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A~traet--This  work has investigated the mechanism of the reactions involved in the thermal breakdown 
of PVC wire coating materials and their effect on the conditions under which a test for measuring acid 
gas emission in a fire should be carried out. Simultaneous thermal analytical procedures were used to model 
the combustion reactions. The efficiencies of the calcium carbonate, used as a filler, in retaining acid gas, 
were calculated both from thermal analysis data and from tube furnace data. This allowed some of the 
deficiencies of the test procedure to be singled out. It has been found that the most important parameters 
which need to be controlled include: the temperature, the extent of soot formation and the humidity. 

INTRODUCTION 

W h e n  organic  mater ia ls  are burn t ,  they release a 
mul t i tude  of  combus t ion  products ,  some of  which 
may be corrosive. In part icular ,  ha logen-conta in ing  
mater ia ls  may release a cer tain p ropor t ion  o f  their  
ha logen  con ten t  as hydrogen  halides. 

W h e n  poly(vinyl chloride) (PVC) is hea ted  above  
300°C, it decomposes  thermal ly  and  yields, as one of  
its first products ,  hydrogen  chloride, as a result  of  
thermal  dehydrochlor ina t ion :  

H2C-CHC1 ~ --* ~ H - C = C - H  ~ + HCI. 

Var ious  test methods  have been proposed  for 
measur ing  proper t ies  related to the corrosivi ty of  the 
smoke f rom polymeric mater ia ls  [1-11]. A l though  
some of  the procedures  actually measure  corrosivity,  
others  are designed to de termine  the a m o u n t  of  acid 
gas emit ted by the p roduc t  being tested, using the 
a s sumpt ion  tha t  smoke corrosivi ty can be related 
directly to acid gas emission. This assumpt ion  is 
inadequa te  because o ther  combus t ion  products ,  in- 
cluding ca rbon  (soot), can have corrosive effects, 

In part icular ,  one of  the test procedures  being used 
[1-3] measures  the a m o u n t  of  acid gas being pro- 
duced after combus t ion  of  a sample in a tube furnace 
at  high temperature .  The present  work is geared 
towards  the deve lopment  of  a test protocol  which will 
relate to the actual  condi t ions  tha t  the test intends to 
model.  For  tha t  purpose,  an invest igat ion was carried 
out  which addresses two issues: 

(a) the effects of  changes  in exper imental  pro- 
cedures on test results and  on test reproducibil i ty,  
and  

(b) the mechan ism of  the react ions occurr ing dur- 
ing the combus t ion  process. 

EXPERIMENTAL 

Tube furnace test 

The tube furnace used for this experiment is 225 mm long 
and 45 mm in diameter (ID), and contains a 490 mm long 

quartz tube, the heated zone of which has a diameter of 
43 mm (OD) and a length of 200 mm. The outlet and inlet 
ends of the quartz tube have been narrowed down to 25 mm 
(OD), for the inlet (150 mm long), and to 14 mm (OD), for 
the outlet (100 mm long). The furnace temperature is con- 
trolled by a variable power transformer and measured with 
a chromel/alumel type K thermocouple. The area down- 
stream from the furnace is maintained at a temperature 
above 100°C to avoid deposits of water or of HCI. 

The porcelain sample boat used is a Coors No. 60032 
(part No. 11005) which is almost 60 mm long (sample area 
ca 50mm). The platinum sample boat is a specially- 
constructed 14mm long rectangular-based (14 × 11 mm) 
straight-walled (6 mm high) boat. The sample boat is held, 
and advanced, by a holder, consisting of two pieces of 
quartz tubing welded together: a length of 60 mm of 14 mm 
OD tubing, in which the boat is placed, and a longer length 
of 5 mm OD tubing, for handling from outside the furnace. 
The boat holder passes through an O-ring seal, at the inlet 
end of the combustion tube, for advancement of the sample 
boat into the furnace. A thermocouple wire can be intro- 
duced through the narrow quartz tube, with the junction at 
the seal between the two tubes, to measure furnace tem- 
perature close to the sample boat. For some experiments, 
the 14 mm OD tube was cut in such a way that the top of 
the sample boat is exposed (uncovered experiments). 

The sample boat is advanced in numerous small steps 
over a period of 30 min to reach the centre of the furnace. 
The boat is held at that position for a further 30 min. Both 
the air and the sample enter the furnace from the same end. 

The combustion products are trapped in 200cm 3 of 
demineralized water contained in a gas washer bottle fitted 
with a glass flit, to disperse the gas bubbles into the [iquid 
and to trap solids. It is generally acknowledged that this 
method will collect all the HC1 that reaches the aqueous 
phase. The air flow rate used is 100 cm3/min. The acid gas 
produced is determined either by titration with NaOH, 
using a glass electrode with an end point set at pH of 5.3, 
or by using a chloride ion selective electrode (Orion model 
94-17B, with a double junction reference electrode and an 
Orion model 701A digital voltmeter). 

