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bstract

Pelagite generally has large surface area and high adsorbing and oxidizing reactivity due to highly amorphous nature, and high reducing potential
f Mn (hydro)oxide phases present in it. In the present study, pelagite, collected from the East Pacific Ocean, was tested as a potential oxidant for
ecolorization of methylene blue (MB) in a batch system under air-bubbling and motor-stirring conditions. The effects of suspension pH (3.0–10.0),
B concentration (10–100 mg L−1) and loading (0.2–3.0 g L−1), and particle size (100–200 mesh) of pelagite on kinetics of MB decolorization
ere assessed. Results show that in typical concentration range of dye wastewaters (10–50 mg L−1), pelagite can be used as a highly efficient
aterial for oxidative degradation of MB. MB decolorization was through a surface mechanism, that is, formation of surface precursor complex

etween MB and surface bound Mn(III, IV) center, followed by electron transfer within the surface complex. Iron (hydro)oxide phases present in
he pelagite did not play an important role in MB decolorization. Suspension pH exerted double-edged effects on MB decolorization by influencing
he formation of surface precursor complex, and reducing potential of the system. Kinetic rate of MB decolorization is directly proportional to
aturation degree of available reaction sites by MB adsorption. At the initial and later stages, the kinetics for MB decolorization with respect
o MB concentration, pelagite loading, and particle size could be described separately using two pseudofirst rate equations, except at very high

elagite loading (3.0 mg L−1). Accumulation of Mn2+ and probably some organic intermediates exerted marked inhibitory effect on MB decol-
rization. Vigorous dynamic condition was favorable for MB decolorization. The presence of oxygen could enhance MB decolorization to a limited
xtent.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Due to large surface area and high scavenging capabilities,
he presence of only tiny amounts (e.g. a fraction of a weight
ercent of soil or sediment) of manganese (Mn) oxide miner-
ls might be adequate to control distribution and migration of
eavy metals, and other trace elements [1]. Manganese oxides
re also powerful oxidants due to high reducing potential. It is
ecognized that Mn oxides can oxidize many inorganic com-
ounds including Co(II) [2], Cr(III) [3], As(III) [4], Sb(III) [5],
nd Se(IV) [6], and a wide spectrum of natural and xenobi-

tic organic compounds such as catechol, quinines, substituted
henols, aromatic amines, pesticides, and explosives (e.g. TNT)
7–11]. It has been reported that abiotic degradation of a num-
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er of organic pollutants by Mn oxides is an important pathway
or natural attenuation of those pollutants in soils and sediments
12].

For pollution remediation purposes, land-born natural
n ores, synthetic nascent state Mn oxides, and materials

oated/modified with Mn oxides have been tested as scavenger
or removal of Pb2+, Cd2+, Cu2+, 17�-ethynylestradiol [13–16],
s oxidant for degradation of organic pollutants [17,18], and as
xidant and/or adsorbent for removal of As(III) and As(V) [19].

Pelagite, also referred to as marine Mn nodule, is an autogenic
omplex material, widely distributed, and vastly accumulated in
he sea floor 4000–6000 m deep in the Pacific Ocean, Indian
cean, and Atlantic Ocean [20]. It is consisted primarily of
n and Fe (hydro)oxides [21]. Pelagite and its residues after
xtraction of valuable metals were found to be good adsor-
ents for a number of pollutants such as Zn2+, Pb2+, Ni2+,
hosphate and selenite, and thus, could be used in wastew-
ter treatment [22–26]. The crystallinity of pelagite is much

mailto:zhumaoxu@ouc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.04.042
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ower than that of land-born Mn ores. Therefore, pelagite has
larger surface area, stronger adsorbing power, and higher

edox activity. These characteristics plus generally high reduc-
ng potential of Mn (hydro)oxides (main compositions present
n pelagite) interest the authors to evaluate possible application
f pelagite as an effective oxidant for degradation of organic
ontaminants in water treatment because it is accepted that,
or a heterogeneous redox reaction, high adsorbing power, and
edox activity of the solid phases involved are two critical
actors influencing kinetic rate of the reaction. In this study,
ecolorization of methylene blue (MB), a cationic dye, as a
odel organic matter was investigated using pelagite as an oxi-

ant.

