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Abstract — A series of manganese base oxides
(MnCe, MnZr and MnCeZr) obtained by co-
precipitation, were characterized by SBET, XRD,
TPR, XPS and studied by FTIR in the oxidation re-
action of a typical CI-VOC such as chloroform,
CHCI3. The oxides were compared with a manga-
nese oxide obtained from the recycling of spent bat-
teries (MnOXx). In addition, the catalytic combustion
of CHCIs in a fixed-bed reactor was analyzed and
the CHCIz conversion decreased in the order: MnZr
> MnOx = MnCeZr >MnCe. In all cases, the conver-
sion is higher than that obtained without a catalyst.
The surface Mn*/Mn* ratio would favor the de-
composition of CI-VOC. The study of CHCIz reac-
tion atmosphere by in situ IR reveals that in the ab-
sence of catalysts, CCls, COCl;, C2Cls and CH2Cl;
were observed. On the other hand, C:Cls is not
formed in the presence of catalysts, although CCl4
and CH:Cl; were observed and must be avoided.

Keywords — manganese, chloroform, CI-VOC,
FTIR

I. INTRODUCTION
Volatile organic compound (VOCs) emissions, pro-
duced from industrial processes, mobile sources, etc.,
are considered to be severe air pollutants. Catalytic oxi-
dation is one of the most attractive routes for the elimi-
nation of VOC emissions (Carabineiro et al., 2015).
Synthetic manganese based-catalysts have been investi-
gated as supported phase, as support or as catalysts for
different VOC oxidation reaction, mainly due to the
good activity and stability (Granger et al., 2016). It has
been investigated for C3 combustion (Baldi et al.,
1998), for benzene catalytic oxidation over CuO/MnO,
(Ahn et al., 2017) and oxidation of BTX (Genuino et
al., 2012), for oxidation of ethanol, methyl ethyl ketone
and toluene over Ce-Mn monoliths (Colmen Lerner et
al., 2016). For a series of oxygenated VOCs
MnOXx/Al,O3; have been tested giving rise to good re-
sults (Aguero et al., 2011). Recently, results on MnOx
and MnZnO composite, synthesized from waste alkaline
and Zn/C batteries, have been reported for the conver-
sion of ethanol, heptane and toluene, (Gallegos et al.,
2013 and 2017) showing good catalytic activity. Man-
ganese based catalysts have been investigated also for
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Cl-VOC by using different model molecules;
MnCuOx/TiO, has been tested for the combustion of
chlorobenzene (Belkouch et al., 2009), while Ce-Mn
has been tested for the oxidation of 1,2-dichloroethane
and trichloroethylene (De Rivas et al., 2008). Among
Cl-VOC, chloroform is of interest since the non-
negligible presence in car exhaust, paper mills and in
industrial off gases (Jose et al., 2018). Chloroform is
commonly degraded by incineration (Lou and Chang,
1997), photocatalysis (Rodriguez-Chueca et al., 2016),
electro-oxidation (Cho et al., 2018), etc. Few data on
chloroform catalytic oxidation have been found, mainly
using Pd/Al,Os (Rossin and Farris, 1993). On the other
hand, the possible use of spent batteries as starting point
for the production of heterogeneous catalysts will bene-
fit both of a reduced impact avoiding the disposal of
batteries with garbage in landfills, in the reduction of a
dangerous waste and, consequently, in the reduction of
heavy metals pollution in the environment (Biswas et
al., 2016). Gallegos et al. (2017) obtained manganese
oxides from spent batteries and observed excellent cata-
Iytic performances for ethanol and toluene oxidation. In
the same article, the reaction mechanism by FTIR spec-
troscopy of ethanol and toluene oxidation was also stud-
ied. Nevertheless, no literature is found on the reaction
mechanism of catalytic chloroform oxidation. The aim
of this paper is to investigate the chloroform total oxida-
tion over a manganese base oxides (MnCe, MnZr and
MnCeZr) obtained by co-precipitation, and compared to
a manganese oxide obtained from spent alkaline batter-
ies. In addition, the reaction mechanism of chloroform
oxidation onto the solid was studied by “in situ” FTIR
spectroscopy.