Three types of materials were used for the trapping of 
soot particles: platinum screens, porcelain saddles and a 
ceramic fibre (Fiberfrax B6, four circles, 6 mm thick). They 
were all inserted into the outlet end of the combustion tube, 
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within the heated zone, in order that the soot could be 
trapped and burnt off. 

Coil test [11] 

A small amount of sample (ca 70-80 mg) is placed in a 
porcelain boat (Coors No. 60028) and heated with a coil of 
Nichrome resistance wire wrapped around it: 9 mm di- 
ameter, 20 mm length). A current of 2.5 A, at 12.5 V voltage 
(corresponding to a measured temperature of 350°C), is 
applied for 5 rain, followed by 5 min cooling. The acid gas 
emitted is collected in demineralized water, which is also used 
to wash the walls of the vessel, after removal of the charred 
sample. No undecomposed polymer remains in the residue. 

Thermal analysis 

A Netzsch STA 409 simultaneous thermal analyzer, asso- 
ciated with a Hewlett-Packard 86B computer by means of 
an HP 3421B data acqusition unit, was used for all thermo- 
analytical experiments. The air flow rate was set at 
50 cm3/min for all experiments. All experiments were carried 
out with sample sizes of 20-25 mg, using crucibles made of 
alumina. 

Isothermal runs were carried out by introducing the 
sample with the crucible in a pre-heated furnace, according 
to a specially-developed procedure. The furnace is pre- 
heated to achieve a steady sample temperature as desired. A 
clean empty crucible is then used to zero the hot thermal 
balance. This crucible is removed from the thermal balance 
and replaced by another crucible, which has been pre- 
weighed, filled with porcelain chips and the thermal balance 
is returned to the desired temperature. This establishes the 
total weight for use by the data acquisition unit and for 
the background. The sample is introduced into the clean 
empty crucible making sure that the total weight 
(crucible+sample) is identical (+0.1 mg) to that of the 
crucible containing porcelain chips. The thermal balance 
is now arrested, the furnace is raised, the crucibles are 
switched, the thermal balance disarrested and the furnace 
lowered into place. The entire operation of crucible switch- 
ing can be carried out, by an experienced operator, in 15 sec, 
while the balance stops swinging, after disarrest, in 7.5 sec. 
In this way one or two points are printed (printing of weight 
data on strip chart occurs every 4 sec) before weight loss is 
first recorded. The data acquisition unit is paused after total 
weight is established and before the thermal balance is 
arrested; it is restarted immediately after balance disarrest. 

For some experiments "wet air" was used. 'In such cases, 
the air from the cylinder was bubbled through a gas washer 
tube filled with demineralized water prior to entering the 
thermal balance. 

Calcium chloride experiments 

Several experiments were carried out with analytical 
grade hydrated calcium chloride in the thermal balance. In 
all of them, the salt was heated, at a heating rate of 
10°C/min, up to 900°C, and then held at that temperature 
until a constant weight was reached, at a flow rate of 
50 cm3/min of air (dry or wet). 

Table 1. Composition of poly(vinyl chloride) 
samples (wt %)* 

C3t SN23 

Chlorine content 22.8 25.5 
Plasticizer 20.5 14.8 
CaCO~ filler 39.3 33.8 
Non-Ca residue:~ 0.7 4.4 

*Proportion of major components only, 
does not add up to 100%. 

]'Composition measured by tetrahydro- 
furan/methanol separation, and by 
other standard analytical procedures. 

:~Amount of inorganic calcium-free material 
remaining after calcination. 

One experiment was carried out in which 0.520 g of CaCI 2 
was heated in the large porcelain sample boat in the tube 
furnace, with a flow of I00 cm3/min of dry air. The sample 
boat was inserted gradually, to drive off the water of 
hydration, until a temperature of >750°C was achieved, 
after 40 rain. In another 10 min the temperature was raised 
to 900°C, where it was kept for 2 hr. The outflowing gases 
were bubbled through a hydrogen peroxide solution (0.8%). 
H202 will trap any chlorine present and convert it into 
chloride. Both pH titration and a chloride ion selective 
electrode were used to measure the amount of chloride ion 
in the solution, after boiling off any H202 remaining. 