. Materials and methods

.1. Materials

Pelagite collected from the East Pacific Ocean were soni-
ally cleaned in deionized water followed by drying at 60 ◦C
or 48 h, and then mechanically ground to pass through
00, 100–120, 140–160, and 200 mesh sieve for use. Parti-
le size and average surface area of the pelagite are given
n Table 1. Micromorphology of the pelagite (100 mesh) and
lement contents were previously determined using scanning
lectron microscopic observation and energy dispersive X-
ay microanalysis, respectively [27]. The pelagite was also
ubjected to X-ray diffraction (XRD) analysis on a Rigaku
/max-rB diffractometer (Rigaku Corp., Japan) (Cu Ka, 40 kV,
00 mA, 7 ◦C min−1) to ascertain the mineral phases present in
t.

MB (purity >98%) was purchased from the Tianjin
uangcheng chemical reagent Co. Ltd., and used without further
urification. The chemical structure of MB is shown in Fig. 1.
tock solution (400 mg L−1) of the dye was prepared by dis-
olving MB in deionized water. Dye solutions of desired pH
alues were obtained by adjustment using dilute HCl or NaOH
olutions.

.2. Experimental procedure and analytical methods

Individual decolorization experiment was conducted using
batch method in a constant temperature water bath at

25 ± 0.5) ◦C and under motor-stirring (550 rpm) and air-

ubbling (flow rate 32 mL s−1) conditions. While stirring and
ir-bubbling, 0.3 g (i.e. 0.6 g L−1) pelagite, unless otherwise
tated, was added into a flask reactor containing 500 mL MB
olution (concentrations and pH ranging from 10 to 100 mg L−1

able 1
article size and average surface area of the pelagite

ieve mesh Particle diameter (mm) Average surface area (m2 g−1)

00 <0.150 105
00–120 0.150–0.125 79
40–160 0.106–0.097 94
00 <0.076 115
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Fig. 1. Chemical structure of MB.

nd from 3.0 to 10.0, respectively). System pH as the reactions
roceeded was not controlled, since inorganic ionic compounds
dded for pH adjustment or buffering may adsorb on surface
f the pelagite and organic buffer agents used may be oxi-
ized, which would substantially affect MB degradation [11].
t specific time intervals (10 min–1 h) aliquots of 10-mL sus-
ension were sampled using a syringe and filtrated through a
.22-�m syringe-end filter. Filtrate pH was determined imme-
iately after filtration. The filtrates were then stored at 4 ◦C until
etermination of MB concentration using a Hewlett-Packard
453 UV–VIS spectrophotometer at λmax = 665 nm. To eval-
ate the extent of MB mineralization, total organic carbon
TOC) contents in filtrates of some selected runs were deter-
ined using a TOC-VCPN total carbon analyzer (Shimadzu
orp. Japan). Also, Mn and Fe concentrations in filtrates of

ome selected runs were determined using a flame AAS (Thermo
lectron Co. USA) in order to glean information about the
echanism of MB decolorization. The filtrates for Mn and Fe

etermination were acidified using three droplets of 1:1 HNO3
o around pH 1.0 immediately after filtration. The influence
f pH (3.0–10.0), dye concentration (10–100 mg L−1), load-
ng (0.2–3.0 g L−1) and particle size (100–200 mesh) of the
elagite, on oxidative decolorization of MB were assessed. To
valuate the effects of dynamic conditions, and the presence
f oxygen molecule on MB decolorization, 500 mL MB solu-
ion (10 mg L−1) were reacted with 0.3 g pelagite in a flask
eactor under different dynamic conditions: shaking (rotary
haker, 145 rpm) versus motor-stirring (550 rpm), air-bubbling
32 mL s−1) versus nitrogen bubbling (32 mL s−1) conditions,
or comparison purpose.

To assess the feasibility for consecutive reuse of pelagite and
he effects of reaction products on MB decolorization, MB was
reated with the pelagite in a consecutive batch system. Initially,
.5 g pelagite was added into a flask reactor containing 500 mL
B (50 mg L−1, pH 3.0) under motor-stirring (550 rpm) and air-

ubbling (32 mL s−1) conditions. Experimental procedure and
ampling method were similar to those described above. When a
igh decolorization percentage (≥95%) was obtained, required
olume of fresh MB solution (400 mg L−1) was added to reach
concentration similar to that in the initial system, followed

y rapid pH adjustment to about 3.0 using HNO3 solution. In
redetermining the volume of fresh MB solution required to add,
esidual MB concentration in the reaction system was ignored.

hen a high decolorization percentage (≥95%) was obtained

gain after the second round addition, a third round addition of
resh MB solution and pH adjustment was followed.

