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Abstract Thiram is one of the commonly used carbamate

pesticides. Unfortunately, the thermal degradation and

combustion of that substance can lead to emission of var-

ious toxic products that may cause a threat to humans and

to the environment. In this study, the thermal degradation

and combustion under air atmosphere were investigated.

The experimental work consisted of thermogravimetric

analysis using the STA–FT-IR and STA–GC–MS systems

that ensure the simultaneousness of thermogravimetric

analysis with the analysis of evolved gas. Moreover, the

steady-state tube furnace (ISO TS 19700) has been used to

generate gaseous products from real fires. The samples

containing toxic products were collected using solid-phase

microextraction technique and analyzed by GC–MS. The

biggest number of gaseous products was emitted when the

thermal degradation occurred at 350 �C. The comparison

of FT-IR and GC–MS results led to identification of main

toxic products such as sulfur dioxide, carbon disulfide,

methyl isothiocyanate, tetramethylurea and tetramethylth-

iourea. All determined products are very dangerous sub-

stances. In particular, thioureas are carcinogenic, harmful

and dangerous for the environment. Moreover, thioureas

are alleged to be toxic to reproduction in humans and can

cause harm to unborn children.
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Introduction

Thiram is a type of sulfur fungicides that belongs to the

group of N,N-dialkyldithiocarbamate chemical pesticides

[1]. It is used as a foliar treatment on fruits, vegetables and

ornamentals to control Botrytis species, rust, scab and

storage disease, and as a seed treatment to control seedling

blights and a number of fungi that cause ‘‘damping off’’ in

seedlings. Thiram formulations are registered for use in

many countries [2]. In spite of benefits, thiram poses a

potential threat to people and to the environment. Toxic

products which can be released in fires or in the burning are

one of the major threats.

Thermal decomposition and combustion of pesticide can

occur in different situations, first of all during the pro-

cessing of vegetables and foods poisoned by traces of

pesticides [3–6]. Large amounts of hazardous substances

such as pesticides are handled and stored every day in

chemical plants and warehouses as a consequence of their

massive use in the agricultural field [5, 7]. It has been

reported in the past that fire occurred in a certain number of

these installations involving large quantities of chemicals

[8]. Toxicity, thermal instability and reactivity of pesticides

caused several accidents not only during the storage of

chemicals but also during the production and transport

[9–11]. Another possibility of release of toxic species into

the environment is the incorrect method of disposal of

agricultural waste, for example burning of empty pesticide

containers in open fires [12].

The products released during thermal decomposition

and combustion of pesticides can cause serious air
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pollution, harmful not only to firefighters but also to

people living in the surrounding area [13]. Moreover,

water used by firefighting, mixed with these toxic prod-

ucts can contaminate the surface and ground water and

cause major environmental pollution affecting the

ecosystems [14]. The available literature related to ther-

mal degradation of some pesticides [5, 15–24] reports

different patterns of decomposition of compounds which

depend on the temperature and the ratio of the mass of air

to the mass of fuel during the combustion process. The

incomplete combustion usually generates more toxic

species mainly as a result of the fragmentation of the

substances. Based on the published results, it can be

concluded that heteroatom, such as sulfur, nitrogen,

phosphorous, fluorine, bromide or chlorine present in the

structures of pesticides, can convert into the large variety

of toxic products during thermal degradation. The thermal

decompositions of several dithiocarbamates have been

studied by TG and DTG technique in air atmosphere. The

decomposition processes have been followed by IR

spectroscopy, but the obtained information is not suffi-

cient. Authors noted that during the decomposition of

thiram, compounds containing C–N, C=S and S–CS–N

groups can be formed [25].

At the same time, sampling is perhaps the most critical

part of procedures for analysis of gases in fire effluents.

Whereas sampling and analysis are commonly used for

many gaseous species in other fields, sampling from fire

atmospheres presents unusual and difficult problems. The

sample presented to the analyzer should be as represen-

tative as possible of the test atmosphere, without having

been changed by the sampling system. Moreover, the

sampling procedure should be as uncomplicated as pos-

sible and should be capable of operating with minimal

blockage in the sampling lines, melting or other disruption

of probes, and without allowing condensation of the

species for analysis.

The solid-phase microextraction (SPME) technique has

been widely used for the analysis of environmental pollu-

tants in air, water, soil and sediment samples, using on-site

or off-site analytical approaches [26]. In addition, SPME

was successfully used to characterize compounds evolved

during biomass pyrolysis [27].

