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Abstract

The catalytic activity and selectivity of a series of H-ZSM-5-supported manganese oxide catalysts with various manganese content, namel
1.0, 4.3, and 8.3 wt%, were evaluated for the oxidation of dichloromethane (DCM) and trichloroethylene (TCE). Previously, the highly
active performance of H-ZSM-5 zeolite with respect to other supports, such as alumina and silica, was demonstrated, pointing out that the
acidic properties of the support along with a high metallic dispersion of the resultant catalyst were key factors conditioning the catalytic
performance. Mn(4.3%H-ZSM-5 catalyst was found to be an optimum catalyst for the combustion of both single and double carbon
chlorinated compounds achieving95% conversion levels at temperatures between 400 an8@50he major oxidation products were
carbon monoxide, carbon dioxide, hydrogen chloride, and chlorine. It was observed that high manganese loadings led to increasing amoun
of carbon dioxide and chlorine.
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1. Introduction catalysts tends to be restricted owing to the formation at low
temperatures of extremely toxic residues such as chromium
Chlorinated volatile organic compounds (VOCs), such as oxychloride [7]. Interestingly, supported manganese oxides
dichloromethane (DCM) and trichloroethylene (TCE), con- have been proposed as cheap, environmentally friendly and
stitute a significant fraction of the hazardous air and water efficient catalysts for catalytic decomposition of nonchlo-
pollutants due to their inertness and their widespread appli-rinated VOCs [8,9]. However, less consideration has been
cation in industry [1]. Among the various disposal methods given to investigating the suitability of such catalysts for
applicable for these chlorocarbons, low-temperature cata-chlorinated VOC destruction [10,11].
lytic oxidation has recently gained interest [2]. The desired  On the other hand, it is reported in the literature that both
reaction is the complete reaction of the chlorinated VOC to noble metal and metal oxides have been extensively used
produce HCI and C@ The catalyst used must be active in for the combustion of chlorinated hydrocarbons using alu-
the destruction of a wide range of chlorinated compounds, mina and silica as supports. Nevertheless, there are only
including toxic by-products that can result from incomplete few investigations about this type of reactions over metal-
combustion. modified ZSM-5 zeolites [12,13]. As compared to alumina
Traditionally, supported transition metal oxides have and silica, ZSM-5 zeolites have a high internal surface area
been proposed as potential substitutes for noble metal-base@300-550 4 g~1), and a modest concentration of Brgnsted
catalysts [3]. Metal oxides are in general less active than sjtes, which are primarily of high strength. In addition, since
noble metals but they resist deactivation by poisoning to zs\u-5 zeolites have fixed dimensions, the metal particle
a larger extent [4]. Among these systems chromium-baseds;ze gistribution can be controlled in an appropriate way.
catalysts have exhibited the highest activity for chlorinated  Hence, the present study focuses on the activity and prod-
VOC abatement [5,6]. Nevertheless, the use of this type of |, selectivity of H-ZSM-5-supported manganese oxide cat-
alysts in the vapor-phase oxidation of dichloromethane and
~* Corresponding author. trichloroethylene under excess of dry air between 200 and
E-mail address: igpgovej@lg.ehu.es (J.R. Gonzélez-Velasco). 550°C.
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2. Materialsand methods
2.1. Catalyst preparation

The zeolite NH-ZSM-5 CBV5524G was supplied by the
Zeolyst Corporation. The H-ZSM-5 zeolite (@il = 27.3)
was obtained by calcining the NFZSM-5 zeolite in air
at 550°C for 3 h. Manganese oxide-based zeolite catalysts
were prepared by impregnation with manganese (lI) nitrate
tetrahydrate (Merck). In order to obtain the desired man-
ganese loadings (1.0, 4.3, and 8.3 wt%, respectively), the
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at 100°C up to saturation, the desorption was carried out
from 100 to 550 C at a heating rate of 1 min—1 in an He
stream (50 crimin~1). This temperature was maintained
for 15 min until the adsorbate was completely desorbed. The
experimental procedure is described elsewhere [14].
Temperature-programmed reduction experiments were
also carried out using a Micromeritics AutoChem 2910
instrument. Prior to reduction, the samples were first oxi-
dized in a stream of 5% £He (50 cn¥ min~—1) at 550°C
for 30 min. Afterward, they were cooled down to 50 in
flowing nitrogen. The reduction was conducted from 50 to

concentration of precursor aqueous solutions were adjustedl050°C at a linear ramp of 12Cmin~1 in a 5% Hp/Ar

accordingly. The zeolite to impregnation solution ratio em-
ployed was 1:20.