All the experiments were run in duplicate and all the data
resented were the averages of duplicate analysis.
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Table 2
Element contents in the pelagite

Element Weight (%) Atomic (%)

C 10.16 19.94
O 32.87 48.45
Al 3.61 3.15
Si 9.93 8.34
Ca 9.71 5.71
Mn 28.53 12.24
Fe 4.62 1.95
C
T
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otal 100.00

. Results and discussion

.1. Characterization of pelagite

Element contents in the pelagite are shown in Table 2. The
esult suggests that, among the metal elements, the content of

n is far higher than that of the others. From the pattern of
RD analysis (Fig. 2), the peaks at d-spacing 9.77 and 4.83 Å

an be assigned to todorokite; the peaks at d-spacing 7.25 and
.59 Å can be assigned to birnessite. The peaks at d-spacing
.44 and 1.42 Å can be assigned either to vernadite, todorokite
r birnessite [28], but a further identification is difficult due
o weak and broad peaks. Todorokite is well crystalline based
n its strong and sharp peak at d-spacing 9.77 Å. Other Mn
xides are poorly crystalline. Quartz at d-spacing 3.35 Å exhibits
he sharpest peak due to its perfectly crystalline nature. Iron
hydro)oxides usually coexist with Mn (hydro)oxides in pelagite
nd the content of Fe (4.62 wt.%) is not very low in the pelagite
tudied as shown in Table 2, but no peak of Fe (hydro)oxide
ineral phases was observed due probably to highly amorphous

ature of the phases.

.2. Effect of initial MB concentration
The effect of MB concentration on decolorization of MB at
nitial pH 3.0 is shown in Fig. 3. The efficiency of MB decol-
rization decreased markedly with increasing concentration of
B. For example, the percentage of MB decolorization reached

Fig. 2. XRD pattern of pelagite.
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ig. 3. Effect of initial concentration of MB on decolorization at initial pH 3.0
nd pelagite loading 0.6 g L−1.

0% over 20 min and color almost completely disappeared over
h when initial MB concentration was 10 mg L−1. When ini-

ial MB concentration was 100 mg L−1, however, the percentage
as only 50% over 7.5 h.
It has been well established that oxidative degradation of

rganic matter by Mn oxides is via a surface mechanism [29],
hat is, the organic compound is adsorbed on surface of Mn
xides to form a surface precursor complex, electron transfer
hen occurs within the surface complex from organic reduc-
ant to the surface-bound Mn(III, IV), followed by release of
rganic oxidation products and Mn(II) arising from reductive
issolution of Mn oxides. The formation of surface precursor
omplex and/or electron transfer may be rate-limiting steps,
epending on reaction conditions. As will be experimentally
onfirmed later, MB decolorization by the pelagite is most likely
o follow this surface mechanism, as do many other organic pol-
utants [8–10]. It follows that surface reactivity and the number
f available adsorption sites are two critical factors control-
ing oxidative decolorization of MB. As can be seen in Fig. 3,
t a fixed loading of the pelagite (0.6 g L−1), MB decoloriza-
ion decreased with an increase in initial MB concentrations,
uggesting that reactive adsorption sites were saturated with

B at low MB concentration, additional MB would not fur-
her increase the formation of precursor complex, and thus, the
ecolorization percentage decreased with an increase in MB
oncentration.

.3. Effect of loading and particle size of pelagite

The effect of pelagite loading on MB decolorization and
ncrease in TOC removal with reaction time in selected runs
re illustrated in Fig. 4(a and b). Also shown in Fig 4b, is
orresponding color removal for comparison purpose. When
.0 g L−1 of the pelagite was used, the percentage of MB
ecolorization increased rapidly over the initial time period,
pproaching 90% over 30 min, and the color was almost
ompletely eliminated over 100 min, whereas the efficiency

ecreased substantially when 0.2 g L−1 of the pelagite was
mployed.

