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In this study, a mild chemical method was developed to synthesize manganese oxide coated sepiolite from
RS, Mn(NO3)2 and H2O2 in an alkaline solution at room temperature. The samples were characterized by
X-ray fluorescence (XRF), X-ray diffraction (XRD), infrared (IR) and thermal analysis (TA). After heating up
to 600 °C, the structure of the γ-MnO2 phase gradually transformed into the Mn2O3 phase. TA indicated
the transformation of γ-MnO2 into Mn2O3 between 400 and 600 °C. IR spectra of manganese oxides showed
signature bands between 400 and 650 cm−1 due to Mn–O lattice vibrations. The thermal desorption of
pyridine was followed by IR and TA techniques to estimate the acidity of the samples. Decomposition of
formic acid over RS and MCS was studied by IR spectroscopy at 100–400 °C. Monodentate symmetric and
asymmetric formates were observed after formic acid adsorption between 100 and 300 °C.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Manganese can form a number of oxides due to the different oxi-
dation states. This complex chemistry of manganese oxides provides
interesting catalytic properties (Berends et al., 2011; Kovanda and
Jirátová, 2011; Yao et al., 2006). Manganese oxides showed high
catalytic activity for reactions such as the selective catalytic reduction
of NOx with NH3 (Tang et al., 2010), the catalytic decomposition of
ozone (Gao et al., 2009) and the catalytic combustion of volatile
organic compounds (Kim and Shim, 2010).

Carboxylic acids are important elements in the preparation of
various commercial products, resulting in appreciable quantities of
carboxylic acids in waste streams. Some studies showed that some
of these acids, including oxalic, acetic and formic acids, are catalytical-
ly oxidized into CO2 and H2O at high temperature and pressure
(Gomes et al., 2000; Yang et al., 2010). On the other hand, the
increase of CO2 concentration strongly influences the equilibrium
condition of weather and environment on earth. For producing
clean effluents, it is necessary to characterize the decomposition
mechanisms of short-chain acids.

Formic acid is a frequently observed intermediate product of the
oxidation of organic wastes in both gas and aqueous phases. Not
many studies were conducted to understand the decomposition path-
way of short-chain acids in the presence of clay minerals. Raw (RS)
and manganese oxide coated sepiolite (MCS) were evaluated in the
decomposition proceess of formic acid.
+90 228 2160287.
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2. Experimental

2.1. Materials

All reagents such as KNO3, KMnO4, HNO3, NaOH, and Mn(NO3)2.9-
H2O were of analytical grade, and all solutions were prepared with
twice distilled water.
2.2. Preparation of MCS

20 g of raw sepiolite (RS) were dispersed in 250 mL of 2.0 M NaOH
aqueous solution and temperature of the reaction mixture was
maintained at 90 °C for 4 h. The base activated RS was dispersed
into 150 mL of 0.1 M Mn(NO3)2.9H2O aqueous solution. 300 mL of
0.1 M NaOH aqueous solution was added slowly with a drop rate
1 ml/h. The titration was carried out under nitrogen flow to minimize
unexpected reactions e.g. formation of carbonates. The obtained
powder was washed with 0.01 M HCl to remove the excess Mn(OH)2
precipitated on the outher surface of the sepiolite and was further
washed with deionized water. The oxidation was performed in aque-
ous dispersions at room temperature. The Mn(OH)2 was dispersed in
50 mL of 1.5 M H2O2 at pH 10 and vigorously stirred. The color of the
sample immediately turned from original light color to dark brown,
indicating the oxidation of the manganese hydroxide into the oxide.
To reach equilibrium, the dispersion was further stirred for 24 h. The
product was washed with deionized water thoroughly, and the super-
natants were filtered off. The solid materials were washed with deion-
ized water repeatedly until the electric conductivity of the filtrate was
1–2 μS/cm (Eren, 2008).

http://dx.doi.org/10.1016/j.clay.2012.04.013
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2.3. Characterization

Infrared (IR) spectra were recorded in the region 4000 to
450 cm−1 on a Perkin Elmer Spectrum-100 FTIR (USA) spectrometer.
TG and DTA curves were obtained using a Perkin Elmer PRIS Diamond
TG/DTG (USA) apparatus in a static air atmosphere (platinum cruci-
bles, mass ~10 mg and temperature range: 30–1000 °C). The XRD
analysis data from the samples were collected using a Rigaku, Miniflex
ZD13113 (Japan) diffractometer with Cu Kα radiation (Ni fitler). The
major elements of the sample were determined by a Spectro X-Lab
2000 (Germany) X-ray fluorescence (XRF) spectrometer. The XRD, XRF
and BET analyses were made at the Department of Ceramic Engineering
of DumlupinarUniversity.