After drying for 5 h at 120C in a convective oven, all the
catalysts were activated by calcination at 8680n a furnace
with air for 3 h. As a result, fairly homogenously colored
batches from pale tan to dark brown were obtained. Then,
the powdered catalysts were pelletized using a hydraulic

stream. The apparatus was equipped with a drier to remove
water from the reduction process and a TCD detector to mea-
sure the H consumption.

2.3. Catalytic activity measurement

Oxidation reactions were carried out in a conventional

press (Specac), and afterward these pellets were crushed anfixed-bed reactor under atmospheric pressure. The flow

sieved to grains that were 0.3—0.5 mm in diameter.

2.2. Catalyst characterization

rate through the reactor was set at 500%enin—! and

the gas hourly space velocity (GHSV) was maintained at
15,000 hl. The feed stream to the reactor was prepared by
delivering the liquid chlorinated hydrocarbon (1000 ppm) by

The manganese content in the catalysts was measureé syringe pump into dry air, which was metered by a mass

by inductively coupled plasma (ICP) spectroscopy in an
ARL Fisons 3410+ICP equipment. Thermogravimetric (TG)
analysis was carried out using an automatically recording
Perkin Elmer TGS-2 thermobalance, using a linear heat-
ing rate of 10Cmin~! in a dynamic atmosphere of air
(50 mimin~1).

flow controller. Details about the experimental procedure for
reaction product analysis are described elsewhere [15].

3. Resultsand discussion

The surface area and pore volume of the catalysts were3.1. Catalyst characterization

determined by M adsorption—desorption at196°C in a
Micromeritics ASAP 2010 equipment. Samples were pre-
viously evacuated overnight at 450 under high vacuum.
The adsorption data were treated with the full BET equa-
tion. Oxygen chemisorption measurements were performed
at 300°C using the same volumetric apparatus. The irre-
versible uptake of @was measured using a dual isotherm,
the samples were evacuated at 3G0and a second isotherm

was obtained. The difference between the two isotherms ac-

counts for the amount of oxygen irreversibly held on the
catalyst surface.

X-ray diffraction (XRD) studies were carried out on a
Philips PW 1710 X-ray diffractometer with Cugktadiation
(» = 1.5406 A) and Ni filter. The X-ray tube was operated
at 30 kV and 20 mA. Samples were scanned frahregual
to 2° up to 60 and the X-ray diffraction line positions were
determined with a step size of 00@nd a counting time of
2.5 s per step.

Temperature-programmed desorption (TPD) of ammonia
was performed on a Micromeritics AutoChem 2910 instru-
ment. Prior to adsorption experiments, the samples were

TG analysis of manganese (ll) nitrate tetrahydrate was
performed in order to determine the effect of calcination
temperature on the final state of the manganese oxide. In ad-
dition, XRD measurements of the precursor salt calcined at
different temperatures (400, 550, and 7@) for 3 h in air
were recorded. The identification of the oxide phases was
carried out by a comparison to the JCPDS (Joint Committee
on Powder Diffraction Standards) files.

TG results indicated that heating the precursor salt in air
from 50 to 250°C resulted in a significant weight loss (about
65%) which was associated with the Mn(d)@- 4H,O—
MnO, transformation. Indeed, the XRD results revealed the
formation of MNQ as a major phase when calcining the pre-
cursor salt at 400C (Fig. 1). Increasing the temperature
completely converted Mn®into MnO3 at around 550-
600°C. Accordingly, XRD analysis showed that Mbg be-
came the sole detectable phase after calcination between 550
and 700 C [16]. No other manganese phases were evidentin
this temperature range.