The effect of particle size of the pelagite on MB decoloriza-
ion and corresponding variation in soluble Mn with time are
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ig. 4. Effect of pelagite loading on decolorization of MB (a), and comparison
f TOC removal with decolorization efficiency (b) at initial concentration of MB
0 mg L−1 and initial pH 3.0.

hown in Fig. 5(a and b). It can be seen that a decrease in parti-
le size of the pelagite significantly enhanced the efficiency of
B decolorization. Based on the surface oxidation mechanism

escribed in Section 3.2, the more the loading of the pelagite
as used, the more the active surface sites for the formation
f surface precursor complex were available, and therefore the
igher the percentage of MB decolorization would be achieved.
imilarly, with a decrease in particle size, specific surface area
f the pelagite, and thus, the total number of active surface sites
ncreased, which could also greatly enhance the efficiency of

B decolorization as shown in Fig. 5a.
TOC removal increased with the increase in decolorization,

ut markedly lower than the latter (Fig. 4b). For example,
hen the decolorization percentage was 98% over 100 min, the
ercentage of TOC removal was less than 80%. But the dif-
erence diminished as the reaction prolonged, which seemingly
uggested that chromophoric moieties in MB molecules were
referentially broken down, followed by slow mineralization of
ome organic intermediates as the reaction progressed. On basis
f TOC removal, the efficiency of MB mineralization in the
resent study is generally high, comparable to some advanced
xidation process. For example, for photoelectrochemical degra-

−1
ation of 1.0 mmol L MB (200 mL), the percentage of TOC
emoval was 81% over 30 min [30], the percentage for pho-
ocatalytic degradation of 100 mg L−1 MB (50 mL) in TiO2
uspension was 45% over 15 min [31].

m
p
w
a

ig. 5. Effect of pelagite particle size on decolorization of MB (a), and on Mn
issolution at initial pH 3 (b) at initial concentration of MB 30 mg L−1, initial
H 3.0 and pelagite loading 0.6 g L−1.

Oxidative decolorization mechanism of MB on the surface
f the pelagite was further confirmed by the result shown in
ig. 5b. In the presence of H+ (pH 3.0) alone, soluble Mn con-
entration was very low and remained almost unchanged with
ime, suggesting that the solubility of Mn oxides present in
he pelagite was very limited under the inorganic acid condi-
ion of this study. In contrast, in the presence of MB, soluble

n concentration was obviously enhanced, and progressively
ncreased with time, particularly for pelagite of fine particle
ize. This could be attributed to Mn2+ release arising from
eductive dissolution of Mn (hydro)oxides with MB as electron-
onator, based on much discussion in literature [12,29]. It should
e noted that soluble Mn(II) in the solutions was a net result
f reductive dissolution and surface adsorption because Mn2+

s readily adsorbed on Mn and Fe (hydro)oxides [12]. In the
resent study, Fe (hydro)oxides present in the pelagite were
elieved not to play an important role in oxidative decoloriza-
ion of MB because no measurable soluble Fe in the solution was
etected, suggesting no or very limited (considering adsorption
f released Fe2+) reductive dissolution of Fe (hydro)oxides. This
s not surprising because reducing potentials of Fe (hydro)oxide

inerals are far lower than those of Mn(III, IV) (hydro)oxide

inerals (Table 3). Thermodynamically, electron transfer occurs

referentially from electron-donator (MB) to electron-acceptor
ith the highest reducing potential among coexisting oxidizing

gents.
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Table 3
Standard reducing potential for some Fe(III) and Mn(III, IV) (hydro)oxide minerals

Redox couple Redox reaction Reducing potential ϕ◦ (V)

�-MnOOH/Mn2+ �-MnOOH (s) + 3H+ + e− → Mn2+ (aq) + 2H2O 1.50 [32]
�-MnO2/Mn2+ �-MnO2 (s) + 4H+ + 2e− → Mn2+ (aq) + 2H2O 1.27 [32]
�-MnO2/Mn2+ �-MnO2 (s) + 4H+ + 2e− → Mn2+ (aq) + 2H2O 1.29 [32]
� 2+ + − Fe2+

� Fe2

� 2Fe
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-FeOOH/Fe �-FeOOH (s) + 3H + e →
-FeOOH/Fe2+ �-FeOOH (s) + 3H+ + e− →
-Fe2O3/Fe2+ �-Fe2O3 (s) + 6H+ + 2e− →

.4. Effect of initial pH

The effect of initial pH on MB decolorization at initial
B concentration 30 mg L−1 and pelagite loading 0.6 g L−1 is

llustrated in Fig. 6. At pH less than 4, the efficiency of MB decol-
rization increased with a decrease in initial pH. At pH 4 to 10,
owever, pH exerted only limited effect on the decolorization.

