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Thermal decomposition under both air and inert atmospheres of a commercial Mancozeb product was
investigated through thermogravimetric analysis and laboratory scale thermal treatment from 20°C to
950°C, with analysis of gaseous and solid products. The aim of this study is the understanding of the
thermal degradation mechanisms of a pesticide under different atmospheres and the chemical identifi-
cation of the solid and gaseous pollutants which can be emitted during warehouse fires and which can
constitute a threat for health and environment. Pyrolysis of Mancozeb takes place between 20°C and
950°C and lead essentially to CS; and H,S emissions with formation at 950 °C of MnS and ZnS. Thermal
oxidation of Mancozeb under air occurs between 150 °C and 950 °C with formation of CO, CO, and sulphur
gases (CS; and SO;). The first step (155-226°C) is the loss of CS, and the formation of ethylene thiourea,
ZnS and MnS. The metallic sulphides are oxidized in ZnO and MnSO4 between 226 °C and 650 °C (steps
2 and 3). MnSOy is then oxidized in Mn3;O4 during the last step (step 4) between 650 °C and 950°C. At
950°C, carbon recovery is close to 95%. Sulphur recovery is close to 98% with an equal partition between
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1. Introduction

Because of the increasing use of pesticides in agriculture and
in domestic area during the past 30 years, large amount of these
dangerous materials are stored in warehouses before use. Fire is
one of the common risks due to storage of dangerous, toxic, and
reactive materials. As example, one may remind the incident that
occurred in the French city of Beziers during a fire of a stockpile of
88t of pesticides and its negative environment impact [1]. Indeed,
during a warehouse fire, pesticides lead to numerous by-products
that may cause disastrous consequences for the environment and
the population [2]. However, toxic and eco-toxic effects of a fire
are dependent on the materials stored in the warehouse [3]. Study-
ing the thermal decomposition of these molecules is therefore an
important way to predict the potential hazard of a pesticide ware-
house fire.

Policies nowadays tend to prohibit the use of pesticides in
both agriculture and household applications. Europe imposes to
ban most of the dangerous molecules [4], whereas objectives are
planned to reduce the use of the other pesticides [5]. As a con-
sequence, stockpiles of obsoletes pesticides tend to accumulate in
several countries (new EU countries). They also represent an impor-
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tant health risk for population in case of fire, water contamination
or soil pollution.

Many studies concerning the thermal decomposition of pesti-
cides under various conditions (e.g. temperature and atmosphere)
were published in the literature and mainly concern organochlo-
rine pesticides[6,7] and organo-phosphorus pesticides[7-9]. Micro
scale experiments of combustion were conducted by Nageswara
Rao to characterize and quantify combustion products of sev-
eral pesticides (monochrotophos, chloropyriphos, butachlor and
hexachlorobenzene). Combustion tests were performed at low
temperature close to 300°C in order to simulate chemical fires
in warehouses. The analysis of the combustion products by gas
chromatography coupled with mass spectrometry indicated the
presence of several decomposed organic products of original pes-
ticides in large quantities in the exhaust gas up to 80%. Thermal
decomposition of ethyl parathion performed by Andreozzi et al.
in a calorimeter led to the same conclusions. Combined effects of
the individual components of gaseous organic combustion prod-
ucts may prove to be quite dangerous to life or health of the fire
fighters on the site and nearby residents [7,8].

To prevent any pollution, safe destruction of obsolete pesti-
cides has to be carried out [10]. Thermal treatment is mentioned
as a method of choice. Kennedy found that thermal treatment at
1000 °Cwas more likely to degrade most of the pesticides (atrazine,
diuron, dieldrine, malathion, zinebe, etc.) than chemical oxidation
in solution by hydrogen peroxide, nitric acid, sulphuric acid, sodium
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Fig. 1. General structure of dithiocarbamates complexes presented in the literature.

hydroxide or ammonium hydroxide [11]. Pesticides compounds
when treated with these solutions exhibited partial decomposition.
Results from the incineration of these molecules at high tempera-
ture by dry combustion procedure indicated that on the average
ten percent of carbon was not accounted for as CO, at 900°C [11].
Polychlorobenzenes were very difficult to destroy [12]. Severe con-
ditions are necessary to achieve combustion of polychlorobenzenes
leading to carbon dioxide and chlorine in nearly stoichiometric
quantities [13]. For example, destruction of hexachlorobenzene
may be achieved in the gas phase at 1000 °C under 21% of oxygen
with 2 s of residence time. At temperatures below 1000 °C, concen-
trations of 35-50% of oxygen in the gas were necessary to complete
oxidation of this molecule. Under these conditions, the formation
of by-products in the exhaust was minimized [13]. More recently,
Karstensen recommended the co-incineration of these products in
industrial cement kilns [14]. Cement kiln possess many inherent
features which makes it ideal for hazardous waste treatment; high
temperatures up to 1500 °C, long residence time up to 8 s, surplus of
oxygen during and after combustion, good turbulence and mixing
conditions, thermal inertia, fixation of trace metals in the clinker, no
production of by-products such as slag, ashes and complete recov-
ery of energy and raw materials in the waste. In several countries,
several tests demonstrated that the use of hazardous materials con-
taining up to 50% of PCBs as fuel did not change the quality of
cement and did not affect emission factors in the exhaust [15-17].