2.4. Adsorption and decomposition procedures

Batch adsorption experiments were carried out by 0.05 g of adsor-
bent with 50 ml of formic acid solution of desired concentration
(1.2×10−2 to 6×10−2 M) at room temperature. The equilibrium
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Fig. 1. Thermal analysis curves of
time was determined as 120 min. After equilibration, the suspensions
were centrifuged for 5 min at 3000 rpm and filtered. Supernatants
were titrated to determine amount of formic acid with phenolphtha-
lein indicator.

The Brønsted and Lewis acid sites were determined by IR spectros-
copy with chemisorbed pyridine. For this purpose, sepiolite samples
were dried at 120 °C for 24 h prior to pyridine adsorption. The
50 mg samples were directly contacted with 0.1 mL pyridine. Then,
they were kept at 100 °C for 1 h to remove physisorbed pyridine.
3After cooling down to room temperature, the adsorbed pyridine
was desorbed for 20 min at several temperatures (100, 200, 300,
400 °C). Specimens for measurement were prepared by mixing
0.9 mg of the sample with 70 mg of KBr and pressing the mixtures
into pellets. The IR spectra were recorded between 1400 and
1700 cm−1 with 64 scans and at a resolution of 2 cm−1. The reac-
tion between gaseous formic acid and sepiolite was accomplished
in desiccators for 2 h at room temperature. Desorption experi-
ments were also done at elevated temperatures (100–400 °C) for
10 min.
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Fig. 2. IR spectra of (a) RS; (b) γ-MnO2; (c) MCS heated in air at 200 °C for 20 min;
(d) MCS heated in air at 400 °C for 20 min; (e) MCS heated in air at 600 °C for 20 min.
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3. Results and discussion

3.1. Material characterization

The chemical composition of RS and MCS are listed in Table S1
(Appendix A; see electronic supplementary material, ESM). The SiO2

content was taken as a reference because it is a structural element
of the sepiolite which is not supposed to change during the manga-
nese oxide coating process. The total content of SiO2 and MgO of RS
was 85.05% and the ratio SiO2/MgO was 1.81. The total content of
SiO2 and MgO of MCS was 41.48% and SiO2/MgO was 2.88. This result
indicated the extraction of Mg2+ cations from sepiolite during the
manganese oxide coating process.

The XRD patterns of RS and MCS samples are shown in Fig. S2. The
basal reflection of sepiolite was intense and appeared at 2θ=7.7°.
The 36.5° reflection of γ-MnO2 is somewhat higher than the (110)
reflection of sepiolite. The XRD pattern of manganese oxide exhibited
the well-defined 120, 131, 230, 160, 242 reflections of γ-MnO2

planes, respectively (Fig. S1b). In the XRD pattern of MCS the reflec-
tions of sepiolite were smaller than that of γ-MnO2. The profiles of
the γ-MnO2 reflections at 2θ=19.2°, 37.1°, 39.4°, 56.3°, 67.5° were
broadened. A reflection at 2θ=66.8° indicated the presence of
δ-MnO2 phase. The broadening of the reflections and their reduced
intensity may be attributed to the dispersion of the γ-MnO2 parti-
cles on the surfaces of the sepiolite. According to the XRD pat-
terns (Fig. S1c), the γ-MnO2 structure remained unchanged after
heating at 200 °C for 20 min, indicating that the desorption of
the crystal water did not damage the γ-MnO2 structure. After heating
at 400 °C, the XRD pattern of MCS showed the 332, 431, 440, and
444 reflections of Mn2O3 (Zhu and Hill, 2002). The broadening of
the reflections indicated that the particles were small and/or of
low crystallinity.

The TG data of RS exhibited mass losses of 6.8% at 30–376 °C and
6.5% at 376–987 °C due to the desorption of adsorbed water, and
dehydroxylation (Karamanis et al., 2011). MCS revealed mass losses
of 14.9 and 6.2% at 30–376 °C and 376–972 °C. The mass loss of MCS
at 30 to 200 °C was higher than that of RS. MCS had endothermic
peaks at 97, 310, 428 and 592 °C (Fig. 1b). The endothermic peak at
97 °C was assigned to the evaporation of adsorbed water. The loss of
1.9% at 200–350 °C was attributed to dissociatively chemisorbed
water, strongly bound micropore water and hydroxyl groups in the
interior of the lattice (Malankar et al., 2010). These data indicated
the partial transformation of MnO2 to Mn2O3, which was identified
by XRD after heating at 600 °C. The endothermic peak at 592 °C indi-
cated that the phase transition from γ-MnO2 to Mn2O3 at 428 °C was
not complete and that γ-MnO2 was very slowly converted into
Mn2O3. The exothermic peaks observed at 834 and 810 °C for RS
and MCS were assigned to the phase transformation of sepiolite to
enstatite (MgSiO3). The lower enstatite formation temperature of
MCS indicated the alteration in the proportion and the position of
the Mg cation within the octahedral sheet (Kulbicki, 1959).

