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Abstract Thiourea formaldehyde resin (TFR) has been

synthesized by condensation of thiourea and formaldehyde

in acidic medium and its thermal degradation has been

investigated using TG-FTIR-MS technique during pyroly-

sis and combustion. The results revealed that the thermal

decomposition of TFR occurs in three steps assigned to

drying of the sample, fast thermal decomposition of poly-

mers, and further cracking. The similar TG and DTG

characteristics were found for the first two stages during

pyrolysis and combustion. The combustion process was

almost finished at 680 �C, while during pyrolysis a total

mass loss of 93 wt% is found at 950 �C. The release of

volatile products during pyrolysis are NH3, CS2, CO, HCN,

HNCS, and NH2CN. The main products in the second stage

are NH3 CO2, CS2, SO2, and H2O during combustion. In

the next stage, the combustion products mentioned above

keep on increasing, but some new volatiles such as HCN,

COS etc., are identified. Among the above volatiles, CO2 is

the dominant gaseous product in the whole combustion

process. It is found that the thermal degradation during

pyrolysis of TFR produced more hazardous gases like

HCN, NH3, and CO when compared with combustion in

similar conditions.
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Introduction

Amino resins are often used to modify the properties of

other materials [1, 2]. These resins are used during the

processing of new products such as textile fabrics to impart

permanent press characteristics; automobile tires to

improve the bonding of rubber to tire cord; paper to

improve the tear strength, especially of wet paper; and

alkyds and acrylics to improve their cure. The ability of

formaldehyde to form resinous polymers had been

observed by chemists in the second half of the nineteenth

century. In 1918 Hans John prepared polymeric resins by

reacting urea with formaldehyde. The reaction was studied

more fully by Pollak and Ripper in an unsuccessful attempt

to produce an organic glass during the period 1920–1924.

At the end of this period E. C. Rossiter suggested that

thiourea condensed with formaldehyde resulting in the

production of thiourea formaldehyde resin (TFR) [3].

Today these resins are used extensively for molding pow-

ders, adhesives and textile and paper finishing while the

related melamine–formaldehyde materials are also used in

decorative laminates. Formaldehyde based polymers are

widely used as construction materials in the field of wood,

domestic buildings, etc. [4, 5]. However, formaldehydes

based polymers and resins have been used as coating

materials in various paint industries [6, 7]. Amino-form-

aldehyde resins are also used for molding products, such as

electrical devices, jar caps, buttons, and dinnerware, and in

the production of bangles [8, 9]. Formaldehyde based

polymers are easy to burn at about 300 �C [10]. During the

combustion of these polymers, a large amount of toxic

fume is released out. The asphalt smoke is composed of

small carbon particles and other combustible volatiles,

which are much hazard to people. The smoke harm often

outpaces the fire itself. Eighty-five percent of deaths in a
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fire are due to inhaling toxic smoke [11]. Therefore, it is of

primary importance to study the flammability of these

polymers. The aim of this study is to investigate the ther-

mal decomposition of TFR and its polymer metal com-

plexes using TG-FTIR-MS.

Experimental

Materials

Thiourea, formaldehyde (37% aqueous solution), and ace-

tic acid were used without further purification. TFR has

been synthesized according to Scheme 1. In a 250 mL

three-necked round-bottomed flask, 15.2 g (0.2 mol) of

thiourea was dissolved in 20 mL distilled water, then

15 mL (0.2 mol) of a 37% aqueous solution of formalde-

hyde was added, and the pH was adjusted to 4 with acetic

acid. The mixture was stirred magnetically and the tem-

perature increase up to 90 �C and maintained for 6 h. The

resulting colorless viscous product was washed with dilu-

ted NaOH solution, distilled water, ethanol, and acetone

and dried in a vacuum oven under reduced pressure at

60 �C for 10 h [12]. After being dried in an oven at 105 �C

for 3 h, the original materials were crushed and pulverized

into a size of lower than 0.2 mm for further analysis.
1H-NMR (300 MHz, DMSO,d) 6.30-6.80(NH);

4.02–4.25 (=N-CH2-N), 3.65–3.75 (O-CH2-N); 3.5–3.75 (-

NH-CH2-N); FTIR (KBr pallets)m(max) (cm-1): 3500–3200,

2940–2850, 1680, 1470, 1440, 755. Anal. Calcd: C, 31.85;

H, 5.75; N, 14.77; S, 28.31 Found: C, 31.82; H, 5.77; N,

14.74; S, 28.32.