Il. METHODS

A. Catalysts Preparation

MnOx: A biohydrometallurgical process has been de-
scribed in Gallegos et al. (2013). After leaching with a
biogenerated sulfuric acid, the solution containing zinc
and manganese were used for the synthesis of catalysts,
already described in previous works. Over 100 mL of
leached solution, 100 of KMnQO4 were added in order to
react with MnSO,. The solution was stirred for 30
minutes. The solid synthesized was filtered, washed
with distilled water, dried at 120 °C and calcined in air
at 500 °C during 2 hours.
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MnZr and MnCe oxides were prepared by a co-
precipitation method. Mn(NQ3)26H,0 and ZrO(NQO3),-
2H,0 or Ce(NOs3)3-6H20 were used as precursors and
were dissolved in distilled water with the molar ratio of
1:1. An aqueous solution of ammonia was used as the
precipitator and was added dropwise in the metal salt
solution until the pH value to 10.5. After drying at 110
°C overnight, the solid precipitates were calcined at 500
°C in air for 2 h.

MnCeZr oxide was prepared with the same process, us-
ingMn(NO3)26H20, Ce(NO3);-6H.0 and ZrO(NOs)z-
2H,0 as precursors, with molar ratio of 1:0.5:0.5, re-
spectively.

B. Characterization

Metal content were determined by atomic absorption
spectrophotometry (AAS) using a Varian AA 240 spec-
trophotometer. Quantitative analysis of the composition
of the samples were carried out with a scanning electron
microscope provided with energy dispersive X-ray
analysis (SEM-EDS) using a Philips SEM 505 micro-
scope. Prepared materials have been extensively charac-
terized using transmission electron microscopy (TEM,
JEOL JEM-100CXIl), temperature programmed reduc-
tion analysis (H>-TPR), X-ray diffraction (XRD) and
FTIR spectroscopy. The reduction profile (Figure 1) of
the different samples was analyzed by temperature pro-
grammed reduction (H2-TPR) tests using a 5% H2/N;
reducing mixture carrier gas flowing at 22 ¢cm® min™.
The experiments were performed at a heating rate of 10
°C min from room temperature to 900 °C using 50 mg
of sample. Calibration was carried out with NiO. XRD
was collected with a Philips PW1390 Diffractometer
(CuKao radiation). Skeletal FT-IR (Fourier transform in-
frared spectroscopy) spectra have been recorded with a
Bruker IFS66 infrared spectrometer at spectral resolu-
tion of 4 cm™ accumulating 200 scans for each spec-
trum. The textural properties were carried using a Mi-
cromeritics Accussorb 2100 D sorptometer. Specific
surface areas were obtained by BET method. Optical
characterizations were carried out by measuring the dif-
fuse reflectance spectroscopy. All spectra were taken in
the range of 200-800 nm using a Perkin Elmer Lambda
35 UV-vis spectrophotometer with integrating sphere at-
tachment and spectral on reflectance standard.

C. IR reactivity study

The surface chemistry study was performed by using
Nicolet 380 FT-IR spectrometers. The catalysts were ac-
tivated in the IR cell connected with conventional gas-
manipulation apparatus at 773 K in air and under vacu-
um (10 torr). The activated samples were then contact-
ed with chloroform vapor at room temperature (r.t) and
at increasing temperatures up to 773 K. In another set of
experiments, air or a mixture of air/water vapors were
admitted in the IR cell together with the organic com-
pound. Water should provide H atoms in order to favors
HCI formation.
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Figure 1. H2-TPR profiles of the manganese oxides.