The IR spectrum of MCS showed that the band at 1206 cm−1 did
not change after manganese oxide coating (Fig. 2) as it originates
from the Si―O―Si bonds between the ribbons of palygorskite and se-
piolite (Frost et al., 2010). Noticeable changes in band positions were
detected between 900 and 400 cm−1 for MCS. The small shift of the
532 cm−1 band to 524 cm−1 indicated the involvement of Si―O
bonds in the coating process (Sarı et al., 2007, 2010). The absorption
bands at 645 and 689 cm−1 for RS were due to the Mg3OH bending
(Chahi et al., 2002; Suárez and García-Romero, 2006). After coating
process, the Mg3OH bending bands turned into a broadened and
asymmetrical band and shifted to 638 cm−1 (Fig. 2). This revealed
structural changes of the octahedral sheets were accompanied by
changes in the composition as revealed by XRF. Some changes of
their position and intensity showed the structural changes of MCS
by heating. The vibrational mode corresponding to the bands centered
at 671 and 642 cm−1 is characteristic of MnO2 structure (Wu et al.,
2010; Zhang et al., 2007). When the temperature was increased to
600 °C, the band at 671 cm−1 almost disappeared, confirming the
transformation of the MnO2 into Mn2O3, in agreement with the XRD
and TA data.
3.2. Surface acidity of the sepiolite samples

The IR spectra between 1400 and 1700 cm−1 after thermal de-
sorption of adsorbed pyridine are presented in Fig. 3. The bands at
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1443 and 1595 cm−1 for RS/Py were stable during the desorption at
400 °C and, therefore, were not assigned to hydrogen-bond pyridine,
which is desorbed at temperature as low as 100 °C (Shimizu et al.,
2008; Zaki et al., 2001). After heating at 200 and 400 °C, a very
broad band was observed around 1640 cm−1 corresponding to
water and pyridine bound at Lewis sites of RS/Py. Pyridine adsorbed
on Lewis sites was still observed at 400 °C as indicated by the bands
at 1622, 1595 and 1443 cm−1. The band around 1622 cm−1 may be
attributed to the another type of Lewis sites (Risemana et al., 1985;
Scokart et al., 1979). Thus, the acid sites of RS were predominantly
of Lewis acid character. Similar bands were observed in the case of
MCS/Py (Fig. 3). The band at 1441 cm−1 indicating Lewis acid sites
shifted to 1443 cm−1 after desorption at 400 °C. After heating at
300 °C, the bands observed at 1595 and 1619 cm−1 indicated two
types of pyridine which were directly coordinated to the metal cat-
ions. At the same temperature, the band at 1544 cm−1 was due to
Brønsted acid bound pyridine. Furthermore, pyridine adsorbed on
Brønsted sites was still stable at 400 °C as indicated by the band at
1544 cm−1. This result indicates that hydroxyl groups of MCS have
an acid high enough to protonate the pyridine.

The amount of desorbed pyridine can be considered as the amount
of the acid sites on the sample. The total mass loss up to 1000 °C as
32.7 for RS/Py and 19.9% for MCS/Py (Fig. 4). Thus, RS showed a
higher amount that the amount of acid sites than MCS. However, for
RS/Py sample, the major amount of pyridine desorption occured in
the weak acid strength (30–250 °C) region (Campelo et al., 2002;
Thomas and Sugunan, 2006). The amount of pyridine desorbed up
to 250 °C was 66% for RS/Py and and ≈46% for MCS/Py. The amount
of pyridine desorbed between 250 and 400 °C was 10% for RS/Py
and ≈22% for MCS/Py. The desorption of adsorbed pyridine at
250–400 °C indicated pyridine mainly bound on Brønsted acid
sites. Thus, this result also indicated an increased Brønsted acidity
after manganese oxide coating.

3.3. Adsorption and desorption of formic acid from the sepiolite samples

Langmuir monolayer adsorption capacity of the MCS (96.13 mg/g)
was found greater than that of the RS (63.08 mg/g). The IR spectra
measured for formic acid adsorbed RS (RS/FA) and MCS (MCS/FA) at
different temperatures are shown in Fig. 5. After heating to higher
temperatures, some changes were observed in the shape of the
peaks located between 1200 and 4000 cm−1. The formation of for-
mates was investigated by analyzing the C―H stretching vibrations
(set of bands at around 2900 cm−1). As shown in Fig. 5, the related
C―H stretching vibration at 2881 cm−1 confirmed the presence of
formate species (Araujo et al., 2008; Pigos et al., 2007). After heating



M
as

s 
L

os
s 

(a
.u

.)