The formation of surface precursor complex, one of kinetic
ate-limiting steps in heterogeneous oxidative degradation of
rganic pollutants, is closely related to the nature of surface
harge. The amount of surface charge on the pelagite is deter-
ined by protonation or deprotonation process, depending on

uspension pH. In the present study, pH at zero point of charge
pHzpc) of the pelagite was determined to be 4.7 using a
implified method [34], which is similar to that (pHzpc 4.5)
f pelagite collected from the Indian Ocean, as determined
sing the traditional potentiometric acid–base titration method
22,23]. Theoretically, at pH lower than the pHzpc 4.7, the sur-
ace of the pelagite is positively charged due to protonation,
nd the positive charge increases with deceasing suspension
H, which does not favor MB adsorption and formation of sur-
ace precursor complex due to electrostatic repulsion; at pH
igher than 4.7, the surface is negatively charged due to depro-
onation and negative surface charge increases with increasing
uspension pH, which is conducive to the formation of surface
recursor complex. Although low pH impeded the formation

+
f surface precursor complexes, high H concentration, how-
ver, could improve reducing potential of the system according
o the Nernst Equation. An increase in suspension pH would
ecrease oxidizing power of the system. On the other hand,

ig. 6. Effect of initial pH on decolorization of MB at initial concentration of
B 30 mg L−1 and pelagite loading 0.6 g L−1.
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(aq) + 2H2O 0.656 [33]
+ (aq) + 2H2O 0.757 [33]
2+ (aq) + 3H2O 0.655 [33]

he increase in formation of surface precursor complex due to
H increase could compensate for the reduction in oxidizing
ower of the system to some extent. One may conclude that
uspension pH exerted two double-edged effects on MB decol-
rization. The result of the present study indicated that, even
hough a decrease in initial pH suppressed MB adsorption on
he pelagite, an increase in reducing potential of the system
till entailed an increase in MB decolorization over the range
f pH less than 4, which strongly suggested that it was hetero-
eneous surface oxidation but not pure adsorption that was the
rincipal mechanism for MB decolorization. To date, it is not
ikely to accurately determine the saturation concentration of

B on pelagite surface and the relative contribution of pure sur-
ace adsorption and oxidative degradation to MB decolorization
ecause surface redox takes place immediately after adsorption
f organic matter [7]. Limited influence of initial pH on MB
ecolorization at pH greater than 4 implied that the two oppo-
ite effects pH exerted were likely to approximately counteract
ith each other.

.5. Kinetics of MB decolorization

Factors influencing MB oxidative degradation could be quan-
itatively assessed using kinetic rate. Suitable rate expressions
btained from kinetic modeling can also allow insight into pos-
ible reaction mechanisms. Several authors reported that, in
H-buffered system, the kinetics of oxidative degradation of a
umber of organic pollutants by Mn oxides was first-order with
espect to organic pollutant concentration over the initial stage,
ut deviated from the pseudofirst-order equation as the reaction
rolonged [10,35]. Without pH control as reaction proceeded,
ang et al. [11] also found oxidative degradation of 2,4,6-

rinitrotoluene (TNT) by birnessite (�-MnO2) well followed the
seudofirst-order kinetics with respect to birnessite loading over
he initial stage. Among many studies above, suspension pH was
ound to exert a marked influence on the overall kinetic rate for
xidative degradation of a series of organic pollutants. Probably,
t is because in those studies the organic pollutants investigated
ere anions (or anions after ionization at pH ranges studied)

hat both reducing potential and formation of surface precursor
omplex decreased with an increase in solution pH. In those
tudies, no effort was made to characterize the kinetics after the
nitial stage of reaction probably because several complicated

actors influencing the kinetic rate were involved as the reaction
rolonged.