Materials 

All materials used were PVC compounds with proprietary 
compositions which could be used for electric wire insu- 
lation purposes. Materials C3 and B were supplied by 
Carlew Chemicals Ltd and by BFGoodrich Canada Inc., 
respectively, to the Canadian Standards Association for 
development of an acid gas analysis test; materials SN8, 
SN9, SN22, SN23 and SN24 were prepared by the 
BFGoodrich Co., Geon Vinyl Division, for the development 
of a different test method for acid gas analysis, viz. the Coil 
method [11]. Materials SN22, SN23 and SN24 are of similar 
composition but contain increasing levels of CaCO3. An 
approximate analysis of C3 was made by various analytical 
methods, including a standard tetrahydrofuran/methanol 
separation procedure [12]. Table 1 presents details of the 
composition of the two PVC compounds used for most of 
the experiments. 

RESULTS 

Figure 1 shows a compar i son  made  between the 
two metfiods used for analysis of  acid gas evolution,  
viz. N a O H  t i t ra t ion  or  ion selective electrode ti- 
t ra t ion.  It  is evident  f rom the dis t r ibut ion of  experi- 
menta l  da ta  a round  a s t raight  line of  slope !.0 tha t  
bo th  me thods  of  analysis produce  totally equivalent  
results. 

Table  2 presents the results of  the experiments  
carr ied out  to measure  acid gas emission in the tube 
furnace equipment ;  Table  3 presents results for some 
experiments  carr ied ou t  in the coil method.  It is clear 
tha t  there can be a large degree of  variabil i ty in the 
results, depending  not  only on  the me thod  used but  
also on  the exact condi t ions  of  the experiment.  In 
part icular ,  the emission of  acid gas, as measured  by 
the tube furnace procedure,  will increase if the tern- 

+ 7  ++ +~*t + i  
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HCI ( w t % )  by 'ti t ro tion 

Fig. 1. Comparison of two methods for measuring acid gas 
emission: ion selective chloride electrode (ISE) and pH 

titration. 
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Table 2. Furnace tube results 
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Temperature HCI Residue 
Experiment Sample (C)  (wt % sple) (wt % sple) Soot Conditions 

8* C3 900 2.97 Abundant Coy. 2" porc. boat 
3* C3 900 3.32 Abundant Cov. 2" porc. boat 
9* C3 900 3.20 Abundant Coy. 0.5" Pt boat 

10" C3 900 3.43 Abundant As 9 + Pt screens ' 
I I* C3 900 4.51 1/4 amt As 9 + porc. screens 
12+ C3 900 4.60 None As I + ceramic fibre 
13t C3 900 6.28 31,4 None As 12 but uncovered 
14+ C3 900 3.22 32.2 None Uncov. Pt bt + cerm. fibre 
15t C3 900 3.13 32.3 None As 14 
16"i" C3 900 6.51 24.8 None As 14 with wet air 

1" C3 800 2.60 Abundant Cov. 2" porc. boat 
6* C3 800 2.61 Abundant Cov. 2" porc. boat 

17+ C3 800 2.76 31.0 None As 14 
COIL 3 C3 650~ 1.5 N.A. N.A. 

4* SN23 900 3.55 Abundant Cov. 2" porc. boat 
7* SN23 900 3.94 Abundant Cov. 2" porc. boat 

21"1" SN23 900 3.94 37.2 None As 14 
2* SN23 800 3.47 Abundant Coy. 2" porc. boat 
5* SN23 800 3.29 Abundant Cov. 2" porc. boat 

20*, SN23 800 3.26 37.0 None As 14 
COIL 12 SN23 650, + 2.9 N.A. N.A. 

18t B 900 9,71 25.4 None As 14 
19t B 900 12.35 21.0 None As 14 with wet air 

COIL I B 650~ 8.2 N.A. N.A. 

23+ SN8 900 29.01 1/4 amt Covered 2" porc. boat 
26t SN8 900 26.40 10.2 None As 14 
25+ SN8 800 25.90 13.7 None As 14 
22+ SN8 650 25.35 Trace Covered 2" porc. boat 

28t SN9 900 18.09 1/4 amt Covered 2" porc. boat 
30t SN9 900 16.55 22.8 None As 14 
29+ SN9 800 16.11 24.6 None As 14 
27t SN9 650 15.98 Trace Covered 2" porc. boat 

*0.7 g sample; +0.35 g sample; :~equivalent temperature. 

perature is higher and if there is water present in the 
atmosphere. Experiments carried out at 650-700°C 
and above (Table 2) show that the levels of acid gas 
emission increase with temperature. Another par- 
ameter, the importance of which is less immediately 
apparent, is the formation of soot. When soot is 
formed, it will adsorb HCI and, consequently, the 
level of HCI subsequently measured is slightly lower 
than would be the case if all the soot had been burnt 
off .  