Method

The TG-FTIR-MS experiments were performed using

simultaneous thermogravimetry (STD 600 TA Instrument)

coupled with FTIR (Bruker Tensor 27) and mass spec-

trometry (Thermo). Helium was used as carrier gas with a

flow rate of 100 mL min-1 during pyrolysis and on the

other hand oxygen was used as oxidant during combustion

at similar flow rate. The coupling system between TG,

FTIR, and MS was heated at 200 �C to prevent conden-

sation of evolved gases and the heating rate of the furnace

was 10, 20, 30, and 50 �C min-1. It was found that the

intensity of the thermal decomposition and the emission of

gaseous products were slowed down at lower heating rates,

but the similar components of gaseous products were

observed. So the heating rate of 30 �C min-1 was adopted

for thermal decomposition of TFR. During TG/FTIR

experiments, spectral data are repeatedly collected in the

form of interferograms and then processed to build up a

Grame Schmidt reconstruction, each point of which cor-

responds to the total IR absorbance of the evolved com-

ponents in the range of 4000–500 cm-1.

The mass spectrometer was operated at 70 eV electron

energy. As such the m/z was carried out from 1 to 100 amu

to determine which m/z has to be followed during the TG

experiments. The ion curves close to the noise level were

omitted. Finally, only the intensities of 22 selected ions (m/

z = 12, 14, 15, 16, 17, 18, 20, 26, 27, 28, 30, 31, 32, 40, 42,

43, 44, 59, 60, 64, 76 and 78) were monitored with the

thermogravimetric parameters.

Results and discussion

Coupling a TG instrument with evolved gas analyzers, such

as FTIR and a mass spectrometer, produces a very pow-

erful analytical tool that gives information from the thermal

balance as well as information from the spectrometers

simultaneously and gives important information regarding

the nature and mechanism of thermal decomposition [12].

The TG-FTIR-MS system has suitable interfaces to carry

the gaseous decomposition products from the TG furnace

to the detection system of FTIR and MS spectrometers, i.e.,

the method consists of carrying the evolving volatile

products out of the furnace directly into the FTIR gas cell

and MS where the gases are analyzed.

TG/DTG of TFR during pyrolysis and combustion

The TG and DTG curves at a heating rate of 30 �C min-1

are shown in Figs. 1 and 2. The pyrolysis process can be

divided into three stages: drying stage (\190 �C), main

pyrolysis stage (190–380 �C), and carbonization stage

([400 �C). The first mass loss between 100 and 200 �C

corresponds to the vaporization of moisture and desorption
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Scheme 1 Synthetic route of

thiourea formaldehyde resin
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of water. The most significant mass loss (about 73% of the

total mass of the sample) appears between 200 and 320 �C.

There are two peaks of the DTG curve (mass loss rate) in

this stage: the maximum mass loss rate occurred at 225 �C

(19.34% min-1), while the temperature at secondary peak

is 298 �C (7.0495 min-1). The last stage in TFR pyrolysis

is further cracking process of the residues in a wide tem-

perature range, from 370 �C to the end of this experiment

(950 �C); about 20% mass of the total mass loss at a lower

rate in this stage, and the total mass loss of 93.58.% mass

was discovered at 950 �C during pyrolysis.

As seen from Fig. 2, at low temperature combustion of

TFR shows similar thermogram as pyrolysis and shows

about 68% mass of the total mass lost between 200 and

330 �C. The complete combustion of solid product finished

quickly around 680 �C, which is quite different from the

pyrolysis process. The combustion of the TFR polymer

almost finishes after the mass loss peak between 400 and

680 �C, and about 29% mass of the original sample mass

lost in this stage. The total mass loss of 96.61% mass is

discovered at 950 �C in TFR combustion. There are no

other solid products except ash content for TFR combus-

tion at high temperature in oxidizing atmosphere. The

comprehensive analysis for combustion and pyrolysis

shows that almost all the solid products generated from

TFR polymer pyrolysis can be burnt at high temperature,

and 680 �C is enough for complete combustion of this

polymeric resin. It is indicated that the characteristics of

TFR combustion are quite different from the pyrolysis at

high temperature.
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pyrolysis
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Pyrolysis and combustion kinetics

The first order reaction based Arrhenius theory is com-

monly assumed in the kinetic analysis during combustion

and pyrolysis [13]

k ¼ Aexp � E

RT

� �
ð1Þ

Where k is constant of reaction rate, T is thermodynamic

temperature (K), R is universal gas constant

(R = 8.314 Jmol-1 K-1), E is activation energy, and A is

a pre-exponential factor. The rate of decomposition may be

expressed by:

da
dt
¼ kð1� aÞ ð2Þ

where a is mass loss fraction and defined as:

a ¼ m0 � mt

m0 � mf

where m0 is the initial mass sample, mt is mass sample at t

time during thermal degradation, and mf is the final mass

when experiment finished. Taking into account that

temperature is a function of time and increases with

constant heating rate b the following expression derives:

T ¼ bt þ T0 ð3Þ

Differentiating the above correlation, it derives:

dT ¼ bdt

Equation 2 could be written as

da
1� a

¼ k

b
dT ð4Þ

An integration function of above Eq. 4 is shown below

g að Þ ¼ a
0

da
dt
¼ A

b
t
0

exp � E

RT

� �
dT ð5Þ

where

g að Þ ¼ �ln 1� að Þ

Equation 5 is integrated by using Caots–Redfern method:

ln
gðaÞ
T2
¼ ln

AR

bE
1� 2RT

E

� �� �
� E

RT
ð6Þ

where g(a) is the kinetic mechanism function in integral

form.

As the term of 2RT/E can be neglected since it is much

less than 1, Eq. 6 could be simplified as

ln
g að Þ
T2
¼ ln

AR

bE

� �
� E

R

1

T
ð7Þ

The term of ln(g(a)/T2) varies linearly with 1/T at a slope -

E/R. Meanwhile, the intercept of the line with y-axis is

related to the pre-exponential factor A. Both the activation

energy E and pre-exponential factor A can be determined

by the slope and intercept of the line and are presented in

Table 1. It is observed that the activation energy of the first

step during combustion is little more than that of pyrolysis

in the first step while the activation energy in the second

step for fixed carbon combustion is larger than the first step

for volatile material combustion. It is concluded that the

thermal decomposition of TFR polymer is accelerated by

oxygen, which agrees well with the previous study of Font

et al. [14].

FTIR measurement

Gram-Schmidt reconstructs based on vector analysis of the

acquired interferograms allows plots of the total evolved

gases detected by the spectrometer to be generated

(Fig. 3). The detector signal has been plotted as a function

of sample temperature and qualitatively approximates

DTA curves recorded during the TG experiments per-

formed under different controlled conditions. It should be

noted that the peaks in the Gram-Schmidt plot are shifted

to higher temperatures than the corresponding DTG curve;

this is due to the delay time between the gas generation

and its detection in the FTIR equipment. The first and

second peak during the combustion of TFR observed in

the Gram-Schmidt is big, suggesting that the amount of

the evolved gases in this stage is large and with high

infrared extinction coefficients. In contrast, the third

degradation stage seems to be composed of a small

amount of evolved gases with low infrared extinction

coefficients. The first peak observed in the Gram–Schimid

plot during pyrolysis in small intensity suggests that the

amount of evolved gas in this stage is low and with low

infrared extinction coefficients. Figure 4 shows 3D FTIR

Table 1 Kinetic parameters (activation energy and Arrhenius pre-exponential factors) and coefficient of determination for the thermal degra-

dation of TFR

Temperature stage Activation energy/J mol-1 Pre-exponential factor R2

Pyrolysis at second stage 6.73 9 10-4 4.64E?002 0.954

Combustion at second stage 6.25 9 10-4 3.01E?001 0.973

Combustion at third stage 1.37 9 10-5 1.61E?003 0.942
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spectra for the gases produced from thermal degradation

and Fig. 5a–c show the spectrograms at different tem-

perature during pyrolysis and combustion of TFR at 250,

500, and 750 �C, respectively.

The main evolved products of the first degradation stage

at 250 �C are identified as carbonyl sulfide (COS) and

carbon disulfide (CS2) with absorption bands at 2071 and

1539 cm-1 during both pyrolysis and combustion [15].

Another one sharp band at 1375 cm-1 is attributed to SO2

during combustion while, this band is absent in the thermal

degradation of TFR during pyrolysis. The TG-FTIR spectra

during pyrolysis show two additional peaks at 946 and

930 cm-1 that can be attributed to N–H stretching vibra-

tion of Ammonia [16].

The main gaseous products at 500 �C are H2S, CO2,

NH3, HCN, CS2, and COS accompanied with a little

methane (CH4) during the pyrolysis of TFR. The presence

of NH3 and HCN as the main nitrogen-containing gases

was confirmed by the appearance of two sharp bands at 966

and 714 cm-1 respectively. It is also found that the emis-

sion of HCN and NH3 as the main nitrogen-containing

component with the increasing temperature, and the

intensity of HCN and NH3 emission reach their peak. The

presence of CO2 with very low intensity was confirmed by

the appearance of very small bands at 2358 cm-1 during

the thermal degradation at 500 �C while during combustion

the concentration of CO2 is large and shows very strong

band in the similar region.