With respect to MB concentration, pelagite loading, and parti-
le size, the kinetic data (Figs. 3, 4a and 5a) at the initial and later
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tages could be fitted separately using two pseudofirst rate equa-
ions (Fig. 7), except at very high pelagite loading (3.0 mg L−1),
here only one pseudofirst rate equation was needed. Because

urface adsorption was the first step to oxidative decolorization,
B concentration at t = 0 did in fact not exactly correspond to the

nitial bulk concentration of surface oxidation reaction, thus the
ata at t = 0 were excluded in the fitting. The higher rate constants
ver the initial stage (stage I) than that over the later stage (stage
I) implied that different rate-limiting steps were involved in the
wo stages. We did not try to clarify the specific factors respon-
ible for the decrease in rate constants over the later stage. But
he decrease could be attributed partly to an increase in pH and
nhibitory effect of Mn2+. Suspension pH was found to increase
nder all experimental conditions due to H+ consumption in the
edox process. Progressive increase in pH with time would exert
wo double-edged effects on the decolorization. Accumulation
f Mn2+ would compete with MB for active surface sites and
lock adsorption of MB, and also suppress oxidizing power of
he system in terms of the Nernst equation.

Even though the increase in inhibitory effect of Mn2+ as well
s the decrease in oxidizing power of the system due to Mn2+

ccumulation and H+ consumption suppressed the kinetic rate of
B decolorization over the later stage, rate constants for a given

ystem remained constant (Fig. 7). Probably, the double-edged
ffects pH exerted on MB decolorization as discussed above
nd the formation of MnIIIOOH resulting from surface auto-
atalytic oxidation of adsorbed Mn2+ by oxygen in the present
ir-bubbling system might help remain a stable rate constant.
xygen may heterogeneously oxidize (surface autocatalytic oxi-
ation) Mn2+ adsorbed on the pelagite, leading to formation of
nOOH [36]. The newly formed Mn(III) hydroxide is also an

ctive adsorbent and oxidant, and may help improve MB adsorp-
ion and following oxidation to some extent. It has been reported
hat when oxygen is present and pH is above 5 oxygenation of

n2+ can occur, and when pH is above 8, rate of Mn2+ oxi-
ation and regeneration of Mn(III, IV) (hydro)oxides become
ignificant [36,37].

With very high pelagite loading (3.0 g L−1), the percentage
f MB decolorization approached 100% rapidly (Fig. 4a). In
his case, very large amount of surface sites was available to
orm surface complex, and probably the surface was even not
aturated with MB. It is likely that a complete decolorization
f MB has been rapidly achieved before an increase in pH and
nhibitory effect of accumulated Mn2+ could exert marked influ-
nce on the overall kinetics, and therefore the kinetic data could
e fitted using a single pseudofirst rate equation as shown in
ig. 7b.

As shown in Table 4, an increase in kinetic rate with increas-
ng loadings and decreasing particle size of the pelagite was a
irect and quantitative indicative of surface-dependent reaction
echanism. Also concentration-dependent kinetic rate was an

ndirect indicative of the same mechanism.
.6. Effect of dynamic conditions

The effect of dynamic conditions (shaking versus motor-
tirring, air-bubbling versus nitrogen bubbling) of the reaction

Fig. 7. Pseudofirst-order fitting of MB decolorization with respect to MB con-
centration (a), pelagite loading (b), and particle size (c).
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Table 4
Pseudofirst-order rate constants for MB decolorization with respect to MB concentration, pelagite loading, and particle size

MB concentration 10 mg L−1 30 mg L−1 50 mg L−1 100 mg L−1

Stage I Stage II Stage I Stage II Stage I Stage II Stage I Stage II

k (min−1) 7.7 × 10−2 4.1 × 10−2 1.4 × 10−2 4.6 × 10−3 5.9 × 10−3 1.2 × 10−3 3.6 × 10−3 5.9 × 10−4

SD (mg L−1) 9.0 × 10−5 7.5 × 10−4 0.03 4.2 × 10−3 1.5 0.96 7.9 0.98
r2 0.999 0.985 0.971 0.998 0.947 0.941 0.916 0.984

Pelagite loading 0.2 g L−1 0.6 g L−1 1.6 g L−1 3.0 g L−1

Stage I Stage II Stage I Stage II Stage I Stage II

k (min−1) 3.6 × 10−3 1.6 × 10−3 5.9 × 10−3 1.2 × 10−3 2.3 × 10−2 6.2 × 10−3 3.0 × 10−2

