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Results of the kinetic study of the thermal decomposition of ammonium thiocarba- 
mate in vacuum (ca. 10 .2 tort) in the temperature range 303--353 K are presented. 
Under these conditions ammonium thiocarbamate decomposes into gaseous products 
(NH4COSNH2 --+ 2 N H  3 + COS). Fifteen general equations for the kinetics of thermal 
decomposition of solids were taken into consideration. The following equation describes 
the experimental results over the whole range of the degree of decomposition: 

2k2 
= ~ -  (t --  t0)[a + b -- 2k~(t --  to) ] 

where ~ = degree of decomposition, t = time, t o = time required to attain constant 
growth rate of nuclei, and a and b are the dimensions of the crystal. 

The temperature-dependence of the rate constant k2 was determined and the activa- 
tion energy was found to be 10.7 kcal/mole. An experiment planning scheme was 
adopted in this study: in a series of experiments, each one was followed by statist- 
ical analysis in order to plan successive experiments depending on the results of the 
previous one, 

The aim of this work was to investigate the thermal decomposition of ammo- 
nium thiocarbamate in vacuum in the temperature range 303-353 K. Under 
these conditions ammonium thiocarbamate decomposes into gaseous products. 
It is generally supposed that the reaction is analogous to the thermal decomposi- 
tion of ammonium carbamate [1, 2]: 

NH4CO`,NH2 --* 2 NH3 + CO,, 
NH~COSNH2 ~ 2 NH3 + COS 

Ammonium thiocarbamate was obtained in the reaction: 

2 NH~ + COS --* NH~COSNH2 

carried out in absolute alcohol as solvent. The mechanism of decomposition of 
ammonium thiocarbamate is incompletely understood. Measurements of the dis- 
sociation pressure have been made only in the narrow temperature range 283-  
293 K [2]. 

The kinetics of the thermal decompositions of solids are usually expressed by 
complicated equations [3-7] .  Experimental verification of these equations by 
traditional methods of calculation requires many additional simplifications. A set 
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12 D J A K O V I T C t - I ,  R O M A N O W S K A :  K I N E T I C S  O F  A M M O N I U M  T H I O C A R B A M A T E  

of kinetic equations is given in the literature [3-7]  for different mechanisms of 
nucleation and growt h of the nuclei. Fifteen equations out of those given by Jacobs 
and Tompkins [4] were considered, in order to find out which of them gives the 
best description of the investigated reaction. These equations give the relation- 
ship between the degree of decomposition (~) and time (t). The degree of decom- 
position can be calculated as a ratio of the volume at a given time to the initial 
volume of a crystal..Equation for nucleation according to the power law is given 
below; fourteen others are in Table 1. 

= c l ( t  - to)" ( 1 )  

In all equations kl, k2 and kz designate the rate constants of nucleation, growth 
and branching of nuclei respectively, to is the time required for attainment of the 
constant growth rate of nuclei, or the time required to establish the interface. 
C1, (72 . . . .  , are constants. 

Experimental 

The kinetics of the thermal decomposition of ammonium thiocarbamate was 
investigated under isothermal conditions using a McBain balance [8]. The ex- 
amined compound was synthetized from ammonia and carbon oxysulphide [9 - 11 ]. 
The crystals obtained were sifted and the fraction of sieve mesh 0.75-  1.02 mm 
was stored in a desiccator over P205 at 277 K. The mean dimensions of this frac- 
tion, found via a microscope, were 2.0 and 1.1 mm. The weight of the investigated 
samples was of the order of 0.10 g. 

Results and discussion 

Degree of decomposition (~) versus time (t/to.9), where t0. 9 is the time needed 
for 90 7o decomposition, is plotted in Fig. 1. Graphical analysis showed that the 
results can be expressed using equation IX (see Fig. 2). Some deviations from this 
equation were observed at the beginning and at the end of the reaction. Further 
investigations were aimed at finding an equation describing the experimental re- 
suits over a wider range of c~. 