The aim of this study is to evaluate the SPME sampling

directly from the mixing chamber of Purser furnace in

order to analyze the thermal degradation and combustion

products of thiram. The steady-state tube furnace [28] has

been used specifically to generate toxic products from real

fires under different temperature conditions. The released

species have been identified using gas chromatography

with mass-selective detector (GC-MS). This work also

presents information on the thermal degradation process

occurring upon heating of thiram in air atmosphere.

Experimental work consists of thermogravimetric (TG)

experiments coupled with differential scanning calorimetry

(DSC). Application of the simultaneous thermal analysis

(STA) coupled online with Fourier transform infrared

spectrometry (FT-IR) and with GC-MS allows to analyze

the gaseous products.

Materials and methods

Materials

Tetramethylthiuram disulfide (thiram) 97% was purchased

from Sigma-Aldrich Co. LLC. (Poland). The collection of

analytes from tube furnace was performed with the use of a

solid-phase microextraction manual holder supplied with

100-lm polydimethylsiloxane (PDMS) fiber, 75-lm Car-

boxen/polydimethylsiloxane (CAR/PDMS) fiber, and

65-lm polydimethylsiloxane/divinylbenzene (PDMS/

DVB) fiber acquired from Supelco (USA).

Methods

Simultaneous thermal analyzer

Thermal degradation of thiram was studied in air atmo-

sphere using the simultaneous thermal analyzer (STA

449F3 Jupiter, Netzsch, Germany). The 15-mg samples

were placed in aluminum oxide crucibles and heated at the

rate of 10 �C min-1 from room temperature (25 �C) to

900 �C. The flow rate of the air was 30 mL min-1, and the

nitrogen was 20 mL min-1. To ensure the good repro-

ducibility of the process, the experiments were performed

at least three times.

Thermogravimetric analyzer: Fourier transform

infrared spectroscopy–gas chromatography–mass

spectrometry

The simultaneous thermal analyzer coupled with the

Fourier transform infrared spectroscopy (Bruker Tensor 27

FTIR, Germany) (STA–FT-IR) and the gas chromatograph

with a mass spectrometry (Agilent Technologies 7890 A

GC MSD 5975, USA) (STA–GC–MS) was utilized to

study the formation of volatiles produced in the thermal

degradation process.

The FT-IR instrument was linked to the STA instrument

through polytetrafluoroethylene pipe and flow cell, which

were heated to 200 �C to prevent condensing of the

released gases. After the evolved gases of samples from

STA went through the flow cell, absorbance information

was obtained at different wavenumbers as a function of
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temperature. The scanning range was from 4000 to

600 cm-1 at a resolution of 4 cm-1.

The GC–MS instrument was also linked to the STA

instrument through a stainless pipe and with a pneumatic,

needle-free injector. The transfer line and GC injector

temperatures were maintained at 200 �C and 250 �C,

respectively. The chromatographic separation was

achieved with an HP-5 MS fused silica capillary column

(30 m 9 250 lm 9 0.25 lm film thickness) from Agi-

lent Technologies (USA). The oven temperature was

initially maintained at 40 �C for 10 min and then

increased to 250 �C at a heating rate of 10 �C min-1.

Helium at a constant flow rate of 1 mL min-1 was used as

the carrier gas, and the split ratio was 10:1. The separated

compounds were then analyzed by the mass spectrometer,

which was operated in electron ionization (EI) mode at

the ionization energy of 70 eV. The mass spectra were

obtained from m/z 15 to 350. Chromatographic peaks

were identified through comparing the mass ions of each

peak with NIST MS Library. On the basis of the NIST

library, the highest possibility of product identification

was chosen.

Steady-state tube furnace–gas chromatography–

mass spectrometry

Thiram samples (10 g) in special test specimen boats were

delivered into a furnace tube set at 25 �C. Then, the

samples were heated to 900 �C with air flow 20 L min-1.

The requirement in each test run was to obtain stable,

steady-state decomposition conditions for at least 5 min

during which the concentrations of effluent gases can be

measured. Therefore, when the furnace temperature

reached 150, 250, 350, 600 and 900 �C, it was maintained

for 5 min to enable to collect the samples of fire effluent.

The samples of effluent were taken from the mixing

chamber of tube furnace by introducing the SPME device

with the fiber to sampling port. After introducing the

SPME syringe to the mixing chamber, the gaseous prod-

ucts of thermal decomposition of thiram were sorbed on

the SPME fibers. After 5-min sorption, the fiber was

withdrawn from the chamber and desorbed immediately

in the GC injector for analysis. The operating conditions

of GC–MS were the same as described above. The des-

orption time was 30 min. The fibers were conditioned in

the injection port before use, according to the manufac-

turer’s instructions.