Dithiocarbamates complexes were extensively used in the
industry as pesticides, herbicides but also as chelating agent or vul-
canization agent. Dithiocarbamates are similar to carbamate groups
in which oxygen atoms have been replaced by sulphur atoms. Gen-
eral structure of dithiocarbamates complexes is presented in Fig. 1.

Thermogravimetric analysis (TGA) or differential scanning
calorimetry (DSC) techniques often associated with GC-MS analysis
were carried out to identify the decomposition products. However,
few studies are available concerning dithiocarbamates (DTC) pes-
ticides [18].

Breviglieri studied the thermal decomposition of various dithio-
carbamates containing different divalent metallic ions (Cu, Fe, Co,
Ni and Zn) by TGA under inert and oxidative atmospheres from
room temperature to 1000°C [18] and by DSC. He observed that the
thermal stability of DTC under air and nitrogen atmospheres with
TG analyser was dependent on the nature of the cation; smaller is
the cation, more stable is the molecule. DTC with ions of higher
ionic radius as for iron (0.77 nm) decomposes at low tempera-
ture (133°C) whereas DTC with the smallest ionic radius as Ni
(0.69 nm) starts to decompose at 189 °C. Manganese(Il) complexes
earlier studied in the same experimental conditions followed this
behaviour with a decomposition temperature close to 125 °C for an
ionic radius of 0.80 nm [19].

The thermal behaviour of metal dithiocarbamates complexes
has been reviewed by Sengupta in the 1980s. If many results,
sometimes contradictory are mentioned because experimental
parameters are not all known, main tendencies are pointed out
[20]. Data are now available on volatility of metal dithiocarba-
mates, nature of the metallic ion and R-substitutive groups being

the most important considerations. Among the majority of studied
metal dithiocarbamates in inert atmosphere, the common feature
observed was that thermal decomposition of metal-DTC proceeded
in two steps, the formation of the corresponding metal thiocyanate
being the essential step. As for example, decomposition under
nitrogen of diethyl Zn-DTC leads to the thiocyanate Zn(SCN), which
evolves in the corresponding sulphur (ZnS). The formation of the
thiocyanate complex occurs in a relative low temperature range
270-370°C.The formation of ZnS by the decomposition of Zn(SCN),
is then performed at higher temperature in the range 440-670°C.In
oxidative atmosphere, Zn-DTC also decomposes in two steps with
the formation of metal sulphur ZnS followed by its transformation
in metal oxide ZnO. Metal thiocyanate is not formed during ther-
mal decomposition under the presence of oxygen. The presence
of oxygen does not significantly affect the temperature ranges of
decomposition steps [20].

The thermal behaviour of Maneb, Zineb and Mancozeb (ethy-
lene bis-dithiocarbamate complexes) under nitrogen was studied
by Wang using DSC and TGA. IR analyses were used in order to
highlight the decomposition mechanism of these products. A four-
step decomposition was described but it was not clear whether the
tested pesticide was pure or a commercial mixture. Decomposition
under inert atmosphere leads to the formation of oxidized minerals
whereas the pure materials have not oxygen atom [21]. Four steps
mechanisms have been pointed out for both Maneb and Zineb. Con-
cerning Zineb, the first step describes a loss of 1 mol of CS, for 1 mol
of Zineb with emission of H,S and COS. This step leads to the for-
mation of ethylene thiourea (ETU), 1 mol of ETU for 2 mol of Zineb,
and to an isothiocyanate compound coordinated with zinc. The sec-
ond step corresponds to the devolatilization of ETU. In the case of
Maneb, the first step implies a loss of 1 mol of CS; for 2 mole of
Maneb. During the second step, another mole of CS,, a mole of ETU
and a mole of H, S were also evolved. Two last steps led to the trans-
formation of sulphides to sulphates and then to oxides for both zinc
and manganese. The decomposition mechanism of Mancozeb was
described by Wang as a combination of Zineb and Maneb degrada-
tion. Metallic sulphides were not found in the final solid residues.
This fact points out a discrepancy in mechanism of thermal decom-
position of metallic-DTC suggested by Wang et al. [21].

In this work, thermal decomposition under air and under inert
atmosphere of a commercial Mancozeb product (mainly used as
fungicide and herbicide in the EU) was investigated in order to pre-
dict nature and concentration of by-products and gases released
during a warehouse fire where different atmospheres may be
present. The concentrations of emitted gases would allow transport
phenomena modelling in ambient air. Experimental parameters
were chosen to represent different conditions that may occur dur-
ing warehouse fires (under inert and air atmospheres and low and
high heating rates). Chemical compositions of residues were also
characterized to predict solutions for their disposal.

