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bstract

2,4-Dichlorophenoxyacetic acid is a common systemic herbicide used in the control of broadleaf weeds. It is the third-most widely used herbicide
n the world. 2,4-D heterogeneous photocatalysis has emerged as a useful process to aid remediation of wastewater contamination. Manganese oxide
ith 2 × 2 tunnel structure, cryptomelane show good results in the photodegradation of 2,4-D and excellent performance in the photodegradation

f methylene blue. The later as a consequence of the S–Mn interaction that favours the adsorption step in the photodegradation process. The
xistence of microporous manganese oxide minerals with the OMS structure may be an acceptable environmental solution for the remediation of
astewaters.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Actually, one of the major concerns of human beings is the
ontamination of water resources. The extensive use of pes-
icides in agriculture is compromising soil and water quality.
,4-dichlorophenoxyacetic acid (2,4-D) is the most widely used
erbicide in the world and is the third-one employed in North
merica. There are over 1500 pesticide and herbicide products

hat contain 2,4-D as the main ingredient. The U.S. EPA Office
f Pesticide Programs estimated that total domestic U.S. annual
sage of 2,4-D is approximately 46 million pounds with 66%
f use in agricultural applications. Exposure to 2,4-D has been
eported to result in blood, liver, and kidney toxicity. Chronic

ral exposure in experimental animals has resulted in adverse
ffects on the eye, thyroid, kidney, adrenals, and ovaries/testes
1]. An important alternative to degradation of the 2,4-D is the
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hotocatalytic processes. In this work, MnOx type cryptome-
ane (coexistence of MnIII and MnIV) was used as photocatalyst
Fig. 1). This oxide was used in many chemical processes due
o their porous structure, mild surface acidity–basicity and ion-
xchange ability [2–5]. Cryptomelane, one of the members of
he manganese oxide OMS-2 group (octahedral molecular sieve)
resent a 2 × 2 tunnel structure formed by edge-sharing [MnO6]
ctahedra that forms channels of different size depending on
he combination of the octahedral structures [6]. These com-
ounds are ionic solids showing electrical conductivity and they
ave the possibility of accommodating cations inside the tunnels.
ryptomelane has been reported to have excellent catalytic prop-
rties [10], and has been extensively tested in NOx-SCR with
mmonia [12], phenol wet oxidation [4] and VOC’s abatement
5,8]. Microporous manganese oxide minerals act as important
hemical controls in soils and sediments and associated water

ystems, and with their synthetic analogs they are valued for their
atalytic, ion exchange, electrochemical, and adsorption prop-
rties. A natural deposit of this cryptomelane mineral is known
s the La Hueca mine situated in northwestern Michoacán,

mailto:recillas06@yahoo.com.mx
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Fig. 1. Coordination sphere of manganese and

km east of La Minita volcanogenic sulphide deposit. Other
embers of this family as woodruffite, a 3 × 4 tunnel zinc
anganese oxide hydrate, are also present as mineral deposits

n México.
In this work, we studied photocatalytic properties of man-

anese oxide (cryptomelane) in the photodegradation of 2,4-D
nd methylene blue using ultraviolet radiation. Methylene blue
s a heterocyclic aromatic chemical compound with molecular
ormula: C16H18ClN3S. It has many uses in a range of different
elds, such as biology and chemistry. At room temperature, it
ppears as a solid, odorless, dark green powder that yields a blue
olution when dissolved in water.

. Experimental

.1. Synthesis

The reflux method used to prepare cryptomelane was first pro-
osed by Luo et al. [10]. Briefly, 11 g of MnAc2·4H2O (Aldrich)
ere dissolved in 40 ml of a buffer solution containing 5 ml of
lacial acetic acid and 5 g of KAc in 40 ml of double distilled
ater (DDW). To this buffered solution 150 ml of DDW contain-

ng 6.5 g of KMnO4 (Aldrich) was added slowly while stirring
nd further refluxed under continuous stirring for 24 h (pH 4.5).
t the end of the synthesis procedure the obtained solid was
ltered, washed, dried at 120 ◦C for 30 min, and finally calcined

n air at 450 ◦C for 2 h.

.2. Characterization

The X-ray powder diffraction patterns of the samples were
ollected using a Phillips PW 1729–1820 instrument using Cu
� radiation (45 kV and 40 mA). The crystal phases were iden-

ified using the PDF2 Database from the International Centre
or Diffraction Data. The Scherrer equation was used to esti-
ate the mean crystallite size. The width of the cryptomelane

2 1 1) peaks at half-maximum was corrected for K� doublet
nd instrumental broadening [9]. High-resolution transmission
lectron microscopy (HRTEM) characterization was performed

n a 200 kV, JEOL JEM-2011LaB6. The sample was ultrasoni-
ally suspended in hexane and deposited on a Cu grid covered
ith a thin layer of carbon (holey carbon). Nitrogen adsorption
easurements were carried out in a Micromeritics ASAP 2020

p
s
m
(

edron arrangement in crytomelane type oxide.