The chromatographic peak area of a specific compound

is correlated linearly with its quantity, and its concentration

can be reflected by the peak area ratio. The summed

identified peak areas were normalized to 100%, and the

relative abundance of specific compound can be reflected

by its peak area ratio.

Results and Discussion

Simultaneous thermal analysis

The thermogravimetric analysis (TG), differential thermo-

gravimetric analysis (DTG) and differential scanning

calorimetry (DSC) curves of thermal degradation of the

thiram are shown in Fig. 1.

The thermal degradation of thiram is a multi-stage

process, starts at about 154.3 �C and is completed at

332 �C. The main loss stage takes place in a temperature

range from 200 to 280 �C. Then, tetramethylthiuram

disulfide begins to degrade with lower thermal degradation

rate. The mass loss is related to the emission of gaseous

molecules; thiram does not leave residue.

STA–FT-IR and STA–GC–MS analysis

The 3D FT-IR spectra of the evolved gases from thiram

thermal degradation process are presented in Fig. 2.

According to the infrared spectra, the change in spectral

intensity with temperature direction is the same as TG

results. It can be noticed that most of the gases evolved

between 180 and 260 �C. The released gasses are mainly

composed of carbon disulfide (in wavenumber about
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1538 cm-1). Selected FT-IR spectra of the thermal

degradation of gaseous compounds were chosen for anal-

ysis at different temperatures. The spectra obtained at 185,

220, 260 and 330 �C are shown in Fig. 3.

When the temperature is 185 �C, the absorbance inten-

sity of emitted products is weak and is shown in

wavenumbers 1538 and 2072 cm-1. The strong band near

1538 cm-1 is probably related to the release of CS2, and it

is related to the asymmetric stretch. Unfortunately, a sharp

weaker band near 400 cm-1 which can confirm the pres-

ence of CS2 is out of the measure range. Because that band

has no regular structure (there are inflections), it is possible

that it can be a combination of several substances.

When the temperature of thermal degradation of thiram

increases to 220 �C, the maximum absorbance intensity of

carbon disulfide can be observed. In addition, in that

temperature the new absorbance waves in the range

2800–3000 cm-1 are characteristic of carbon- and hydro-

gen-containing species and are assigned to various forms of

C–H stretching. The bands below 1500 and at 1349 cm-1

can be assigned to asymmetric and symmetric deformation

vibrations of CH3, respectively. The absorbance peaks at

2072 cm-1 can indicate the presence of asymmetric

stretching vibration –N=C=S group characteristic of

thioisocyanates. It is confirmed by the band presented at

1349 cm-1 (symmetric stretching vibration –N=C=S).

Moreover, the gases evolved at 220 �C can contain –S–

C:N groups (the absorption peak at 2176 cm-1).

FT-IR spectra of thermal degradation products of thiram

obtained at 260 �C are similar to spectra registered at

220 �C. One of the main differences is the intensity and

shape of the absorption shown in wavenumber about

1500 cm-1. The structure of bands observed in that range

supports the idea that they could be associated with several

gaseous products obtained from the thermal degradation of

the thiram. The absorption peak at 1524 cm-1 can be

attributed to N–O asymmetric stretch characteristic of nitro

compounds, or it can be related to =N–H stretching in

secondary amine. The absorbance peak at 1125 cm-1 can

indicate the presence of C–N stretch in tertiary amine.

Moreover, the double peak in the range 1375–1345 cm-1

can indicate the presence of S=O asymmetric stretch

[29, 30].

When the temperature of thermal degradation increases

to 330 �C, it can be observed that absorbance intensiveness

decreases. According to the results mentioned above, the
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thermal degradation of thiram in air atmosphere causes

releasing of CS2, products containing –CH3, –N=C=S, –S–

C:N, C–N groups and probably products containing S=O

and N–O groups. It can be concluded that the thermal

degradation of thiram leads to formation of the small

gaseous molecules as well as oxidation products.

The gaseous products of thermal degradation of thiram

were investigated also by GC–MS method. The analyzed

sample of gases was emitted at 206 �C, when the rate of

mass lost was 14% min-1. The chromatogram obtained

during analysis is shown in Fig. 4a. The main products of

thermal degradation of thiram are CO2, SO2, CS2 and

tetramethylthiourea. The information on main identified

compound is presented in Table 1. Unfortunately, the

concentration of the other compounds thermal degradation

was not high enough to allow their detection and

identification.