2. Experimental study
2.1. Materials

A commercial Mancozeb based pesticide was used in this study.
The active ingredient (Mancozeb—85 wt.%) is composed of zinc
ethylene bis-dithiocarbamate (Zineb) and manganese ethylene bis-
dithiocarbamate (Maneb) as shown in Fig. 2 [21]. Mancozeb was
used as received under powder form.

The active ingredient is formulated with 10 wt.% of calcium lig-
nosulfonic acid salt, 3wt.% of hexamethylenetetramine (HMTA),
1wt.% of water and 0.1 wt.% of ethylene thiourea. ETU is one of
the decomposition products of Mancozeb.

Elemental composition of the commercial product is given in
Table 1. C, H, N, S elements were analysed by the Centre National
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Fig. 2. Chemical structure of Mancozeb proposed by Wang.

Table 1

Elemental composition of Mancozeb (wt.%).
C H N S Zn Mn Ca (o]
17.3 2.1 94 41.6 23 18.1 0.1 9.1

de la Recherche Scientifique (Vernaison, France). Metals as Ca, Mn
and Zn were determined by flame atomic absorption spectroscopy.
Oxygen amount was determined by difference at 100%.

2.2. Analytical techniques

Experiments were performed using a TG SETARAM Setsys 12
in a 5l quartz crucible under a 12NLh~! of both air and nitro-
gen flow. A mass of 8-15 mg of product was heated at 5°Cmin~!
and 20°Cmin~! from 20 °C to 950 °C. Laboratory scale experiments
were carried out in a vertical laboratory furnace. A quartz reac-
tor (diam. 40 mm) and a quartz grid were used. A mass close to of
190 mg of product was heated at 5°Cmin~' from room tempera-
ture to 950 °C under air or nitrogen flow of 45NLh~1.

Mole fractions of gases in the exhaust (CO,, CO, NO and SO,)
at the reactor and the TG outflows were measured by Infrared
analysers Rosemont (BINOS 100 for CO and CO,: range 0-10% and
0-20%, respectively; and BINOS 1004 for NO: range 0-1000 ppm)
and COSMA CRISTAL 300 (range 0-1%) for SO,. Oxygen was quan-
tified by a paramagnetic analyser ARELCO PROA R (range: 0-25%).

Analysis of H,S, COS, and CS, were only performed in the labora-
tory scale experiment using a gas chromatograph Varian CP-4900.
The following parameters were applied: pressure: 150 kPa, gas vec-
tor: helium, column: PPQ H BF poraplot Q, column length: 10 m,
detector: thermal conductibility detector (TCD), T transfer: 38°C, T
injector: 110°C, T column: 150 °C, gas flow rate: 0.2-4.0 mLmin~!,
injection: 100 ms, purge: 10s, stabilisation: 5s. Due to long analy-
sis time (87 s) to elute CS, (tr=381.3s), analytical frequency is low
(1 analysis every 2 min) and results for CS,, COS and H,S are semi-
quantitative.

Results are the average of four experiments for both TGA and in
the vertical reactor. Mean relative standard deviation of recovery
efficiencies is at least 7%.

The shapes of the curves SO,, CO, and CO obtained during TGA
experiments are similar to those obtained in the laboratory scale
device.Itreveals the same thermal behaviour of Mancozeb between
TG analysis and laboratory scale experiment.

HPLC analysis of ETU in the solid residue was performed after
the thermal treatment at 190°C. The extraction of ETU from solid
residue was carried out in a solution of methanol 90%-water 10% in
ultrasonic bath during 10 min. The solution was then filtered and

analysed by HPLC analysis on a Varian 9012 HPLC system working
with an UV detector (Varian 9050). The following conditions were
applied: stationary phase: C-18, column length: 220 mm, mobile
phase: MeOH-water (10:90), flow rate: 1mLmin~!, pressure:
130-140 atm, T column: 40 °C, UV detector (D, lamp): 234 nm. The
retention time is 4.8 min. The method used is extracted from the
OHSAS recommendation for ETU analysis [22].

Infrared spectroscopy was performed on a Brucker IFS 66/S with
an MCT detector. Drift method was applied with KBr to record
spectra in the range 600-4000 cm~1.

Electron microscopy studies (imaging, selected area electron
diffraction (SAED)) were performed with a Philips CM20 micro-
scope with a LaB6 cathode operating at 200 kV. Elemental analyses
were carried out by energy dispersive X-ray spectrometry (EDXS)
using an EDAX spectrometer. For TEM characterizations, samples
were previously dispersed in anhydrous ethanol by sonication dur-
ing 2-3 min. A drop of the obtained suspension was deposited onto
a carbon film supported on a copper grid which was further intro-
duced into the microscope column. TEM characterizations were
performed on the residual materials obtained from thermal treat-
ment of Mancozeb at different temperature.