In order to find which of the fifteen equations gives the best fit to the experimen- 
tal data, the values of the parameters were calculated by the least-squares method: 

s j  = - t i ) 1 2 w i  
i = 1  

where 

Sj = the weighted sum square for the j-th equation 
m = number of experimental points 

= degree of decomposition 

J. Thermal Anal. 9, 1976 



DJAKOVITCH,  R O M A N O W S K A :  KINETICS OF A M M O N I U M  THIOCARBAMATE 13 

oj  = I I o l j ,  o2j . . . .  o~j II = the vector of parameters of  the j-th equation 
nj = number  o f  parameters in the j - th  equation 
t = time counted f rom the beginning o f  the reaction 
r/j(Ojt) = calculated degree o f  decomposit ion f rom the j- th equation 
ai = mean value o f  r i experiments 

~i = - -  O~il 
r i  1 

~o i = s t a t i s t i c a l  w e i g h t  

r i  
(D i - -  

si ~ = variance [for r i experiments] 

1 ri 

s~ - ri - 1 l=~Z ( ~ i l -  ~)~ 

ri - 1 = f i  = degrees of  freedom for s~. 

The calculations were performed using a "Minui te"  p rogramme [12]. The calcu- 
lated values o f  the weighted sum squares are given in Table 2. These calculations 
were performed for the experiments carried out  at 339.6 K. One can see f rom Table 2 
that the lowest values o f  the sum squares are for equations VI, VII  and VIII .  

1.00 - 

0 . 7 5 -  

0.50 

0.25 

O' 0.5 1.0 

t/to.9 

F i g .  1. D e p e n d e n c e  o f  d e g r e e  o f  d e c o m p o s i t i o n  (c 0 o n  t i m e  (t/to.9). �9 3 5 5 . 2  K ,  t0. 9 = 2 4  m i n ;  
o 3 1 3 . 4  K ,  t0. 9 = 2 2 7  r a i n  

d. Thermal Anal. 9, I976 



14 DJAKOVITCH, ROMANOWSKA: KINETICS OF AMMONIUM THIOCARBAMATE 

Table 2 

Values of weighted sum squares (Sj), variances (s~i) and degrees of freedom (f2J), calculated 
for experiments performed at 339.6 K. Fraction of sieve mesh 0.75--1.02 mm 

Model, j Sj s~. f2j 

I 
II 
III  
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII  
XIII  
XIV 
XV 

2.46 
6.14 
6.15 
1.51 
9.54 
1 .59  

2.50 
3.88 
1.70 
3.72 
9.15 
8.00 
1.28 

1 .22  

1 .09  

10 3 
10 ~ 
10 4 
10 3 
lO s 
10 2 
10 -o 
10 2 
10 3 
10 3 
10 3 
10 ~- 
10 ~ 
10 4 
10 8 

1.76 �9 10 -a 

1.62 �9 10 .4 
2.19 �9 10 -4 
3.62 �9 10 -4 
1.21 �9 10 .3 

7.45 �9 10 .4 

1.11 �9 10  - 3  

36 

34 
36 
34 
36 

36 

36 

H e n c e  these  are  the  e q u a t i o n s  o f  best  fit fo r  the  o b t a i n e d  e x p e r i m e n t a l  data .  E q u a -  

t i on  IX,  chosen  p r e v i o u s l y  on  the  basis  o f  g r aph ica l  analysis ,  does  n o t  fit the  ex-  

p e r i m e n t a l  resul ts  so wel l  as seemed.  Va r i ance  analys is  (test F),  app l i ed  to  c o m p a r e  

the  va r i ances  fo r  e q u a t i o n s  VI ,  V I I  a n d  VI I I ,  s h o w e d  tha t  these  va r i ances  a re  
equ iva l en t .  

t 
1.00 

0.80 

3.4K 

0.60 1321.3 ~ 

. 313.8 K 

O.,~C i [ , I ] I ' D- 
100 200 300 

T~me, rain 

Fig. 2. Dependence of (1 -- ~)1 !~ on time in the temperature range 303-- 321 K. Fraction of sieve 
mesh 0.50--0.60 mm 

J. Thermal Anal. 9, 1976 



DJAKOVITCH, ROMANOWSKA: KINETICS OF AMMONIUM THIOCARBAMATE 15 

s ,j - - -  

so 

m -- r/j 

where 

S o = unweighted sum squares 
f2 = m - nj = degrees of freedom 
nj = number of parameters in the j-th equation. 