Table 1. BET specific area and XPS results of manganese ox-

ides
Catalyst SBET (Mm?g™Y) Ou/O1 Mn**/Mn3* Ce** (wt %) Zr**/Zr2*
MnOx 37 0.67 1.85
MnCe 83 0.66 0.39 10.8
MnZr 249 0.58 0.69 0.75
MnCeZr 93 0.82 0.63 8.0 0.80

D. Catalytic activity

The catalytic activity of the samples in the oxidation of
chloroform in air was carried out in a flow U-shape
glass reactor at atmospheric pressure. 100 mg of catalyst
was placed into the glass reactor and a reactive flow (2
vol % of chloroform in air) was passed through it at to-
tal flow rate of 100 cm® min™, which gives a gas hourly
space velocity of 36000 h. The reactants and products
were measuring by GC-FID (Thermofinnigan Trace
CG) together with CO, monitoring by an on-line detec-
tor (Telaire CO; sensor). The conversion of chloroform
(X) and the conversion into CO, (XCO2) were respec-
tively calculated as X = {(1 — Fenioroform)/Fchioroform}, in
and XCO; = {FCO2/ Fehioroform} ,in Where Fenioroform 1S the
outlet molar flow rate of chloroform at steady state,
Fchloroform, |n |S the |n|et m0|ar ﬂOW rate Of Fchloroform,
FCO- is the outlet molar flow rate of CO, at steady
state.

D. Results and Discussion

The sample MnOx, obtained from spent batteries, had
an Mn/Zn ratio of 2.5 wt.%. The sulfur content was 2.5
wt.%. Additionally, some K was found in MnOx. The
specific area of the samples is listed in Table 1together
with relation between metals and types of oxygen ob-
tained from the XPS analysis.

MnZr has the highest specific area, followed by
MnCeZr, MnCe. The manganese oxide obtained from
spent batteries present the lowest specific area. When
analyzing the x-ray diffraction patterns they have for the
sample MnOx diffraction lines corresponding to the
aMnO?2 phase (JCPDS 44-1386), and additionally some
diffraction lines corresponding to Mn;Os; (JCPDS 89-
4836) or ZnMn,0, (JCPDS 71-2499) were detected. No
peaks corresponding to ZnO were found. MnCe and
MnCeZr present diffraction lines at 20 = 28.1, 33.1,
48.3 and 56.7°, corresponding to CeO, (JCPDS 34-
0394). Additionally, Mn,O3 is detected in MnCe, in
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Figure 2. Chloroform conversion over catalysts in a fixed-bed
flow reactor.

agreement with D"Alessandro et al. (2015). ZrO;
(JCPDS 37- 1484) is the main phase present in MnCeZr,
and no peaks corresponding to manganese oxide was
clearly identified. Finally, Mn;Os; and ZrO, were ob-
served in MnZr. The hydrogen temperature pro-
grammed reduction (H»>-TPR) profile for the MnOx
started to be reduced at 250 °C and display two peaks
around 405 and 430°C. This can be attributed to the re-
duction series MnO; or MnsQOg - Mn;03 - Mn3O4 — MnO
(Aguilera et al., 2011). In the samples prepared by co-
precipitation, two broad peaks are also observed at low-
er temperatures than those of MnOx. The decrease in
the reduction temperature of the MnCe, MnZr and
MnCeZr oxides is associated to Mn—Ce and Mn-Zr in-
teraction (D’Alessandro et al., 2015; Gutiérrez-Ortiz et
al., 2007; Chen et al., 2001). The reduction peaks are at-
tributed to combined reduction of different components,
due to the interaction among Mn, Ce and Zr in the cata-
lysts. Among the catalysts prepared by coprecipitation,
the reduction temperatures in MnCe shifted towards
lower temperature compared to those of MnZr and
MnCeZr, indicating that MnCe was more easily re-
duced. Besides, a shoulder at 225 °C is observed in
MnZr, which were assigned to nonstoichiometrically
disperse MnOx phases (Gutiérrez-ortiz et al., 2007).
Table 1 lists the results of XPS experiments. The XPS
spectra for the valence bonds of Mn 2ps2,Zr 3ds2 and O
1s states were recorded. The percentage of Ce was ana-
lyzed in the BE zone of 917 eV, which was assigned to
Ce** (Chen et al., 2001). For all the samples, the Ols
peak is in general composed of three components cen-
tered at about 529, 530 and 532 eV. The lower binding
energy (Ol) is ascribed to lattice O, the medium binding
energy peak (OIll) is assigned to surface adsorbed O,
OH- groups and O vacancies and the higher binding en-
ergy peak correspond to adsorbed molecular water Oll
species are generally considered having greater mobility
than lattice oxygen (Ol) and may give rise to beneficial
spillover phenomena at the solid surface (Aguero et al.,
2011). The OII/OI ratio of the samples decrease in the
following order: MnCeZr > MnOx = MnCe >MnZr. On
the other hand, the Mn**/Mn%* ratio of the samples di-
minish in the order: MnOx> MnZr > MnCeZr > MnCe.
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Figure 3. Proposed mechanism for the interaction of CHCl3
with the catalyst surface.