(TG)

(DTA)

(DTG)

(TG)

(DTA)

(DTG)

(a)

(b)

Temperature (°C)
100095090085080075070065060055050045040035030025020015010050

22 °C
99.8%

157 °C
84.1%

249 °C
78.4% 376 °C

76.7%

502 °C
72.8% 609 °C

72.0% 685 °C
70.7%

848 °C
68.3%

65°C

186°C

335 °C

448 °C

834 °C

l

30°C
100.0%

62 °C
99.0%

101 °C
97.2% 155 °C

95.4%

238 °C
91.2%

177 °C

288 °C
89.7%

370 °C
87.0%

438 °C
86.2% 509 °C

85.3%

600 °C
84.4%

588 °C

647 °C
666 °C
83.5%

794 °C

178 °C

950 °C
82.1%

Fig. 4. Thermal analysis curves of the (a) RS/Py and (b) MCS/Py samples.

5E. Eren et al. / Applied Clay Science 62–63 (2012) 1–7
at 300 °C, the intensity of the C―H stretching vibration was reduced
and disappeared above 400 °C. The band at 2162 cm−1 for MCS/FA
sample was attributed to the carbon monoxide from the decomposi-
tion of formic acid. The peaks at 1566–1581 and 1337–1356 cm−1

corresponded to formate OCO the asymmetric and symmetric
stretching vibration of formate OCO (Miller et al., 2010). After heating
from 100 to 200 °C, the OCO asymmetric band shifted from 1566
to 1581 cm−1, the OCO symmetric band at 1356 broadened, and
the C―H formate band at 2881 cm−1 shifted to 2901 cm−1. The
decreasing intensity of the bands at 1364 and 1588 cm−1 showed
that the amount of formate species had a maximum value at
100 °C and then decreased strongly at 300 °C (Cazata and Primet,
1986; Edwards and Schrader, 1985; Fonseca et al., 2004).

The arrangement of formate ions on the surface was derived by
examining the frequency difference between the asymmetric and
symmetric OCO stretching vibration bands, denoted as Δνas-s, rela-
tive to aqueous ionic formate (Δνionic=201 cm−1) (Dolamic and
Burgi, 2006; Miller et al., 2010). Miller et al. (2010) described the
correlations between Δνas-s and the arrangement of formate ions as
Δνas-s>Δνionic=monodentate coordination; Δνas-sbΔνionic=chelating
or bidentate bridging; Δνas-sbbΔνionic=bidentate chelating. After
heating from 100 to 200 °C, the asymmetric OCO band shifted from
1566 to 1592 cm−1, and the symmetric one from 1356 to 1337 cm−1.
The Δνas-s value increased from 210 to 255 cm−1 with incrasing tem-
perature. Thus, formate was adsorbed in monodentate configuration
on the MCS surface.
4. Conclusion

An efficient and sustainable technology has to be developed for
the separation of carboxylic acids from the waste water stream from
the points of view of pollution control and recovery of useful mate-
rials. Formic acid is a fundamental compound in the effluent of chem-
ical industries. The present study focused on developing a catalyst for
the decomposition of formic acid. Sepiolite, a clay mineral with high
adsorption capacity and manganese oxide as catalyst were selected.
MCS were prepared using a mild preparation route. The adsorption
of formic acid on MCS sample was approximately 1.5 times higher
than that for raw sepiolite. Due to the high formic acid adsorption



Wavenumber (cm-1)

3275

1566 1356 1006

824

753

6872881
1714

1203

2870

1356

997

790

3483 1739

1595

1206

685

3402 1366

986

6841739 1630

3369

1581

1396
1337

1204

787

687

3559
2901

996

21622091

1356

4000 3200 2400 1800 1400 1000 650

(200 °C)

(300 °C)

(400 °C)

(100 °C)

4000 3200 2400 1800 1400 1000 650

3384
1738 1638 1366

986

795
6872187

1198

1600

1001

786

692

3569
2881 2000

1373

1201

3288 1711

1588

1364

1007

760
6873574 2916 21621982

1400

1175

3348

1598

1006

786

6893686 22932091

1373

T
ra

ns
m

itt
an

ce
 (

a.
u.

)

(a) (b)(100 °C)

(200 °C)

(300 °C)

(400 °C)

Fig. 5. IR spectra of formic acid species adsorbed on sepilite samples between 100 and 400 °C: (a) RS, (b) MCS.
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of MCS and its thermal decomposition, maganese oxide coated sepio-
lite has a high potential for environmental applications.
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