolute on total decolorization of MB by Mn-Mt
complexes

The effects of HA on �T of MB in a selected Mn-Mt system (Mn-
Mt-2) at two conditions: (i) fixed pH (4.0) but varying HA levels
(12 and 30 mg organic carbon L−1), and (ii) fixed HA level but
varying pHs (4.0 and 5.5) were investigated, but �ox could not be
determined because NH2OH·HCl is incapable of effectively elimi-
nating Mn-oxide coatings in the presence of HA due probably to
interaction between HA and NH2OH·HCl or protection of Mn-oxide
coatings by HA. Nevertheless, given the predominant contribution
of the �ox to the �T as inferred earlier as well as similar pH depen-
dency between them, the �T could be lent as a proxy to illustrate
the �ox approximately. As shown in Fig. 8a, the �T was enhanced in
the presence of elevated HA concentration, suggesting a promotive
effect. Notice that, in the Na-Mt system, the �T was very low in the
presence of HA as compared with that in the Mn-Mt-2 system. This
was due to competitive adsorption between MB and HA as well as
the absence of MB oxidation in the former system.

Humic acid has been found to exhibit either promotive or
inhibitive effect on oxidation of organics by Mn oxides. A notable
decrease was observed in degradation of a number of organic
compounds in the presence of even low HA concentrations and
attributed the inhibitive effect to direct competition for reactive
sites as well as reductive dissolution of MnO2 by HA. Reductive
dissolution of MnO2 by HA produces Mn(II) as a strong inhibitor
[9,31,32]. Xu et al. [17], however, found that the presence of HA pro-
nouncedly enhanced oxidative removal of estrogens and attributed
the promotive effect to Mn(II)–HA complexation as well as refrac-
tory nature of the HA (i.e., incapable of reductively dissolving Mn
oxides), thereby suppressing competitive adsorption of Mn(II) with

the organic compounds.

It appears that Mn(II)–HA complexation in this study has out-
competed reductive dissolution of Mn oxide by HA. Given the fact
that HA generally displays high affinity for metal cations including
Mn(II), redox reactivity of HA may be the key factor determining
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ig. 8. (a) Effect of humic acid (HA) concentration at fixed pH (4.0) on total decol-
rization of methylene blue (MB) by Mn-Mt-2 and Na-Mt and (b) effect of HA on
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ts promotive/inhibitive effects. Natural HA indeed displays a wide
ange of redox reactivity, depending on its genesis. Humic acid from
ome sources may be capable of reductively dissolving Mn oxide
o different extents, however, HA from other sources may be much
ecalcitrant. As a matter of fact, Mn oxides play an important role in
olymerization and formation of HA in some cases [41]. Therefore,
A may exhibit either inhibitive or promotive effect on oxidation
f organic compounds, depending on its redox reactivity, and it is
ot surprising that contrary effects (promotive versus inhibitive)
ave been observed among authors.

The promotive effect at pH 5.5 was more obvious than at pH
.0, at which only a slight enhancement was observed (Fig. 8b).
his trend was likely a combined result of lower sorption of HA
n surface sites [42] together with weak reductive dissolution of
n oxides at higher pH, which was expected to render higher

oncentrations of HA in solution and thereby higher Mn(II)–HA
omplexation.

Combining this study and previous observations, we might con-
lude that several factors, including redox reactivity of HA, HA
dsorption, Mn(II) adsorption versus Mn(II)–HA complexation, all
nfluenced by pH, jointly determined the effect of HA on oxidative
emoval of target organic compounds by Mn oxides.

.6. Geochemical implications of Mn-oxide coatings

To best of the authors’ knowledge, this is the first to report
hat Mn-oxide coatings exhibit higher capability and faster initial
inetic rate for oxidation of MB as compared with their discrete

ounterpart. Such elevated redox reactivity is expected to hold for
aturally occurring Mn-oxide coatings in abiotic oxidation of many
ther organic contaminants. Besides Mn oxides, iron oxides are
lso important electron acceptors and commonly occur as coatings
n montmorillonite and sand substrates. Decreased crystallinity
s Materials 181 (2010) 57–64 63

of iron-oxide coatings on clay substrates has been also reported
[25,43]. Iron-oxide coatings may also exhibit elevated redox reac-
tivity as compared with their discrete counterparts, which may also
be of environmental significance.

In previous laboratory studies on oxidation of organic pollutants
by Mn oxides, synthetic discrete particles of Mn oxides with varying
crystallinities have been commonly employed. Those results may
have underestimated to some extent the oxidation capability and
initial kinetic rate of Mn oxides naturally occurring as coatings to
oxidize organic compounds, which, if true, will compromise the
validity of dynamic models established on the basis of kinetic data
only from discrete Mn oxides for the prediction of environmental
fate of organic pollutants in soils and sediments.

4. Conclusion

Mn-oxide coatings exhibit higher capability and faster initial
kinetic rate for the oxidation of MB as compared with their discrete
counterpart. The total oxidative decolorization of MB by Mn-oxide
coatings increased with enhanced Mn loadings, whereas oxidation
capacity on the basis of unit mass of MnO2 tended to decrease
with increased density of the coatings on the montmorillonite sub-
strate. pH exerts an important effect on redox potential of Mn-oxide
coatings and a decrease in pH from 5.5 to 4.0 can greatly enhance
oxidative decolorization of MB. Initial kinetic rates of MB oxidation
by �-MnO2 coatings and their discrete counterparts increase lin-
early with Mn-oxide loading, with the former higher than the latter.
Humic acid cosolute display a progressively enhanced promotive
effect on MB decolorization with increased HA concentrations,
whereas the promotive effect is much suppressed at lower pH. For
more accurate prediction of natural attenuation of organic pollu-
tants in soils and sediments rich in Mn-oxide coatings, elevated
oxidation capacity and initial kinetic rate of Mn-oxide coatings as
compared with discrete �-MnO2 particles have to be taken into
account.
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