3. Results and discussion
3.1. Pyrolysis of Mancozeb

Experiments were performed under two different heating rates.
Table 2 gives the mass losses during these experiments. As shown
in Table 2, the influence of the heating rates on mass losses is not
significant for each decomposition step. So, mechanism of decom-
position was studied at the low heating rate of 5°Cmin~! to have
the best separation of the decomposition steps. Working at low
heating rate favours thermal equilibrium in the sample. Fig. 3 shows
TG curve and SO,, H,S and CS, emissions during pyrolysis of Man-
cozeb under inert atmosphere at the heating rate of 5°Cmin~1.
Gaseous emission curves were similar at 20°C min~!. A small mass
loss of 1% is observed between 80°C and 120 °C that is attributed
to the evaporation of water contained in Mancozeb. CS, emissions
were only recorded during the thermal treatment of Mancozeb in
the laboratory scale device whereas SO, emissions were recorded
in both experiments. Laboratory experiments were performed in

Table 2
Mass losses and temperature range of technical Mancozeb during TGA under inert atmosphere.
Water content ML 1 ML2 ML3 Residue
Temperature range (°C) 80-120 120-200 200-260 260-950 950
Mass losses (%) 5°Cmin~! 1 27 22 15 Percentage of solid residue =35
Mass losses (%) 20°C min~! 2 26 27 13 Percentage of solid residue =32
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Fig. 3. TG curve and emissions of SO,, H,S and CS, per gram of product during pyrolysis of technical Mancozeb (5°Cmin~1).

the same conditions than those used for TG analysis (same heat-
ing rate and atmosphere). The shape of the curve of SO, obtained
during laboratory scale experiment is totally similar to the one
obtained during TG analysis. This result shows an identical ther-
mal behaviour of technical Mancozeb during the experiments at
different scale.

Fig. 3 reveals that decomposition of Mancozeb occurs in three
main steps with gaseous emissions of SO,, H,S and CS, at 200°C.
H,S is also observed until 500°C. This thermal behaviour under
nitrogen atmosphere differs from this previously obtained by Wang
et al. [21]. He mainly observed an additional mass loss at high tem-
perature between 750 °C and 850 °C. The amount of emitted SO, is
low and corresponds to 0.6% of the sulphur present in initial prod-
uct. CO and CO, were also emitted, mainly between 440°C and
950°C. Value for carbon balance sheet was not calculated because
amounts of carbon oxides were too low.

First weight loss occurs between 25 °C and 200 °C. This weight
loss of 26.5% is mainly associated with CS; and H,S emissions with
few amounts of SO, and CO. CS, formation was already observed
by Wang who suggested the emission of 1 mol of CS, per mole of
Mancozeb and the formation of ETU during the first step of ther-
mal decomposition of Mancozeb under nitrogen atmosphere [21].
The loss of 1 mol of CS, per mole of Mancozeb represents in the-
ory 24 wt.% of the technical product which is consistent with the
observed weight loss of 26.5%. The presence of oxygen in initial
product can explain the partial oxidation of CS, and H;S in SO,.
SO, emissions were only observed during this step. Water was not
emitted during pyrolysis.

The second region between 200°C and 260 °C represents 22%
of weight loss. H,S emissions are detected during this decomposi-
tion and a thin deposit was observed on the walls of the reactor,
in its cold part. Analysis of this deposit by HPLC reveals pres-
ence of ETU, formed during the first step of the decomposition of
technical Mancozeb. Second mass loss is mainly due to H,S emis-
sions and devolatilization of ETU followed by its condensation in
the cold part of the reactor. IR analysis of the residue at 260°C
gives a band at 2065cm~! which can be attributed to isothio-
cyanate organic compounds. These compounds coordinated with
zinc and manganese species, were already observed by Wang et al.
[21].

In this temperature range (200-260 °C), partial decomposition
of the calcium lignosulfonic acid salt also occurs. Indeed TG of this
pure compound indicates a 30% mass loss at 260 °C. It represents
only a 3% mass loss in the case of technical Mancozeb where ini-
tial content of calcium lignosulfonic acid salt is about 10 wt.%. It
corresponds to the primary decomposition of lignocellulosic mate-
rials (devolatilization reactions) which generally starts from 200°C
to 450°C (as examples, 237-395°C for wood pellets, 234-393°C
for pine wood, and 178-384°C for cacao residue). Temperature
ranges, pyrolysis rate and yields, depend on various parameters
such as properties of the biomaterials (chemical composition, ash
content and composition, particle size and shape, mass sample,
density, moisture content - --), temperature, pressure and heating
rate [23-25].

Between 260°C and 950°C, a continuous weight loss was
observed. It corresponds to the secondary reactions of primary tar
vapours obtained during both pyrolysis of lignosulfonate salt and
Mancozeb residue. At high temperature, the volatile condensable
organic products form low-molecular weight gases and char. Lignin
is an amorphous polyphenolic constituent able to give high amount
of char when heated at high temperature under inert atmosphere
[26]. Thermal decomposition of pure lignin by TGA at 10°C min~!
under nitrogen atmosphere started at low temperature close to
200°C and led to a mass of char of 43% by weight at 550°C [26].
Secondary reactions are classified as homogeneous and heteroge-
neous and include processes such as cracking, partial oxidation,
re-polymerization and condensation [27]. These reactions gener-
ate low-molecular weight gases as CO and CO, which can explain
the observed emissions of CO and CO, from 400 °C to 950°C. Ther-
mal analysis of pure calcium lignosulfonic acid salt leads essentially
in this temperature range to CO and CO, emissions and major part
of CO was obtained at high temperature (600-900 °C).