Comparing the two samples containing cerium, the Ce**
percentage is higher in MnCe then MnCeZr. Finally, the
Zr**/Zr?* ratio of the both samples containing zirconi-
um, MnZr and MnCeZr, were 0.75 and 0.80, respective-
ly.

Figure 2 shows the light-off curves of the chloro-
form decomposition over the series of Mn based cata-
lysts. In the presence of catalysts, the only products ob-
served were CO2, H.O and HCI. The Tso (temperature
for 50% conversion) of the catalysts deceased in the or-
der: MnZr > MnOx = MnCeZr >MnCe. Moreover, the
Too (temperature for 90% conversion) is also lower in
MnZr than in the other three catalysts. Comparing the
three manganese oxides prepared by coprecipitation, the
order of conversion is similar to the order of specific
surface area. The manganese oxide obtained from spent
batteries, although has a lower specific area than
MnCeZr and MnCe, presents a chloroform conversion
similar to MnCeZr. The low surface area is compen-
sated by a large Mn**/Mn3* surface ratio. Additionally,
the greater conversion observed in MnZr could be asso-
ciated to the Mn-O-Zr interaction, where Mn favors the
oxidation and Zr gives the acidity necessary to adsorb a
Cl atom of the CI-VOC molecule (Dobber et al., 2004).
In spite of the higher reducibility observed in TPR ex-
periments of the MnCe catalyst, its low chloroform
conversion could be due to the formation of CeOCI spe-
cies, which could inhibit the combustion of CI-VOCs
(Rupp et al., 2009). In the same way, Wang et al.,
(2014) propose that in the oxidation of chlorobenzene
over a Mn-Ce-La oxide, the adsorption-oxidation mech-
anism of the CI-VOC is adsorbed by the Cl over a Ce,
and the oxidation of the aromatic ring activated by Mn,
being the other Cl adsorbed on the catalyst surface. Ac-
cording to wang's proposal, we propose for the mecha-
nism that the Cl atoms (Fig. 3) adsorb on the Mn ** and
Ce** and interact C and H with the oxygen atoms of the
catalyst. The chlorine atoms being adsorbed on the Ce
prevent the reoxidation of the network. Chloroform
conversion in the absence of any catalyst did not start
prior to 300 °C and reached only 20% conversion at 400
°C.

Figure 4 (A and B) shows the FTIR spectra of the
oxidation of chloroform without catalyst. The formation
of CO (2144 cm™), CO; and HCI (2887 cm™) is ob-
served at 500 °C in the gaseous phase. In the same
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Figure 4. FT-IR spectra of gas phase arising from CHCIs
combustion without catalyst at 500 °C. The gas phase at room

temperature has been subtracted.

sense, bands at 1268, 1219, 949, 918, 849, 795, 779 and
668 cm* were detected. The bands at 1219 and 779 cm!
are attributed to CHCls. Two bands are detected at 918
y 1268 cm, which are assigned to CH,Cl, (dichloro-
ethane, DCE). DCE is formed by dismutation reaction
(reaction 1) of CHCIs, which produces DCE and CCl,4
(795 cm, C-Cl streching). At 779 cm™ is observed one
band associated to tetrachloroethylene or perchloroeth-
ylene (C.Cls). The formation of the different reaction
products can be postulated according to

2CHCI3>CHCl;, + CCl, @)

2 CHCI3~> CyCls + 2 HCI 2
Below 1000 cm™, are detected three bands; one of them
at 849 cm™ and two bands close at 668 and 735 cm™.
According to Segal Rosenheimer and Dubowski (2007)
the first band is assigned to COCI, (phosgene) and the
seconds could be attributed to C-CI stretching which is
associated with the formation of 1, 1, 2- trichloroethane
(C2HsCls, TCE).