In the next stage of the attempts to find the best kinetic equation, a series of ex- 
periments was carried out. Each one was followed by statistical analysis in 
order to plan successive experiments depending on the results of the previous 
one [13-  15]. 

Calculations were carried out with a programme which had the following func- 
tions to perform: 

1. Calculation and refinement of parameter values for each equation (model). 
This was done by the least-squares method, minimizing the function Sj by quasi- 
linear estimation [15]. 

O} ~+]) = O} ~) + M~-I(O} ~)) rj(o}~)), j = 1,2 . . . . .  k 

Mj(O} ~)) = ~ ~oi Fj(O} s), ti) F7(O} ~), ti) 
i=1 

Yj(O} s)) ---- ~ (Di[~i -- /~j(O} s), /i)] F (O}  s), ti) 
i=l  

Fj(O, t) = Vqj(O, t) 

v T  = O 0 O 
8 0 1 '  ~ 0 2 '  8 0 .  

where 

Mj(Oj) = Fisher's information matrix for the j-th equation 
k = number of equations. 

2. Calculation of the probability function (L) and the values of probability (q) 
for each model 

Lj = (2~) (m-rn)l~ h a)i x/LMfl(O} s+l))[ exp [-Sj(O}S+~))] 
i=l 

k 

where 

f Mfl(O}s+')l = determinant of the variance matrix calculated for the "best" 
values of the parameters 

pj = the value of the a priori probability of the fith model. 

J. Thermal Anal. 9, 1976 



16 D J A K O V I T C H ,  R O M A N O W S K A :  K I N E T I C S  O F  A M M O N I U M  T H I O C A R B A M A T E  

3. Planning of the next experiment 

a) in order to obtain more accurate values of the parameters; 
12) in order to discriminate between the fifteen different hypothetical models. 

The solution of this problem was found by a simple method. A table of values of 
functions for equidistance values of time was constructed. For each value of t, 

the value of the square root of di and the Kullback measure of divergence [13], 
[Q], were computed. 

d} i) = F~ (O} s+l), ti) Mj--' (el  S+1)) Fj(O} s+'), ti) 

k k { d~i) q_d}i) [ 1 ~ ) ]  
2 2 qiqj 4 i)) + Ql}i)_ t/}i))~ ~ + 

1=1 5=1+1 (S~ -{- 4 i ) ) ( S 1  ~ -I- 

1 
Oi= 5- 

where 

4 = experimental variance 

S~ _ i=1  

fl 

f l  = ~ fi = degrees of freedom of the variance s~. 
i=1  

The programme for planning the successive experiments was written on the 
assumption that the degree of experimental difficulty remains constant throughout 
the whole reaction range [14, 15]. Following the experiment planning scheme, each 

A 
4.00 - -  

No Vl 

3.0( 

2.00 - 

No VII 
1.00 m-- 

0.50 1.00 

t/ to.9 

Fig. 3. Dependence of d i on time 

J. Thermal Anal. 9, 1976 



D J A K O V I T C H ,  R O M A N O W S K A :  K I N E T I C S  O F  A M M O N I U M  T H I O C A R B A M A T E  17 

successive measurement was carried out for those values of time [t] for which dj 
and Q had the greatest values. The results are presented in Figs 3 - 5. Figures 3 and 
4 show in turn the dependence of dvi, dvu and Q on time for experiments performed 
at 339.6 K. Curve 1 in Fig. 3 corresponds to the initial experiments; curve 2 was 
obtained after the additional measurements had been made. The changes in the 
probability values for models VI and VIII are presented in Fig. 5. They were assum- 
ed initially equal for both models, and with each successive experiment the value 
of  q for model VI increased. When q reached a value of 0.99 for model VI, the 
experiments were stopped. The values of variances (s~), degrees of freedom, F-test 

0.500 0500 

I I 
'0.950 

I 

I 0.O50 
I 

0,987 I. exp. 