On the other hand, it should be noted that the X-ray

first pretreated in a quartz U-tube in a nitrogen stream at diffraction patterns did not show the presence of any de-
550°C for 30 min, and then they were cooled down to tectable crystal-like phase of manganese oxides, namely
100°C. After admitting small pulses of ammonia in He Mn20s, on Mn(1.0%)H-ZSM-5 and Mn(4.3%)H-ZSM-5
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Table 1 lists the textural properties of the catalysts along
with the manganese loading. For the sake of clarity the
weight contents of the metal and metal oxide were included.
It was noted that the incorporation of increasing amounts
of manganese to H-ZSM-5 zeolite slightly diminished its
surface area, as well as its pore volume. The surface area
of H-ZSM-5 zeolite was 50 Ag~! greater than that of
Mn(8.3%)/H-ZSM-5 catalyst, suggesting that some pore
blockage might have occurred due to high metal loading.
This slight loss of surface area was evidence that the micro-
porous character of H-ZSM-5 zeolite was hardly modified
i after impregnation, as also revealed by XRD data.

e) Temperature-programmed desorption of ammonia was
used to determine the number and the strength of the acid
sites present in the metal-modified catalysts (Table 1). The
f) area under the TPD profile dropped significantly for all
T the metal loaded zeolite catalysts compared with the par-
9) Mn;0; ent H-ZSM-5 zeolite, thereby showing an overall loss of the
| A M total number of acid sites with increasing manganese addi-
h) Mnz0s Mn;0, tion. Analyzing the NH-TPD profiles (Fig. 2), it could be
e T observed that the first maximum at 18D, corresponding

’ ’ * " ’ ’ to weak acid sites, was roughly the same for all the zeolite
0 10 20 30 40 50 60 catalysts. The second maximum at 350-3Z5associated
Angle, 20 with medium-strength acidity, decreased noticeably. More-
’ over, a third maximum was observed at 3@in the case of
Fig. 1. XRD spectra: (a) Mn®(Mn(NOs), - 4H,0 calcined at 400C/ manganese oxide-based zeolite catalysts, whereas this addi-
3hyair), (b) MmpO3 (Mn(NOs), - 4H,0 calcined at 550C/3 hyair), tional peak was not detectable with H-ZSM-5 [18]. The low
(|\;|:31(8M325()3|3-| Z('\S/I'\r;l(lglo(se))zw-m‘(lrég) ﬁazlgr’:;té g)t J:(?%{)f%aizf)s"\ﬂ(g) concentration of this third very strong acid site compared
wS 70N TSNS, w2 TSNS, SAIRESMES, with the remaining acid sites suggested that these species
(9) Mn(4.3%) Al203, (h) Mn(4.2%6) SiC,. were created by the metal cations. The population of this
type of acid sites increased with increasing manganese con-
catalysts. The lack of X-ray diffraction lines of character- tent [19]. As a conclusion, total acidity of Mn-impregnated
istic MOz indicated that the H-ZSM-5-supported man- H-zZSM-5 catalysts was found to be a combined effect of
ganese species were highly dispersed [17]. Nevertheless, théwo factors: first, Bransted acidity due to negatively charged
most intense peaks of M@ crystals were noticeable for  AlO4 tetrahedra and second, cationic acidity due to incorpo-
Mn(8.3%)/ H-ZSM-5, revealing that large crystallites were rated manganese.
eventually formed. The XRD patterns of the MfrZSM-5 TPR patterns of the metal-loaded zeolite catalysts as
catalysts were essentially identical to those of the H-ZSM-5 function of Mn loading are presented in Fig. 3. A two-step
support, except for a certain loss (10-15%) in the intensity reduction profile was observed for all the zeolites, except for
of principal diffraction lines, which was more remarkable the pure protonic sample. The two reduction peaks were con-
with increasing Mn content. This pointed out that the ZSM-5 sistent with successive reduction of MPg into MnzO4, fol-
structure was largely maintained after the addition of man- lowed by a final reduction to MnO [17]. TPR measurements

Intensity, a.u.

ganese to the support. were characteristic of bulk Mi©3 species. It was observed
Table 1
Physicochemical properties of the supports and the manganese oxide-based catalysts
Catalysf Mn content Mnp O3 content Surface area Pore volume Total acidity Acid sites (%)
(Wt%) (Wt%%) (mgb (cm3g™1 (mmolNHzg™1)  Weak Medium Strong
Mn(1.0%)/H-ZSM-5 1.0 0.01 423 0.232 0.43 57.7 324 .89
Mn(4.3%)/H-ZSM-5 4.3 0.06 413 0.225 0.56 44.5 36.4 19
Mn(8.3%)/H-ZSM-5 8.3 0.12 410 0.232 0.50 43.0 37.6 39
Mn(4.3%)/Alo03 4.3 0.06 103 0.564 0.34 88.4 11.6 -
Mn(4.2%)/Si0y 4.2 0.06 300 1.095 - - - -
H-ZSM-5 - - 460 0.230 0.58 43.8 56.2 -
Al,03 - — 105 0.571 0.35 85.8 14.2 -
SiOo, - - 323 1.203 - - - -