At 950°C, 35% of sample weight is remained. It could corre-
spond very well to the presence of sulphides (ZnS and MnS which
represent a percentage of the initial weight of 30.7%). The differ-
ence could be attributed to the formation of char from pyrolysis of
the calcium lignosulfonic acid salt and Mancozeb residue. These
sulphides are produced by transformation of the isothiocyanate
organic compounds in metal thiocyanate in the temperature range
of 270-370°C. M(SCN), is then decomposed in metal sulphides
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Fig. 4. (a) Bright-field TEM micrograph of Mn304 particles present in the residue obtained after thermal treatment at 950 °C of technical Mancozeb in inert atmosphere and

(b) related SAED pattern.

between440°Cand 670°C[20]. TEM/EDXS observations performed
on the residue obtained after the thermal treatment at 950 °C, con-
firm the presence of sulphides of manganese and zinc.

Indeed, in some particles, the low content of oxygen (O/S infe-
rior to 0.3) determined by EDXS analysis and the atomic ratio
S/(Mn+Zn) equal to 1 and closed to the theoretical ratio cor-
responding to MnS and ZnS, indicate the presence of sulphides.
Polycrystalline tetragonal Mn3 04 phase (space group I4/amd) was
also identified by selected area electronic diffraction (Fig. 4). Sev-
eral atomic ratios O/Mn of 1, 1.3 and 1.7 were observed by EDXS
analyses performed on several particles and reveal the presence
of another manganese oxide phases (MnO, Mn304, and Mn;03).
This result is confirmed by DRX analysis on the residue of the lab-
oratory scale experiment, which indicates the presence of MnS
and MnO. The residue is mainly made of a mixture of oxides
with MnO as main phase, sulphides and sulphur particles. This
result differs from the conclusion of Wang who did not observed
sulphide compounds. Wang attributed his last mass loss dur-
ing the pyrolysis occurring in the temperature range 750-850°C
to the formation of metallic oxides from the corresponding
sulphates.

3.2. Thermal degradation of Mancozeb in air atmosphere

Experiments were performed under two heating rates
(5°Cmin~! and 20°Cmin~!). Mass losses were similar at the
two heating rates (Table 3). An increase of the heating rate does
not modify composition and concentration of emitted species in
the exhaust. As discussed above, the 5°Cmin~! of heating rate
was also chosen to solve the mechanism. TG curve and gaseous
emissions (SO,, CO and CO,) of thermal degradation of Mancozeb
under air atmosphere in TG analysis are plotted in Fig. 5a. Emis-
sions of CS,, H,0 and COS (Fig. 5b) were obtained in the laboratory
scale device. H,S is not observed during the thermal treatment of
technical Mancozeb in air atmosphere. The shape of the curves of
SO,, CO and CO, is in good agreement with the one obtained for
the TG curve.

A first mass loss occurring at 110°C (1 wt.%) corresponds to the
drying of the material and generates H,O emissions (Fig. 5b). Ther-
mal decomposition of technical Mancozeb in air atmosphere starts
at 155 °C and takes place in four major steps as indicated in Table 3.

First mass loss (29 wt.%) occurs between 155 °C and 226 °C with
formation of gaseous species (SO, CS;, COS, H,0, CO and CO5).
The thermocouple located under the grid records a raise of 20°C
corresponding to exothermic reactions. This mass loss is a super-
position of three phenomena:The total devolatilization of HMTA
which occurs from 150°C to 226°C (3 wt.%). Indeed, TG analysis
of this pure compound indicates a 100% mass loss at 226°C and
does not generate gaseous emissions.The decomposition of the sul-
fonic groups from the lignosulfonic acid calcium salt which starts
at 150°C and continues during the second mass loss until 410°C.
TG analysis of this pure salt shows a weight loss at 216 °C equal to
19.1 wt.%. It represents 1.9 wt.% in the first mass loss of technical
Mancozeb at this temperature.The first step of the decomposition
of Mancozeb itself as mentioned in the safety data sheet (192°C).
A sharp peak of CS, (170-200°C) was recorded with a maximum
at 201 °C. A sharp peak is also observed at 200°C on the SO,, COS,
CO and CO, curves. These gases come from the oxidation of a part
of CS,. The amount of emitted CS, cannot be quantified with the
micro-chromatograph due to its low recording frequency. The mass
loss observed of 29 wt.% is due to total devolatilization of HTMA (3%)
and partial decomposition of calcium lignosulfonic acid salt (1.9%).
24% are missing and correspond to the loss of 1 mol of CS;, per mole
of pure Mancozeb.