I 0.013 
I 

0.996 II. exp. 

0.004 
No VJ. No VJll. 

Fig. 4. Dependence of Q on time. Curve 1. Values of Q corresponding to the initial data; 
curve 2. Values of  Q obtained after the additional experiments 

3:o i 
1 

200 

IO0 

0 0,25 

1 

2 

0.50 0,75 1.00 1.25 
t / t  0.9 

Fig. 5. Changes of probability (q) in successive experiments 

2 ]. Thermal Anal. 9, 1976 



18 DJAKOVITCH, ROMANOWSKA: KINETICS OF AMMONIUM THIOCARBAMATE 

values and  F0.05 values, calculated on  the basis o f  all the experimental  data, are 
given in Table 3. As can be seen from this Table, the F calculated is smaller than 
F0.0s only for equat ion VI, and  hence only this equat ion describes the experimental  
results in an adequate way. 

The values of the degree of decomposi t ion calculated from equat ion  VI and  
those obta ined  experimentally are given in Table 4. 

Table 3 

Values of variances (s2Zi), degrees of freedom (f2i), F-test and F0.os for experiments performed 
at 339.6 K. s~ = 6.83 �9 10 -5 , f~ = 160 

Model, j s2 i �9 l0 s ~ F F0.0~ 

IV 
VI 
VII 
VIII 
IX 
XII 
XV 

85.88 
6.01 

18.88 
10.58 
85.37 
37.95 
40.79 

48 
46 
48 
46 
48 
48 
48 

12.57 
1.14 
2.76 
1.55 

12.50 
5.56 
5.97 

1.43 
1.52 
1.43 
1.44 
1.43 
1.43 
1.43 

Table 4 

Experimental values of ~ and those calculated from equation VI. 
Temperature 339.6 K 

D~gree of dezomposition 
~. 10 3 

value calculated experimental value from equation VI 

36 
82 

111 
I86 
307 
398 
524 
677 
838 
992 

25 
80 

106 
184 
307 
399 
525 
673 
825 
992 

It was successfully verified for various samples of  a m m o n i u m  thiocarbamate  
that  equat ion VI adequately describes the kinetics of the studied reaction in the 
temperature  range 3 0 3 - 3 5 3  K and  over the whole range of c~. Usual ly  two or 
three equat ions  are needed to describe such a process. In  the studied reaction 
gaseous products  were cont inuously  removed dur ing the course of  the reaction 

J.  T h e r m a l  A n a l .  9, 1 9 7 6  
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and this is the likely explanation of why equation VI fits the experimental results 
over the whole reaction range. 

The calculated values of the parameters for equation VI are presented in Table 5, 
together with the values of  the parameters for equation VIII,  for comparison pur- 

Table 5 

Values of parameters for equations VI and VIII calculated for different temperatures of 
decomposition of ammonium thiocarbamate 

T , K  

313.4 
323.8 
339.6 
343.1 
352.0 
355.2 

Values of  parameters  

k 2 '  10 ~ 
mm/min  

2.847 
5.675 
9.810 

15.066 
21.003 
22.653 

equat ion VI 

to 
rain 

7.138 
2.202 
2.432 
2.332 
1.979 
1.923 

a 

mm 

1.53 
1.48 
1.07 
1.35 
1.35 
1.28 

2.81 
2.77 
1.98 
2.44 
2.46 
2.35 

k2 ' 103 
mm/min  

1.945 
3.379 
5.435 
5.365 
7.807 
8.130 

equat ion VIII  

to 
rain 

7.411 
5.101 
2.523 
2.407 
1.895 
1.984 

a 

mm 

1.03 
1.35 
0.59 
0.54 
0.49 
0.45 

b 
mm 

3.64 
1.53 
1.99 
1.84 
1.70 
1.56 

poses. The values of  a and b representing the dimensions of  the crystal are, for 
equation VI, in agreement with the results of the crystal measurements under the 
microscope. The same does not hold for equation VIII.  Both equations were de- 
rived with the assumption of the same model for nucleation and growth of the 
nuclei on the crystal surface, the only difference being that they assumed different 
crystal shapes. 