Figure 5 (A and B) demonstrates the reaction atmos-
phere with MnOx catalyst. At 500 °C are detected bands
at 795 cm(CCls), 918 cm-1 (CH.CI;) and 668 cm™
(TCE), while peak at 1220 cm™ corresponded to the
consumption of CHCl;. Between 2000 and 4000 cm™
the presence of CO, CO; and HCl is identified.
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Figure 5. FT-IR spectra of gas phase arising from CHCIs
combustion over MnOx sample: (A) 500 °C, (B) 400 °C. The
gas phase at room temperature has been subtracted

Figure 6 (A and B) shows the gaseous phase of the
reaction combustion of chloroform over MnZr sample.
At 400 °C is observed the consumption of CHCI; and
the formation of CO, CO, and HCI. Nevertheless, the
formation of phosgene (band at 850 cm™) was deter-
mined in the reaction atmosphere. The analysis of the
reaction products with catalysts allows us to say that
both catalysts, MnOx and MnZr, avoided the formation
of C,Cls, which is a highly toxic gas. However, the
presence of phosgene must be evaluated which are de-
tected over MnZr. From the OIl / Ol ratio, the solid
MnZr has a lower amount of reactive oxygen, so it
could be said that the Mn has an oxidizing capacity and
the Zr has the adsorption capacity of Cl, it favors, due to
acidity, the formation of phosgene with respect to solid
MnOx. Finally, Table 2 list the conversion of CHCI; at
two different temperatures, 400 and 500 °C, in the IR
cell, calculated from the intensity of the CHCI; band. As
it can be seen the results are similar to the catalytic ac-
tivity test carried out in a fixed-bed flow reactor. Scan-
ning electron micrographs of the MnOx, MnCe and
MnZr catalysts are presented in Fig. 7. It can be seen
that the catalysts show different morphological struc-
tures. MnOx sample exhibits a compact agglomerates,
which are present in smaller amount on MnZr catalyst.
We can suggest that Zr oxide favors the segregation of
Mn over the catalyst surface and ZrO, improves the
acidity of the catalyst due to the formation of Brgnsted
acid sites (Gao et al.,, 2013). However, the results
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Table 2.CHCls conversion (%) at 400 and 500 °C calculated
in the IR cell and Tso and Too values of the CHCIz oxidation
obtained in the fixed-bed flow reactor

catalyst IR Xchcis (%0) Fixed-bed flow reactor
400 °C 500°C 400°C 500°C
MnOx 78 96 122 240
MnCe 41 70 194 269
MnZr 72 91 87 200
MnCeZr 76 91 116 267
blank 37
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Figure 6. FT-IR spectra of gas phase arising from CHCls
combustion over MnZr sample: (a) 500 °C, (b) 400 °C. The
gas phase at room temperature has been subtracted.
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Figure 7. Scanning electron micrographs of the catalysts.
MnCe (A), MnOx (B) and MnZr (C)

showed that the combustion of chloroform over MnZr
has favored the formation of phosgene, obtaining simi-
lar results for the MnCeZr catalyst.

I1l. CONCLUSIONS
The catalytic performance of a series of Mn-based cata-
lysts (MnCe, MnZr and MnCeZr) was examined for the
gas-phase oxidation of chloroform. The samples were
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compared with a manganese oxide obtained from spent
batteries (MnOx). The chloroform conversion in the
fixed bed reactor follows the order:MnZr > MnOx =
MnCeZr >MnCe. The conversion is related to the spe-
cific surface area and the Mn**/Mn®* superficial ratio.
The Mn-Zr interaction favors the chloroform conver-
sion, whereas Ce has a detrimental effect on the conver-
sion. In situ IR studies showed that in the absence of
catalysts, CCls, COCI; (phosgene), C,Cls and CH,Cly,
which are harmful species, were detected. In the pres-
ence of catalysts, CHCIs is oxidized at lower tempera-
tures and the formation of C,Cl, is avoided. In spite of
this, CCl, and CH,Cl, were observed.
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