a All the samples were calcined at 5% in air for 3 h.
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Fig. 2. Temperature-programmed desorption of ammonia profiles of various

catalysts and supports. Fig. 3. Temperature-programmed reduction patterns of various supported
manganese oxide catalysts.
that both reduction peaks slightly shifted to higher temper-
atures with increasing content. Hence, the reduction peaksof H-ZSM-5 zeolite (Table 1). Moreover, the impregna-
appeared at 310 and 410 on Mn(4.3%)H-ZSM-5, and tion of manganese did not affect the acid strength distrib-
320 and 430C on Mn(8.3%)H-ZSM-5. The Mn(1.0%) ution. Results from XRD and TPR of Mn(4.3%#8I,03 and
H-ZSM-5 zeolite also exhibited minor features at 300 and Mn(4.2%)/SiO;, catalysts revealed the presence of relatively
400°C. Although XRD analysis did not reveal crystalline large crystals of MpOs species (Fig. 1), which required
material, small MaOs clusters are thought to be presentin a higher temperatures for complete reduction (Fig. 3). Conse-
highly dispersed form on the outer surface of MhZSM-5 guently, the metallic dispersion of these catalysts appeared
catalysts with a low metal content. As suggested by the in- to be poorer compared with Mn(4.3%J-ZSM-5 catalyst.
creased reduction temperatures and the presence of diffrac- Typically the catalytic activity was characterized by mon-
tion peaks corresponding to metallic clusters, the higher Mn itoring the combustion efficiency as a function of tempera-
loading, the more aggregated Mg crystals were formed  ture for a particular VOC at given test conditions. A charac-

resulting in a poorer dispersion. teristic S-shaped curve, which is called light-off or ignition
curve, was obtainedl'sg (temperature at which 50% con-
3.2. Activity tests version is attained) was used as a criterion for comparing

the catalytic activity for various catalysts. The light-off

Before studying the catalytic behavior of H-ZSM-5- curves of the decomposition of DCM and TCE over these
supported manganese oxide catalysts, first a comparativahree MnOs-based catalysts are shown in Figs. 4 and 5,
study was carried out in order to assess the better cat-respectively. It was observed that all the catalyzed reac-
alytic properties of H-ZSM-5 zeolite as support in compar- tions required lower reaction temperatures than the homoge-
ison with those of other typical commercial supports such neous reaction irrespective of catalyst composition or type
as alumina and silica. For this purpose, Mn(4.3238»03 of feed. The Mn(4.3%)H-ZSM-5 catalyst produced 50%
and Mn(4.2%)SiO, catalysts were prepared by impregna- conversion of DCM at 340C while Mn(4.3%YAl 03 and
tion of y-alumina SCM-129X (Rhéne Poulenc) and silica Mn(4.2%)/SiO, required a temperature increase to 400 and
CS-1030-E (PQ Corporation) supports, respectively, with 440°C, respectively, for a similar conversion level. On the
an aqueous solution of manganese nitrate and subsequerdther hand, the Mn(4.3%H-ZSM-5 catalyst achieved 50%
drying at 120°C for 5 h and calcination in air at 53C TCE conversion at temperatures as low as 3D0vhere
for 3 h. The physiochemical properties of these catalysts the other two manganese-based catalysts needed a mini-
are listed in Table 1. As can be observed, Mn(4.3%) mum temperature of 42% (Mn(4.3%) Al,03) and 445C
ZSM-5, Mn(4.3%YAl>03, and Mn(4.2%)SiO, catalysts (Mn(4.2%)/SiOy) to produce 50% conversion. Thus, ac-
had roughly the same cation content. The total acidity of cording to theT'sg values for the oxidation of both chlo-
alumina and silica supports was noticeably lower than that rinated hydrocarbons, there was a decreasing activity of the