o determine the textural properties. Specific surface area was
alculated according to the BET method, external and microp-
rous area using t-plot, total pore volume from the adsorption at
/p0 = 0.98 and pore size distribution and mean pore size by the
DJH method applied to the desorption branch of the isotherm.
verage oxidation state (AOS) of manganese was determined by

he redox method, based in double titration with KMnO4. In the
rst one, the solid was dissolved in HCl and the total amount of
anganese measured. In the second one, after reductive disso-

ution with (NH4)2Fe(SO4) in acid medium (H2SO4), the redox
quivalents needed to reduce the different manganese species to
n2+ were quantified [11]. The UV–vis spectrum was taken with
Cary-100 Varian spectrophotometer with integration sphere.
he pulverized sample was directly observed. The cryptomelane
hotocatalytic activity was evaluated for the 2,4-D pesticide and
ethylene blue molecules. The catalytic photodegradation test
as performed using the following procedure: 100 mg of cryp-

omelane were placed in 100 ml of a 50 ppm solution of 2,4-D.
or ensuring the adsorption of the molecule on the photocata-

yst, the suspension was maintained in the absence of light under
ontinuous stirring for 1 h while flowing air (1 ml/s). Immedi-
tely, the suspension was submitted to a sealed container for
ubsequent irradiation using a low pressure Hg lamp (UVP
0001201, with typical intensity of 4400 �W/cm2, emitting
radiation of 254 nm). In order to follow the photodegrada-

ion, samples were collected at regular intervals and analysed
sing UV–vis spectroscopy. Each sample was filtered through a
ylon membrane (0.45 �m) to remove the oxide particles before
nalysis. UV probes without catalyst were performed in both
ases. Methylene blue (MB), 20 ppm, photodegradation was
tudied using cryptomelane and TiO2 (P-25 Degussa) calcined
t 500 ◦C.

. Results and discussion

The X-ray diffraction pattern of cryptomelane material is
hown in Fig. 2. All possible reflections of cryptomelane (JCPDS
9-1020) are present with characteristic reflections (angle posi-
ion 2θ = 12.8◦, 18.5◦, 28.9◦, 37.5◦, 42◦, and 50◦) [7] and the

eak broadness is indicative of the small crystal size. Fig. 2
hows that cryptomelane diffraction peaks are sharper in the
aterial prepared by Luo et al. [10]. Electron microscopy images

Fig. 3) show fibers presenting diameters between 10 and 20 nm
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Fig. 2. X-ray diffraction pattern of the prepared oxide.

19.6 nm in Fig. 3b) with a high aspect ratio (L/D ≈ 10–20).
he diameter observed agrees with the average crystallite size

alculated by XRDLB, 15.4 nm. The formation of these fibers
as been reported to depend on the aging time and tempera-
ure [10], and the ones obtained in our case are as small in size
s the ones reported in the literature for another synthesis of

o
t
o
i

Fig. 3. TEM images at low (a) an
lysis A: Chemical 281 (2008) 107–112 109

ryptomelane. The fiber morphology is represented in Fig. 3a
nd details in Fig. 3b–d. The sample presents nanofiber bunch
orphology. High-resolution transmission electron microscopy

HRTEM) images suggest the (1 1 0) orientation of the fibers.
t the end of one fiber, it can see the 2 × 2 tunnel structure of
anosized cryptomelane (Fig. 3d).

Nitrogen adsorption–desorption isotherms and pore size dis-
ributions (PSD) are shown in Fig. 4. The isotherms recorded for
hese nanomaterials correspond to Type IV adsorption isotherms
ith a steep increase at low p/p0 and capillary condensation

t high p/p0 and (p and p0 are the adsorption and saturation
apor pressure of N2 at 77 K, respectively). Micropore filling
f Type I adsorption isotherm occurs at low p/p0, suggesting
he existence of micropore in the nanomaterials in addition to
he mesoporosity confirmed by the hysteresis loop at high p/p0.
he hysteresis loop is Type H1 for all nanomaterials, according

o IUPAC classifications suggesting the existence of cylindri-
al or constant cross-section pores. The pore size distribution

f the K-OMS material shows a Gaussian curve form cen-
ered at 30 nm. Table 1 summarize the main textural parameters
btained from these nitrogen isotherms: BET surface area (SBET
n m2/g), external surface area (Sext in m2/g), micropore sur-

d high magnification (b–d).
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radiation. Over a 2-h period ca. 50% of the compound could be
removed. To make comparisons with other catalysts is always
difficult since the surface area and porosity might be different
and also the concentration of the contaminant and the catalyst
ig. 4. N2 adsorption isotherm plot of crytomelane. The inset shows the pore
ize distribution plot obtained through the BDJH method.