It  was found that the temperature dependences of  constants in k 2 and t o in 
equation VI are as follows: 

10700] 
k 2 = 8 . 9 1 . 1 0 4 e x p  - R T  ] 

[73401 
t 0 = 5 . 4 5 - I 0  -~exp  [ R T  ) 

The calculated value of the activation energy of the thermal decomposfl 
ammonium thiocarbamate is 10.7 kcal/mole. 

Conclusions  

1. The process of  the thermal decomposition of ammonium thiocarbamate in 
vacuum is described adequately by equation VI in the temperature range 3 0 3 -  
353 K over the entire decomposition range. This was found by the use of  statistical 
analysis. 

2* J. Thermal Anal. 9, 1976 



20 DJAKOVITCH, ROMANOWSKA: KINETICS OF AMMONIUM THIOCARBAMATE 

2. The temperature  dependences of k2 and  to for equat ion VI were found,  and  
an act ivat ion energy of 10.7 kcal/mole was calculated. 

3. The example of this study illustrates the fact that  the successive p lann ing  of 
experiments gives good guidance as to how to carry them out in order to obta in  
the m a x i m u m  informat ion  in the shortest time. 
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RI~SUMI~ -- On pr6sente les r6sultats de l'6tude cin6tique de la d6composition thermique du 
thiocarbamate d'ammonium, sous vide (environ 10 -2 torr), dans l'intervalle de temp6rature 
compris entre 303 et 353 K. Dans ces conditions, le thiocarbamate d'ammonium se d6compose 
en donnant naissance h des produits gazeux (NHaCOSNH2 --+ 2NHa q- COS). On a envisag6 
quinze 6quations cin6tiques g6n6rales de d6composition thermique des corps so/ides. L'6qua- 
tion suivante d6crit les r6sultats exp6rimentaux dans tout l'intervalle de d6composition: 

2k2 
= ~ - ( t  -- t0)[a + b - -  2k2( t  - -  to)], 

avec ~ = taux de d6composition, t = le temps, to = le temps n6cessaire pour atteindre la 
vitesse de grossissement constante d'un germe, aet  b = dimensions du cristal. On a d6termin6 
la relation entre la constante de vitesse k2 et la temp6rature et on a 6tabli la valeur de l'6nergie 
d'activation (10,7 kcal.mol-~). Dans cette 6tude, on a planifi6 le mode op6ratoire de la mani6re 
suivante: chaque s6rie d'exp6riences a 6t6 suivie d'une ~tude statistique pour choisir les exp6ri- 
ences suivantes dont les r6sultats d6pendent de celles qui ont pr6c6d6. 

3. Thermal Anal. 9, 1976 



DJAKOVITCH, ROMANOWSKA: KINETICS OF AMMONIUM THIOCARBAMATE 21 

ZUSAMMENFASSUNG - -  Die  Ergebnisse  der k ine t i schen  U n t e r s u c h u n g e n  der t h e r m i s c h e n  
Ze r se t zung  yon  A m m o n i u m t h i o c a r b a m a t  i m  V a k u u m  (etwa 10 -0~ torr)  im  T e m p e r a t u r -  
bereich von  303 bis 353 K werden  vorgestell t .  Un t e r  diesen B e d i n g u n g e n  wird A m m o n i u m -  
t h i o k a r b a m a t  in gas f6 rmige  P r o d u k t e  zersetzt  ( N H ~ C O S N H 2 ~  2 N H a  + COS).  F f in fzehn  
a l lgemeine  k ine t i sche  G l e i c h u n g e n  der t h e r m i s c h e n  Ze r se t zung  yon  F e s t k 6 r p e r n  w u r d e n  in 
Be t rach t  gezogen.  Die  fo lgende  G l e i chung  beschre ib t  die Versuchse rgebn i s se  im  ganzen  
Bereich der Ze r se t zungsg rade :  