A chemical characterization of the solid residue obtained at
190°C after the first mass loss was performed by HPLC and TEM
analyses. HPLC analysis reveals the presence of ETU in the residue
at 190°C but quantification was not performed. ETU is proba-
bly a reaction intermediate formed during the Mancozeb thermal
decomposition in air. The TEM characterization indicates the pres-
ence of amorphous MnS and ZnS in the solid residue at 190°C by
EDXS analyses on several particles which show a ratio S/(Zn+Mn)
between 1 and 1.7 and a low oxygen content (Fig. 6a). At 190 °C, the
decomposition of Mancozeb in air leads to the loss of CS, and the
formation of ETU and amorphous sulphides of manganese and zinc.
Crystalline phase was not observed by SAED meaning that particles
in the residue at this temperature were amorphous. For particles
having a ratio S/(Zn+Mn) higher than 1, the excess of sulphur in
comparison to the stoichiometry may be attributed to organic sul-
phur compounds (ETU and calcium lignosulfonic acid salt) which
are practically not decomposed at this temperature. Indeed, TG
analysis of pure ETU in air atmosphere indicates a devolatilization

Table 3
Mass losses and temperature range of technical Mancozeb during thermogravimetric analysis under air atmosphere (5°Cmin~1).
Water content ML 1 ML2 ML3 ML4 Residue
Temperature range (°C) 80-120 155-226 226-410 410-650 650-950 950
Mass losses (%) 5°Cmin~! 1 29 10 17 11 Percentage of solid residue = 32
Mass losses (%) 20°C min~! 2 31 9 17 10 Percentage of solid residue =31
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Fig. 5. (a) SO, CO and CO, emissions during thermogravimetric analysis of technical Mancozeb (12NLh-! air flow rate, 5°Cmin~1). (b) SO,, CS;, COS and H,O (arbitrary
unit) emissions during thermal treatment of technical Mancozeb in laboratory scale experiment (45 NLh~" air flow rate, 5°Cmin~").

of ETU at only 220 °C and TGA of the pure calcium lignosulfonic acid
salt only shows 12% mass loss at 190 °C. Oxygen observed in EDXS
analyses comes from organic compounds. The possible formation
of manganese and zinc oxides at this step, could also explain the
presence of oxygen in EDXS quantifications.

The two following mass losses (ML2 and ML3) occurring
between 226 °C and 650 °C correspond to the total decomposition
of the calcium lignosulfonic acid salt in calcium carbonate which
was observed by TEM (EDXS analyses) in the solid residue of the
thermal treatment of pure lignosulfonic acid salt at 900°C in air.
TG analysis of this pure compound as shown in Fig. 7 (TG and SO»,
CO, and CO emissions) under air, indicates a final mass loss equal
to 85% and only one peak of SO, between 150°C and 450 °C with a
maximum at 290 °C which corresponds to the loss of the sulfonic
groups. This emission appears during decomposition of technical
Mancozeb (Fig. 5a) in the first peak of SO, between 150°C and
410°C. Decomposition of pure lignosulfonic acid salt also shows
three distinct major peaks of CO and CO, (the major species) at
330°C,470°Cand 580 °Cwith a minor peak at 710 °C. The first peak
of CO and CO, at 330 °C could correspond to the devolatilization of

cellulosic polymers present in the lignosulfonic acid salt according
to literature data [28]. The maximal peak at 470°C is due to the
decomposition of lignin which starts at 410°C and is achieved at
520°C. CO and CO, emissions during the third step between 520°C
and 600 °C correspond to the combustion of the residual char as for
lignocellulosic materials [29,30]. These three phenomena appear
in Fig. 5a as more or less pronounced “shoulders” at 350°C, 470°C
and 550°C on the CO and CO, emissions curves.

In this temperature range, between 226 °C and 650°C, carbon
reaction intermediates formed during Mancozeb decomposition
itself (ETU and unidentified organic sulphur compounds) are also
oxidized, leading to the formation of SO, and carbon oxides, mainly
CO, (ratio CO/CO, equal to 0.1). Two distinct peaks of SO, are
observed during thermal treatment of technical Mancozeb in air
atmosphere between 220°C and 580 °C. The first peak of SO, with
a maximum at 290 °C is attributed to the loss of the sulfonic groups
of the lignosulfonic salt and to the decomposition of the sulphur
reaction intermediates formed during the first step of the decom-
position of Mancozeb itself. It represents 16% of the sulphur present
in initial technical product (Table 4). TG analysis of pure ETU in
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(a) EDXS analysis of the residue at 190°C
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(c) EDXS analysis of the residue at 650°C containing particles of manganese and zinc oxides
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(d) bright-field TEM micrograph of MnsOy present in the residue at 950°C and related SAED
pattern

Fig. 6. Results of TEM analyses (EDXS analyses and SAED pattern) of the residue of the thermal treatment of technical Mancozeb at different temperatures.