ace area (Sμ in m2/g), and micropore volume (Vμp in cm3/g)
btained from t-plots, total pore volume (Vp in cm3/g), and mean
ore diameter (nm) obtained from the pore size distribution [8].
icropore surface area is only 10% of the total surface area,

nd micropore volume represents less than 2% of the total pore
olume. Therefore, the excellent textural properties of this mate-
ial are due to the accessibility of the external surface of the
anofiber and the pore volume comes from the space between
bers. The space inside the cryptomelane tunnels is no avail-
ble for nitrogen molecules, and less to other larger reactant
olecules.
The average oxidations state of manganese measured in our

riptomelane by redox titration is 3.8. Accepting that Mn3+ and
n4+ are the only oxidation states [20] it can be estimated 20%
n3+ and 80% Mn4+. UV–vis spectrum (Fig. 5) also provides

nformation on the oxidation state of manganese. The spec-
rum of cryptomelane consists of six bands. In the UV region

wo charge transfer (CT) bands at 250 and 303 nm region can
e observed, the later due to electron transfer between man-
anese d orbitals and oxygen s orbitals, ascribed to O2− → Mn3+

harge-transfer transitions. The 250 nm band is characteristic of

able 1
extural properties of cryptomelane and average oxidation state of manganese

urface area
SBET (m2/g) 125
Sext (m2/g) 113
S� (m2/g) 12

ore volume
Vp (cm3/g) 0.33
V�p (cm3/g) 0.004

ore size (nm) 30
OS 3.8

F

Fig. 5. UV–vis adsorption spectrum of cryptomelane.

he O2− → Mn2+ charge-transfer. The Mn2+ and Mn3+ species
oexist in this sample. Two bands appear at 488 and 542 nm
ssigned to the one electron orbital transition 2t2g (↑) → 3eg

↑) in Mn+4 and 5E → 5T2 transition in Mn3+ species. The
and located at 720 nm corresponds to a forbidden transition
rom 6A1g(S) → 4T1g(G)* [13]. This data let us state the coex-
stence of the three-oxidation states of manganese in our sample

odifying slightly the relative proportion between Mn3+ and
n4+.
The photodegradation of 2,4-D was followed over a period

f 160 min.
The result of this study is shown in Fig. 6. It was observed

hat degradation occurs only following the adsorption of UV
ig. 6. Catalytic activity of cryptomelane in the photodegradation of 2,4-D.
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[

[

[13] P.G. Manning, Can. Miner. 9 (1968) 348–356.
ig. 7. Catalytic activity of cryptomelane and TiO2 in the photodegradation of
ethylene blue.

oading plays a determinant role in the catalyst activity. How-
ver, for the sake of comparison it may be considered that for
nZrO2 catalysts 70% of the 2,4-D could be removed in half the

ime. The behavior of our crytomelane catalyst is similar to that
ncountered previously for ZrO2, FeZrO2 and CoZrO2 catalysts
hose activity was very similar [14].
The concentration used in this work 2.25 × 10−4 M is one

rder of magnitude below that used by Piera et al. [15] but we
se half of the mass of catalyst with a lower surface area. In
hese conditions is difficult to compare the catalytic results on
he basis of the activity.

If we consider the absolute value and the absence of other oxi-
ants different of the catalyst itself the catalytic performance of
ur catalyst is worth of being considered. After 60-min reaction
ryptomelane catalyst degrades 32.3% of the initial concen-
ration of 2,4-D. Once the solid is continuously irradiated for
60 min 66% of the initial contaminant is degraded. The low
erformance could be attributed to poor adsorption of the pol-
utant on cryptomelane. In spite of all of these considerations
ur catalyst performs better than some iron or anatase catalysts
reviously reported [16–19].

In order to check this the decomposition of other contam-
nant has been analysed, in this case the used model 3,7-
is(Dimethylamino)-phenazathionium-
hlorideTetramethylthionine chloride (C16H18ClN3S) should
trongly adsorb on the cryptomelane surface since the strong
ffinity of manganese for sulphur.

For this molecule the photodegradation was complete after
0 min in the case of cryptomelane and surprisingly much faster
han for the titania catalyst (TiO2, P-25 Degussa) even thinking
hat titania has a surface area twice that of the cryptomelane
ample (Fig. 7). This effect is related to the strong adsorption of
he methylene blue on the cryptomelane surface. In Fig. 7 it is
hown that during adsorption in the dark the initial concentration

f methylene blue decreases from 20 ppm to a value closer than
ppm, that is 75% of the initial concentration is either degraded
r adsorbed on the cryptomelane surface. Adsorption experi-

[

lysis A: Chemical 281 (2008) 107–112 111

ents in the dark using TiO2 P25 do not show any significant
dsorption after 2 h.

. Conclusions

Manganese oxides with tunnel structures show catalytic
ctivity in the photodegradation of contaminants. In particular
he strong adsorption of methylene blue on manganese oxides
ue to the strong affinity of manganese for sulphur deserve future
nterest for this solid. The electronic properties of manganese
nd the presence of different oxidation states allow use these
aterials in wastewater treatment. The synthesized cryptome-

ane presents a better photocatalytic behavior than P-25 and UV
ight in the degradation of methylene blue. The differences in
hotocatalytic behavior between 2,4-D and C16H18ClN3S can
e due the polarity of the 2,4-dichlorophenoxyacetic acid, the
ydrophobicity of cryptomelane and differences in adsorption
apacity between the different contaminants. The performances
f the material and the possibility of use natural mineral deposits
ake this manganese oxide OMS-2 materials well suited for

hotodegradation of wastewaters.
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