SD (mg L−1) 3.1 0.35 1.5 0.96 1.9 0.02 0.18
r2 0.963 0.987 0.947 0.941 0.919 0.995 0.986

Particle size 100–120 mesh 140–160 mesh 200 mesh

Stage I Stage II Stage I Stage II Stage I Stage II

k (min−1) 4.1 × 10−3 2.2 × 10−3 9.0 × 10−3 2.8 × 10−3 1.6 × 10−2 3.6 × 10−3

S.D. (mg L−1) 1.2 0.02 1.3 0.30 0.14 0.01
r2 0.961 0.999 0.965 0.969 0.989 0.995
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.D.: standard deviation; r2: regression coefficient.

ystem on MB decolorization is illustrated in Fig. 8. It can
e seen that the kinetic rate for MB decolorization was higher
nder motor-stirring and air-bubbling (a vigorous dynamic con-
ition) than under shaking and air-bubbling (a weak dynamic
ondition), particularly at the initial reaction period. This
uggests that vigorous dynamic condition is favorable for
he degradation reaction due probably to an enhancement in

ass transfer of reactants to the surface of the pelagite and
eaction products leaving from the surface to the bulk solu-
ion. Gas bubbling also enhanced the kinetic rate of MB
ecolorization compared with in the absence of gas bub-
ling, particularly at the later period of the reaction, which
s speculated to be primarily the result of elevated dynamic
ondition, oxygen molecule itself played only a limited role

ecause the differences in percentage of MB decoloriza-
ion under air-bubbling and nitrogen-bubbling conditions were

arginal. The role oxygen played might be via the mech-

ig. 8. Effect of dynamic condition on decolorization of MB at initial pH 3.0,
nitial MB concentration 10 mg L−1, and pelagite loading 0.6 g L−1.

w
s
o
d

nism of autocatalytic oxygenation of Mn2+ as discussed
bove.

.7. Consecutive batch system for reuse of pelagite

The efficiency of MB decolorization in a consecutive batch
ystem is shown in Fig. 9. In the first round, 95% of decoloriza-
ion was obtained over 30 min for 50 mg L−1 of MB at initial pH
.0 and pelagite loading 3.0 g L−1. After the second round addi-
ion of fresh MB to obtain similar MB concentration and pH as
n the first round, 240 min was needed to achieve 95% of decol-
rization, much longer than in the first round. After the third
ound addition of fresh MB, less than 90% of decolorization

as achieved even over 350 min. It is clear that, in the con-

ecutive system, the accumulation of Mn2+ and probably some
rganic intermediates exerted marked inhibitory effect on MB
ecolorization. Therefore, separation of reaction products from

Fig. 9. Effect of consecutive batch reaction on decolorization of MB.
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he system is needed to improve efficiency of MB decolorization
n a consecutive system.

. Conclusion

In typical concentration range of dye wastewaters
10–50 mg L−1), pelagite is a promising material for efficient
xidative decolorization of MB, and a high extent of mineral-
zation could be achieved. MB decolorization was through a
eterogeneous oxidization mechanism. Iron oxides present in
he pelagite did not play an important role in oxidative decol-
rization of MB. Both MB decolorization and TOC removal
ere enhanced significantly with an increase in loading and
decrease in particle size of the pelagite. An increase in MB

oncentration substantially reduced MB decolorization when
dsorption sits on pelagite were saturated with MB. Suspen-
ion pH exerted double-edged effects on MB decolorization
y influencing the formation of surface precursor complex
nd reducing potential of the system. At pH less than 4, MB
ecolorization increased with a decrease in initial pH, while
H exerted only limited effect on MB decolorization at pH
–10. At the initial and later stages, the kinetic data for MB
ecolorization with respect to MB concentration, pelagite load-
ng, and particle size could be described separately using two
seudofirst rate equations, except at very high pelagite load-
ng (3.0 mg L−1), where only one pseudofirst rate equation was
eeded. Accumulation of Mn2+ and probably some organic
ntermediates in a consecutive batch system exerted marked
nhibitory effect on MB decolorization. Vigorous dynamic con-
ition was favorable for MB decolorization. The presence of
xygen could enhance MB decolorization but to a limited
xtent via probably the mechanism of autocatalytic oxygenation
f Mn2+.
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