152 J.l. Gutiérrez-Ortiz et al. / Journal of Catalysis 218 (2003) 148-154

100 ¢ —B— Mn(4.3%)/H-ZSM-5 1007 o Mn(4.3%)/H-ZSM-5
—@— Mn(4.3%)/AL,0, —@— Mn(4.3%)/A1,0,
90 T —e— Mn(4.2%)/SiO, 90 T —— Mn(4.2%)/SiO,
—W¥— Homogeneous —W¥— Homogeneous
801 80
70+ 70
xR S
s 607 s 607
2 o
» ®
s 907 5 507
> >
s 1 S 1
o 40 S 40
30t 30t
20t 20
10 10
0 : + + + + 0 V¥ V¥ v t t +
200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550
Temperature, °C Temperature, °C
Fig. 4. DCM oxidation light-off curves over Mn(4.3%#-ZSM-5, Fig. 5. TCE oxidation light-off curves over Mn(4.3%)-ZSM-5,
Mn(4.3%)/ Al 203, Mn(4.2%)/SiO,, and empty reactor (homogeneous re-  Mn(4.3%)/Al>03, Mn(4.2%)/SiO», and empty reactor (homogeneous re-
action). action).

] ) ] differences between the chlorinated VOCs led to differences
various catalysts in the following order: Mn(4.3%}-ZSM- in reactivity of Mn(4.3%) H-ZSM-5 catalyst.

5 > Mn(4.3%)/Al203 > Mn(4.2%)/Si0; > homogeneous In order to establish an optimal metal loading, Mn(1.0%)

reaction. This activity trend perfectly correlated with the _75Mm-5 and Mn(8.3%)H-ZSM-5 along with Mn(4.3%)
order of the catalysts as a function of their total acidity y.zgMm-5 zeolite catalysts were evaluated for the oxida-
pointing out that the activity of supported manganese 0X- tjon of DCM and TCE. As indicated in Figs. 6 and 7, the
ide catalysts strongly depended on the nature of the sup-manganese incorporation to the zeolite induced an impor-
port. Furthermore, polyvalent cations present in the zeolite (gt reduction irf'sg values for chlorocarbon oxidation with
framework also improved the zeolite acidity by creating respect to pure H-ZSM-5, which varied depending on the
highly strong acidic sites. On the other hand, the higher metal content. It is worth noting that the H-ZSM-5 zeo-
metallic dispersion of Mn(4.3%H-ZSM-5, as shown by |jte catalyst did have some activity, this being considerably
TPR, also resulted in a better catalytic behavior. In con- higher than the homogeneous conversion results for both
trast, the low activity of alumina and silica based cata- chlorinated compounds. In fact, under the existing condi-
lysts was associated with the low acidity of these catalytic tions no detectable homogeneous reaction occurred at tem-
supports, which was hardly enhanced with Mn loading peratures below 350-406C for DCM and 450-500C for
as revealed by NETPD, and with a poorer dispersion TCE.
of Mn2Os clusters. Oxygen uptake measurements were  As for DCM, catalytic activity was found to decrease in
also consistent with the observed activity results since the following order: Mn(4.3%)H-ZSM-5 > Mn(1.0%)/H-
Mn(4.3)%/H-ZSM-5 exhibited the largest adsorption ca- 7ZSM-5a Mn(8.3%)/H-ZSM-5 > H-ZSM-5. The decrease
pacity with a value of 0.27 mmolgy~! in comparison  in T with respect to the H-ZSM-5 zeolite ranged from
with 0.12 and 0.10 mmol ©g~ for Mn(4.3%)/Al203 and  60°C over Mn(4.3%)H-ZSM-5 to 40°C over Mn(1.0%)
Mn(4.2%})/SiO,, respectively. H-ZSM-5 and Mn(8.3%)H-ZSM-5. The differences in ac-
Taking into account the conversion data from the de- tivity were discernible only at temperatures below 400
composition runs without any catalyst and with manganese  According to TCE destruction efficiency, the zeolite cat-
oxide supported on alumina and silica, TCE appeared to alysts could be listed as Mn(4.3%J-ZSM-5~ Mn(8.3%)/
be a more stable compound with respect to DCM, requir- H-ZSM-5 > Mn(1.0%)/H-ZSM-5 > H-ZSM-5. Interest-
ing higher temperatures to complete combustion. Surpris-ingly, Mn(4.3%)H-ZSM-5 and Mn(8.3%)H-ZSM-5 zeo-
ingly, TCE conversion was noticeably accelerated when us- lite catalysts showed a remarkable improvement in conver-
ing Mn(4.3%)H-ZSM-5 as catalyst since®so value as low sion, which increased from as low as 15% over Mn(1%)
as 300°C was noted whilel'sg for DCM combustion was ~ H-ZSM-5 and H-ZSM-5 to almost 95% over Mn(5%bj-
340°C. Perhaps possible structural and reaction mechanismZSM-5 and Mn(10%j)H-ZSM-5 at 400°C. This conversion
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Fig. 6. DCM oxidation light-off curves over MtH-ZSM-5 catalysts for Fig. 7. TCE oxidation light-off curves over Mh-ZSM-5 catalysts for var-
various loadings. ious loadings.