Steady-state tube furnace–gas chromatography–

mass spectrometry analysis

The other way to investigate thermal degradation of

emitted compounds of thiram is to use the steady-state tube

furnace and GC–MS analysis.

0

1

23

4
5

6

7

8

9

10
11

12

13 14 15
2

2 3 5

9

9

12

10 11

12

13 14 15

0.0E+00

2.0E+04

4.0E+04

6.0E+04

8.0E+04

1.0E+05

1.2E+05

5 10 15 20

Time/min

A
bu

da
nc

e

0.0E+00

2.0E+06

4.0E+06

6.0E+06

8.0E+06

1.0E+07

1.2E+07

A
bu

da
nc

e

0.0E+00

2.0E+06

4.0E+06

6.0E+06

8.0E+06

1.0E+07

1.2E+07

A
bu

da
nc

e

0.E+00

2.E+06

4.E+06

6.E+06

8.E+06

1.E+07

A
bu

da
nc

e

25 30 35 40 45

0 5 10 15 20

Time/min

25 30 35 40 45

0 5 10 15 20

Time/min

25 30 35 40 45

0 5 10 15 20

Time/min

25 30 35 40 45

(a)

(b)

(c)

(d)

Fig. 4 Total ion

chromatograms from direct

STA–GC–MS analysis (a) of

gaseous compounds obtained

during thermal degradation of
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products in Table 1
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The steady-state tube furnace used in investigation was

Purser furnace [28]. It has been developed specifically to

replicate the generation of toxic products from real fires

under different fire conditions. Steady-state burning is

achieved by delivering the sample into a furnace of

increasing heat flux at a fixed rate and recording the

product yields over a steady-state period of the run [31].

One of the main elements of that furnace is a mixing

chamber where the compounds produced during com-

bustion of thiram can react with each other and form other

products.

The results obtained from TG/DSC curves show the

temperatures where the significant degradations of thiram

occur, which are accompanied by the emission of volatile

products. Therefore, the temperatures: 150, 250 and

350 �C, were selected for the tests. Moreover, the samples

of fire eluents were collected when the furnace temperature

increased to 600 and 900 �C.

The samples containing the gaseous products of thermal

degradation of thiram were collected using solid-phase

microextraction. SPME is a technique that combines

sampling and concentrating of analytes as well as intro-

ducing them to the chromatographic system [32]. Because

released thermal decomposition products of thiram are

composed of many compounds which have different

polarity and volatility, the tests were carried out with the

use of three types of SPME fibers. There were 65-lm

polydimethylsiloxane/divinylbenzene (PDMS/DVB)-

coated fiber—ideal for many polar analytes, especially

amines; 75-lm Carboxen/polydimethylsiloxane (CAR/

PDMS)-coated fiber—recommended for the extraction of

polar and nonpolar volatile analytes; and 100-lm poly-

dimethylsiloxane (PDMS)-coated fiber, ideal for low

molecular weight or volatile compounds [33]. The chro-

matograms obtained during analysis of evolved gases

during thiram thermal degradation at 350 �C using differ-

ent types of SPME fibers are presented in Fig. 4b–d. The

quantitative data concerning released compounds during

thermal degradation of thiram are presented in Table 1.

The SPME sensitivity and selectivity depended mainly

on the value of the partition coefficient for analytes

between the fiber coating and the sample matrix, and hence

depended on the type of stationary phase, the polarity and

thickness of the fiber. Figure 4 shows that the number of

identified compounds is higher when Carboxen/PDMS

fiber coating is used. CAR/PDMS fiber has much better

extraction efficiency than the other fibers; thus, it was

selected as optimal and used in future studies.

In the next part of the study, the CAR/PDMS fiber was

used to sampling the eluents from thermal degradation of

thiram at different temperatures. The obtained results are

presented in Table 2. Generally, during thermal

Table 1 List of products formed during the thermal degradation of thiram using different analytical methods