2k2 
= ~ -  (t - -  to)[a -t- b - -  2 k ~ ( t  - -  to) l , 

(~ ---- Ze r se t zungsgrad ,  t :-- Zeit,  t o = die zur  E r r e i chung  der k o n s t a n t e n  W a c h s t u m s g e s c h w i n -  
digkei t  eines K e r n s  ben6t ig te  Zeit,  a u n d  b ---- A b m e s s u n g e n  des  Kristal ls) .  Die  T e m p e r a t u r -  
abh/ ingigkei t  der  Geschwi nd i gke i t skons t an t e  kz wurde  b e s t i m m t  u n d  die Akt iv ie rungsenerg ie  
gleich 10,7 Kca l / mo l  gefunden .  D a s  S chema  der  V e r s u c h s p l a n u n g  wurde  bei d iesen  U n t e r -  
s u c h u n g e n  a n g e n o m m e n .  Hierbei  w u r d e n  in einer  Versuchs re ihe  alle E inze lversuche  d u t c h  
s ta t is t i sche Ana lyse  ausgewer te t ,  u rn  die nach fo lgenden  Versuche  in Abhf ingigkei t  der Ergeb-  
n isse  der v o r h e r g e h e n d e n  zu entwerfen.  

Pe3IoMe - -  Hpe~cxaBne11I, I pe3yJIl~TaTbI I~rIneTmlecI(rlX riccJIe~oBanr~ TepMrI*fecxoro pa3no~Ke- 
nrta T11orap6aMaTa aMMorm~ B BaryyMe (oKono 10 -~ Top) B o6nacT11 TeMnepaTyp 303--353~ 
B aTrtX yCJIOB11nX T11OI~ap6aMaT aMMOnrla pa3JIaraeTcn Ha ra3oo6pa3m,  re npo~IyXTbI 
( N H 4 C O S N H z  ~ 2 N H s  + COS).  ~rqrlTblBa3Iocb H~THa~I~aTt, o6ml lx  ypaB~ellri~ K11HeT111~t~ 
TepM11tfeCKOFO pa3ao~KeH111I TBepjIblX TeJ1. IlpHBeJ/eHo ypaBHe1111e, l~OTOpOe OIII, ICblBaeT 
3KClIep11MeHTaY~BHLIe pe3y~bTaTBI cTeIIeH11 pa3Jiox<ellrLq Bo Bce~ O6JIaCTH TeMnepaTyp: 

2k2 (t - -  t0)[a + b - -  2 k 2 ( t  - -  to)] = a b  

1-~e ~-CTelTe11I, pa3Ylo~eH11~l, t-BpeMY[, to-BpeMg , Tpe6yeMoe ~Ji~[ ~OCTII~KeHI,I~ IIOCTO~tHHO/~ cKopo- 
cTa z~pa,  a 11 ~-HapaMeTp~,I ~pllcTaa~a. ]3s~aa onpe~e~eHa TeMHepaTypHa~ 3aB11C11MOCTb 
KOHCTaHTI~I cKopocT11 ~'2 I~ 6bI~IO 11a-~ello, aTO a11epr~t~ aKTI, IBalIm, I paBHa 10,7 KI(aJI/MOJII~. 
B 11aCTO~ILIeM rlccne~oBaH~I11 6~,~I Up,HaT 9Kcr~ep11MeHT nzlaH~pyrome~ CXeMI, I: B cr ~Kc12e- 
pltMe11TOB 3a Ka)KJIBIM 113 KOTOpt,IX c~Ie/IoBaJI cTaTI'ICT11tleCK11]~ aHaJI113 )lJIn TOFO, qTO~bI nJIaH11- 
pOBaTt, ycllemHsle 3KCIIepgMeHTBI, 3aB11CtlMlble OT pe3y~IbTaTOB OjI11OrO 1t3 npe2ll, ijIylImX. 
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