difference signified the importance of the presence of rela-
tively high loadings of MaO; as catalyst agent for TCE de-  Py-productwas 95 and 165 ppm over Mn(1.9%)ZSM-5
struction. It was also seen that the catalytic activity slighty and H-ZSM-5 catalysts, respectively. At higher temper-
decreased for a further increase of Mn loading from 4.3 to atures the concentration decreased, and thus this com-
8.3 Wi%. pound was completely decomposed at 500In contrast,
Taken together, the chlorinated VOC conversion results Methyl chloride was no longer detected in the tempera-
demonstrate that 4.3 wt% was an optimal amount of man- ture range studied over zeolite catalysts with higher Mn
ganese on H-ZSM-5 for the oxidative decomposition of both content. As regards TCE oxidation, small amounts of tetra-
dichloromethane and trichloroethylene. The catalytic activ- chloroethylene were detected as a by-product in the prod-
ity did not increase linearly with manganese loading when Uct stream [22]. The peak concentrations were 60, 200,
Mn content was higher than 4.3 wt%, owing to the fact that 280, and 390 ppm over H-ZSM-5, Mn(1.094}-ZSM-5,
the amount necessary for monolayer coverage was probaMn(4.3%)/H-ZSM-5, and Mn(8.3%)H-ZSM-5, respec-
bly exceeded and therefore the surface of highly dispersedtively. Since tetrachloroethylene was presumably generated
Mn,O3 was no longer increased [10]. As revealed by TPR by chlorination, its formation was favored when reactive Cl
results, the dispersion of Mn(4.3%)-ZSM-5 appeared to ~ was present in large quantities [23], as will be noted later.
be higher than that of Mn(8.3%M)-ZSM-5. The oxygen  This occurred for TCE oxidation catalyzed by Mn(4.3%)
chemisorption capacity of this catalyst was higher than that H-ZSM-5 and Mn(8.3%)H-ZSM-5 catalysts.
of Mn(8.3%)/H-ZSM-5 catalyst (0.23 mmol&g~1). It is DCM contains sufficient hydrogen associated with the
worth noting that surface area of the zeolite catalysts did not parent molecule to yield hydrogen chloride exclusively. Un-
seem to control the activities of the catalysts, as differencesexpectedly, significant amounts of molecular chlorine were
in the surface area values, as listed in Table 1, were observedbserved above 40C. The Ch was believed to arise from

with no corresponding trend in activity. the oxidation of hydrogen chloride at high temperatures, the
Deacon reaction (2HGH %Oz = Clz + H20). Cl, produc-
3.3. Product distribution tion via the Deacon reaction was promoted with increasing

manganese content, thus revealing its high activity for this
Apart from analyzing the catalytic activity for chlorinated reaction. Hence, the maximum concentration at 35@vas
VOC destruction, the product distribution of H-ZSM-5- 320, 360, 580, and 605 ppm over H-ZSM-5, Mn(1.0%)
supported manganese oxide catalysts was also monitoredH-ZSM-5, Mn(4.3%)H-ZSM-5, and Mn(8.3%)H-ZSM-5,
The main oxidation products formed were CO, £®ICI, respectively. Unlike DCM, in the case of TCE there is no suf-
and Cp [14,20]. Additionally, when oxidizing DCM small ficient hydrogen associated with the parent molecule to yield
amounts of methyl chloride were detected at mild temper- HCI exclusively. As a result, a noticeable chlorine formation
atures (300-400C) [21]. The peak concentration of this was noted, this being more remarkable over Mn(4.3%)
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