Peak

number

Retention time,

tR/min

Molecular

formula

Name of compound Peak area/%

STA test at

206 �C
Purser furnace tests at 350 �C
using SPME fiber

CAR/

PDMS

DVB/

PDMS

PDMS

1 1.42 CO2 Carbon dioxide 86.06 – – –

2 1.46 SO2 Sulfur dioxide 6.36 1.53 0.12 0.20

4 1.83 CS2 Carbon disulfide 4.92 4.68 0.42 1.82

5 4.07 C2H3NS Methyl isothiocyanate – 9.80 0.05 –

6 4.75 C2H5NO N-Methylformamide – 0.60 – –

7 5.15 C3H7NO N,N-Dimethylformamide – 4.73 – –

8 6.96 C3H5NO2 N-Formyl-N-methylformamide – 0.16 – –

9 16.86 C5H12N2O Tetramethylurea – 12.02 3.22 –

10 18.17 C3H7NS N,N-Dimethylthioformamide – 2.71 0.48 –

11 23.59 C5H10N2O2 N-Formyl-N,N0,N0-trimethylurea – 0.16 0.19 –

12 25.46 C5H12N2S Tetramethylthiourea 2.67 62.69 94.59 97.98

13 26.76 C4H9NS2 Carbonimidodithioic acid

Methyl-dimethyl-ester

– 0.72 0.78 –

14 29.67 C4H10N2S Trimethylthiourea – 0.11 0.07 –

15 29.85 C5H12N2S2 Dithiocarbamic acid

N,N-Dimethyl-S-dimethylamino

ester

– 0.09 0.08 –
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decomposition of thiram at 150 �C the main emitting

product is carbon dioxide. When the process of thermal

decomposition takes place in 250 �C, the sample of thiu-

ram begins to release two main products: carbon disulfide

and tetramethylthiourea, and the yields of them are 32 and

59%. Moreover, in this condition the tetramethylurea and

the small amounts of other substances were present in

furnace atmosphere. The highest number of thermal

degradation products of thiram is eluted at 350 �C. The

major compounds are as follows: tetramethylthiourea,

tetramethylurea, methyl isothiocyanate, N,N-dimethylfor-

mamide, carbon disulfide and N,N-dimethylthioformamide.

Along with a further increase in temperature of thermal

degradation, the number of formed compounds decreases.

At 900 �C, the major compounds are carbon dioxide and

tetramethylthiourea.

Table 2 List of products formed during the thermal degradation of thiram at different temperatures

Peak

number

Retention

time, tR/min

Molecular

formula

Name of compound Molecular

structure

Peak area/% at

150 �C 250 �C 350 �C 600 �C 900 �C

1 1.42 CO2 Carbon dioxide O
C

O

100 0.13 – 6.41 16.29

2 1.46 SO2 Sulfur dioxide O
S

O – 0.21 1.53 – –

3 1.62 C2H7N Dimethylamine NH – 0.07 – – 16.08

4 1.83 CS2 Carbon disulfide C SS – 32.36 4.68 – –

5 4.07 C2H3NS Methyl isothiocyanate

S C N

– 0.07 9.80 12.42 –

6 4.75 C2H5NO N-Methylformamide NH H

O

– – 0.60 – –

7 5.15 C3H7NO N,N-Dimethylformamide

O N

– – 4.73 0.45 –

8 6.96 C3H5NO2 N-Formyl-N-methylformamide
O N O

– – 0.16 – –

9 16.86 C5H12N2O Tetramethylurea O

N N

– 7.07 12.02 1.67 –

10 18.17 C3H7NS N,N-Dimethylthioformamide

N S

– – 2.71 – –

11 23.59 C5H10N2O2 N-Formyl-N,N0,N0-
trimethylurea N N H

OO

– – 0.16 – –

12 25.46 C5H12N2S Tetramethylthiourea

NN

S

– 59.31 62.69 79.06 63.22

13 26.76 C4H9NS2 Carbonimidodithioic acid

Methyl-dimethyl-ester S

S

N

– – 0.72 – –

14 29.67 C4H10N2S Trimethylthiourea
N NH

S

– – 0.11 – –

15 29.85 C5H12N2S2 Dithiocarbamic acid

N,N-Dimethyl-S-

dimethylamino-ester

S

N S

N

– 0.78 0.09 – –
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Conclusions

Thermal degradation process of thiram was studied using

STA–FT-IR, STA–GC–MS and Purser furnace–GC–MS.

The concentration and type of volatile products released

during combustion of thiram depended on temperature of

reaction. Generally, the thermal degradation of thiram

leads to formation of the small gaseous molecules as well

as oxidation products. The biggest number of products is

formed when the thermal degradation occurs at 350 �C.

The major compounds areas follows: tetramethylthiourea,

tetramethylurea, methyl isothiocyanate, N,N-dimethylfor-

mamide, carbon disulfide and N,N-dimethylthioformamide,

which are very dangerous substances.

Additionally, SPME technique can be successfully

applied to sampling directly from the fire eluents in order to

analyze thermal degradation and combustion products.

SPME could represent a helpful tool for sampling and

analysis that could be employed for monitoring the thermal

degradation and combustion processes avoiding sample

collection and sample pretreatment, thus reducing labora-

tory working time.
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