air atmosphere reveals that ETU is not decomposed but simply sphere does not come from ETU decomposition but comes from
devolatilized and then condensed in the cold part of the reactor, sulphur organic intermediate compounds degradation.

without SO, emissions. The SO, peak observed between 220°C and The third peak of SO, between 400°C and 600°C with a
400 °C during thermal treatment of technical Mancozeb in air atmo- maximum at 460°C, can be generated by the decomposition of
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Fig. 7. TG of calcium lignosulfonic acid salt under air (12NLh~1, 5°Cmin~') with SO,, CO and CO, emissions.

manganese and zinc amorphous sulphides formed during the first
step, in both manganese sulphate and oxides and in zinc oxide
ZnO, respectively (all these phases were observed on solid residues
obtained at 650 °C by TEM/EDXS analyses as seen in Fig. 6b and c).
Indeed, TG experiment of pure ZnS in air atmosphere shows a total
decomposition of this product in ZnO and SO, from 550 °C to 650 °C
with a sulphur balance sheet equal to 100%. Thermal degradation
of MnS in air atmosphere occurs in two steps. The first stage is
the simultaneous formation of orthorhombic MnSO4 (space group:
Cmcm) and tetragonal Mn30Oy4 (space group: 144 /amd) from 290°C
to 510°C with formation of SO, emissions. These two phases were
identified by TEM analysis (EDXS and SAED) on the residue of pure
MnS heated at 650 °C. Between 670°C and 850°C, MnSQy is then
decomposed in tetragonal Mn3 04 with SO, emissions (100% of sul-
phur of initial MnS is emitted as SO ). This reaction corresponds to
the last mass loss of decomposition of technical Mancozeb (Fig. 5a)
leading to the last emission of SO, between 670 °C and 900 °C.

The sum of moles of SO, per gram of technical Mancozeb emit-
ted during the two last mass losses (ML3 and ML4, as shown in
Table 4) is equal to the sum of elemental moles of Mn and Zn con-
tained in one gram of technical Mancozeb. This result strengthens
the hypothesis that metallic sulphides are totally oxidized during
the two last steps. Quantity of SO, emitted during ML4 strictly
corresponds to the observed mass loss that characterizes the trans-
formation of MnSO4 in Mn3O4. Crystalline phase of this manganese
oxide was detected by TEM on the residue at 950°C. Indeed the
related SAED pattern insert of Fig. 6d displayed in the [010] zone
axis diffraction spots characteristic of the tetragonal structure of
Mn30y4 (space group: I4;/amd).

In Table 4, carbon and sulphur balance sheets are also given
under their gaseous species. As shown in Fig. 5b, CS, and COS are

Table 4

emitted in the exhaust, but they were not quantified with enough
accuracy.

Under the speciation SO,, sulphur balance sheet is equal to
48.4%. During ML1, 1 mol of CS, per mole of Mancozeb is emitted
which represents 50% of the sulphur contained in Mancozeb. This
leads to a total sulphur balance sheet of 98.4%. This balance must
be decreased of the amount of SO, (4.3% sharp peak ML1) coming
from the partial oxidation of CS,. Calculated global sulphur bal-
ance sheet is then of 94.1%. The same consideration may be added
for carbon balance sheet. Emissions of CS, represent 18.5% of the
carbon of technical Mancozeb. Under carbon oxides (CO and CO5),
total carbon balance sheet is equal to 76.6%. This value corresponds
to the sum of carbon present in both forms (as seen in Table 4). This
leads to a total carbon balance sheet of 95.1%. This balance must be
decreased of the respective amounts of CO and CO, (2.7% sharp
peak ML1) coming from the partial oxidation of CS,. This leads to
a total carbon balance sheet of 92.4% during the thermal oxidation
of technical Mancozeb by TGA.

3.3. Comparison of the behaviour of Mancozeb under inert and
air atmospheres

The first step (ML1) of the Mancozeb decomposition (about 28%
mass loss under air and nitrogen) occurs between 120 °Cand 200°C
in both atmospheres and corresponds to the decomposition of the
dithiocarbamate group leading to the emission of the gaseous pol-
lutant CS, (1 mol of CS; per mole of Mancozeb) and the formation
of metallic sulphides. Under air, part of the emitted CS, is oxi-
dized and generates other pollutants like SO,, CO and CO,. During
nitrogen experiments, only H,S is well detected in addition to CS,.
The organic Mancozeb residue remaining after ML1 mainly con-

Total amounts of SO, CO and CO, emitted during thermal treatment of Mancozeb under air atmosphere during thermogravimetric experiment (5°C min~').