Figure 5c shows the FTIR spectra of evolved gases

during the thermal degradation at 750 �C. As observed the

spectrum shows two very intense bands at 2250 and

2275 cm-1 which was associated to cyanamide (H2N–CN)

and isocyanic acid (HN=C=O) during pyrolysis, and these

two bands disappear during the combustion of TFR at

750 �C. Taking into account the above mentioned result it

is possible to postulate that the main volatile product

obtained are HCN, NH3, HNCS, and H2S (during pyroly-

sis), and CO2, SO2, and COS (during combustion).

MS measurement

The exact composition of the TFR degradation products

was determined by thermogravimetry coupled to a Mass

Spectrometer. The volatilization profiles, represented as

Bar Graph of the fragments originating in the thermal

degradation at 500 �C are shown in Fig. 6 during com-

bustion and pyrolysis. The mass spectrum range recorded

was from 1 to 100 m/z; no peaks were observed at higher

m/z values. The release of carbon dioxide during this

degradation stage was confirmed by a fragment at m/z 44,

28 16, 22, and 45 and it is also supported by FTIR data

where carbon dioxide has been observed in all three stages,

but it is much more pronounced in the second step of the

degradation. The release of SO2 during combustion at

500 �C was confirmed by the fragment at m/z 64, 48, 32,

16, and 78 and the presence of H2S in both type of thermal
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degradation is supported by the fragments at m/z 34, 32,

and 33 [20]. The releasing of water begins at 80 �C and

show fragments at m/z 18 in the first and second degra-

dation stage during pyrolysis and combustion of TFR.

The Single Ion Current during pyrolysis is shown in

Fig. 7. The peaks at m/z 27 and 26 which appear with

strong intensity in the second degradation step at 500 �C

can be assigned to HCN [17]. The release of another gas

during second stage degradation show fragment at m/z 76

and 78 due to the presence of CS2
? and 34SCS? ions during

pyrolysis. These fragments start to appear in the second

degradation step (from 195 �C) with low intensity, and

continue to appear with high intensity in the second deg-

radation step. The third stage degradation (polymer

cracking) show some additional peaks at m/z 60, 32, and

28, which can be assigned to carbonyl sulfide (COS)

fragments. Finally, CH4 (m/z = 16) is mainly emitted after

675 �C due to the polymer cracking during pyrolysis [18].

The single ion current of the volatile species detected

during the combustion of TFR are shown in Fig. 8. Carbon

dioxide can be indentified (m/z = 44) in second and third

degradation step. The m/z 64 (SO2) is produced from the

degradation of CS2 carbon disulfide in the presence of

oxygen in the second degradation step and is continuous

with significant intensity in the third step.

CS2ðgÞ þ 1:5O2ðgÞ ! SO2ðgÞ þ COSðgÞ

The comparison between the results obtained with the TG-

FTIR and the TG-MS shows some differences. For all

profiles, fewer fluctuations appears on the curves of FTIR

than on TG-MS ones. This is probably due to the optical

cell of FTIR, which tends to average the signals because of

its volume. In addition, a shift of curves appears between

these two techniques. It can be explained by the different

residence time induced by the experimental devices. By

regarding in detail each gaseous compound, we can note

that for H2O and CO2, the two profiles show same ten-

dencies. Conversely, significant differences appear

between the two analyses for CO and CH4. With mass

spectrometry, CO is followed with the fragment at m/z 28.

As mentioned previously, the emission begins from 200 �C

during combustion. Therefore, the emission between these

two temperatures is likely due to other gaseous compounds

such as HCN and SO2. In addition, between 300 and

675 �C, CO production is overestimated by TG-MS. Some

gases also appear on this temperature range and their ion

fragmentation produces a fragment at m/z = 28. The same

observation can be performed for CH4. With FTIR, the

release of CH4 occurs only after 675 �C. With TG-MS, the

fragment at m/z 15 shows an apparition of gases from

180 �C. The emission between 180 and 400 �C observed

on TG-MS profiles can be attributed to other volatile

products, which contribute to fragment at m/z 15. Thus, the

FTIR analyses and the mass spectrometry have advantages

and disadvantages. However, using information provided

by each of them, it is possible to have an identification of

the gases emitted by degradation of TFR during pyrolysis

and combustion.

Conclusions

The aim of this study was to compare the thermal degra-

dation of thiourea- formaldehyde resin during pyrolysis and

combustion. The activation energy of the first step during

combustion was little more than pyrolysis. The result of

TG-FTIR-MS revealed that the main volatile product

obtained were HCN, NH3, HNCS, and H2S (during pyro-

lysis), and CO2, SO2, and COS (during combustion). Some

homogenous diatomic gases such as H2 and Cl2 etc., are

released during the thermal decomposition, which are

undetectable with FTIR. To follow all main gaseous

products, further investigation was conducted using the

coupling TG-MS. These two techniques are therefore

complementary since they can refine the identification of

gases.
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