Mass loss Total amount (mmol g~ technical Mancozeb) Molar carbon and sulphur balance sheet (referred to initial
technical product) (%)
SO, (%) COy (%) CO (%) SO, (%) CO (%) CO (%)
ML1 150-226°C 0.30 0.24 0.15 24 1.7 1.0
ML1 sharp peak 0.56 43
ML2 226-410°C 1.73 2.65 0.28 134 184 1.9
ML3 410-650°C 2.12 7.02 0.70 16.4 48.7 49
ML4 650-950°C 1.54 N/A N/A 11.9 N/A N/A
Total 6.25 9.91 1.13 484 68.8 7.8
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tains ETU in air experiments whereas under nitrogen atmosphere,
isothiocyanate intermediates are formed.

Under air atmosphere, the decomposition of the organic Man-
cozeb intermediates and the calcium lignosulfonate additive which
occurs between 200 °C and 600 °C (ML2 and ML3) generates CO and
CO, emissions in this temperature range, due to the presence of
oxygen in the gas phase. SO, emissions are also observed during
these steps (ML2 and ML3) under air and results from the decom-
position of the lignosulfonate salt and the oxidation of the metallic
sulphides in oxides (ZnO and Mn304) and manganese sulphate
MnSOy4. The transformation of MnSO4 in Mn30Og4 at high temper-
ature (800°C) also generates SO, emissions. At 900 °C, the final
residue after thermal treatment under air is composed of man-
ganese and zinc oxide and represents a mass of 32 wt.%. In nitrogen
experiments, only H,S is emitted between 200°C and 900°C and
the solid residues obtained at 900°C (35wt.%) are metallic sul-
phides (ZnS and MnS) and oxides whereas in air, these compounds
are totally oxidized between 400 °C and 850°C.

4. Conclusions

Stockpiles of obsolete pesticides constitute a threat for health
and environment. Chemical fires seem to be one of the most impor-
tant hazards. Prediction of by-products and gases released during
warehouse fires is a major point of view to plan safety actions.
Warehouse fires generate solid wastes that contain pollutants.
Chemical identification of these pollutants is necessary to predict
solutions for their disposal.

The active ingredient (Mancozeb—85 wt.%) was composed of
zinc ethylene bis-dithiocarbamate (Zineb) and manganese ethy-
lene bis-dithiocarbamate (Maneb). Additives were also present as
calcium lignosulfonic acid, HMTA, water and traces of ETU. Mecha-
nisms were determined by the analysis of gaseous species evolved
during the thermal treatment and by chemical characterization of
solid residues. Behaviours of individual components were taken
into account in the same experimental conditions in order to high-
light possible interactions of these components in the available
product.

Thermal degradation of technical Mancozeb takes place in large
temperature range between 20 °C and 950 °C in both atmospheres.
The molecule of Mancozeb and calcium lignosulfonic acid is both
decomposed in inert atmosphere leading mainly to the gaseous
emissions of CS, and H,S. Low amounts of carbon oxides are
evolved during the decomposition of the calcium lignosulfonic acid.
The lignocellulosic part of this additive reacts as wood polymers.
Solid residues are composed of Mn and Zn sulphides at 950 °C. An
increase of the heating rate from 5°Cmin~! to 20°Cmin~! does
not modify the thermal behaviour of Mancozeb under nitrogen
atmosphere.

Thermal oxidation of the technical Mancozeb under air proceeds
in four main steps between 150°C and 950 °C. The first step of the
decomposition of the technical product occurs between 155 °C and
226°C and corresponds to the loss of 1 mol of CS; per mole of Man-
cozeb with the formation of manganese and zinc sulphides and
ETU. The two following mass losses occurring between 226 °C and
650°C correspond to the total decomposition of the calcium lig-
nosulfonic acid salt in calcium carbonate generated in the exhaust
carbon oxides and sulphur dioxide. Oxidation of metallic sulphides
also takes place at this temperature range, mainly during the third
mass loss with emission of SO,. ZnS forms ZnO whereas MnS gives
manganese oxides and the sulphate MnSO,4 as an intermediate min-
eral. MnSOy is then oxidized in Mn304 during the last step (fourth
mass loss) between 650 °C and 950 °C with the formation of SO, in
the exhaust. At 950 °C, carbon recovery in both forms CO and CO,
is close to 95%. Sulphur recovery is close to 98% with an equal par-

tition between SO, and CS,. At the final temperature, metals are
oxidized under the speciation of ZnO and Mn30y4, respectively. As
observed during pyrolysis, the influence of the heating rate is also
not significant in presence of oxygen.

Specific gases are observed for both atmospheres: CS,, H;S
under nitrogen and SO, CS,, carbon oxides under air, respectively.
If under nitrogen atmosphere, manganese and zinc sulphides are
present in the solid residue at the final temperature, the composi-
tion of the residues under air varies with the temperature. Metallic
sulphides, sulphates and oxides are observed depending on the
temperature.

Because of the chemical structure of dithiocarbamate molecules,
any of these pesticides compounds would generate the same type
of pollutants during thermal degradation in warehouse fires, par-
ticularly sulphur gaseous products (SO,, CS, and H,S). This study
would be useful for risk assessment during storage fire incidents.
These emission data could be introduced in transport phenomena
modelling codes to predict dispersion of pollutants in the atmo-
sphere.
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