The size of the sample boat can also have a strong 
effect on the quantity of HCI found; a smaller boat 
will result in better temperature distribution and 
more efficient retention of HC1. Figure 2 shows the 
temperature profile within the furnace, making clear 
the very large temperature gradient found at the 
upstream end of the furnace. Therefore, a large boat 

Table 3. Coil test results 

HC1 
Experiment Sample wt % sample 

Coil 1 13 8.2 
Coil 2 B 8.2 
Coil 3 C3 1.5 
Coil 4 C3 2.2 
Coil 5 C3 2.0 
Coil 6 C3 1.9 
Coil 8 SN8 24.4 
Coil 9 SN8 25.1 
Coil 10 SN9 16.0 
Coil 11 SN9 15.0 
Coil 12 SN23 2.9 
Coil 13 SN23 2.7 

will result in very uneven heating of the sample, in the 
initial stages of the reaction. 

A calculation can be made from the results ob- 
tained for HC1 emitted, as to the efficiency of the 
CaCO 3 used in the PVC compound. The reaction 
which takes place between the HC1 and the CaCO3 
filler is: 

2HCI + CaCO3 ~ CaCI2 + CO2 + HzO, 

The formula to be used is, thus: 

[mol HC1 present in 100 g 
- tool HC1 emitted by 100 g] 

Efficiency= x 100 
2 x mol Ca present in 100 g 

900[ t + ~ +  

,/+ 

/ 

? 

/ 

/ 

+,'+'+'+']"+'+" I t I I I 
0 t 50 , , 100 1 5 0  

DistQnce (mm)  

Fig.  2. Distance--temperature trace in the tube furnace used. 
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where: 

mol HC1 emitted = (wt % HCI emitted/M~ HCI); 

"mol HCI present in 100 g" is the number of moles 
of HCI which would correspond to the chlorine 
contained in 100 g of original PVC compound; "mol 
Ca present in 100 g" is the number of moles of CaCO 3 
present in 100g of original PVC compound and 
"wt % HCI emitted" is the wt % of HC1 emitted from 
the burnt compound, as shown in Tables 2 and 3. 
Table 4 presents the results of these calculations, for 
all the experiments reported in Tables 2 and 3. 

Tables 5-10 present the results of the thermo- 
analytical experiments carried out at a fixed tem- 
perature of 700, 800 or 900°C, in dry air (labelled 
700D, 800D and 900D) or in air saturated with water 

Table 4. Efficiency of  HC1 retention by calcium carbonate filler in 
acid gas emission test 

HCI emission Efficiency 
Sample Experiment (wt %) (%) 

C3 I 2.60 73 
C3 3 3.32 70 
C3 6 2.61 73 
C3 8 2.97 71 
C3 9 3.20 71 
C3 10 3.43 70 
C3 11 4.51 66 
C3 12 4.60 66 
C3 13 6.28 60 
C3 14 3.22 70 
C3 15 3.13 71 
C3 16 6.51 59 
C3 17 2.76 72 
C3 Coil 2.20 74 
C3 Coil 1.51 76 
C3 Coil 1.97 75 
C3 Coil 1.86 75 

SN23 2 3.47 92 
SN23 4 3.55 92 
SN23 5 3.29 93 
SN23 7 3.94 90 
SN23 20 3.27 93 
SN23 21 3.95 90 
SN23 Coil 2.86 95 
SN23 Coil 2.67 96 

vapour (wet air, labelled 700W, 800W and 900W). 
Each column of each of these Tables presents the 
results, in chronological order, of the one or more 
experiments carried out on the corresponding com- 
pound. The preliminary experiments were only taken 
up to the end of the rapid weight loss stages. Thus, 
three weight loss stages occur within a very short 
period ( <  10 min), the first of which is over within less 
than 30 sec. Those experiments designated L were run 
for several hours, at least overnight. 

Table 11 presents the results of thermoanalytical 
experiments where the samples were heated using a 
gradual temperature rise of 10°Cmin ~. The total 
weight loss for either sample C3 (ca 62wt %) or 
sample SN23 (ca 57 wt %) during gradual heating is 
of the same order as that during the first three weight 
loss stages under any of the other (isothermal) condi- 
tions, particularly in the latter runs, where the sample 
was left in the thermobalance for many hours. Fur- 
thermore, introducing water into the atmosphere, 
during gradual heating, has virtually no effect on the 
thermoanalytical results. 

At the end of these three weight loss stages, the 
residue will continue losing weight very slowly when 
it is heated further for very long periods. At least one 
experiment was carried out under each of the six 
isothermal conditions for the two main compounds 
investigated, viz. C3 and SN23. These were the 
experiments used to calculate the fourth weight loss, 
which occurred over a period of only a few hours at 
900W, but over a period of more than 60 hr at 700D. 
It is clear from these results that the use of high 
temperatures and/or of wet air will affect both the 
amount and the chemical composition of the residue 
finally obtained. This can be seen by comparing the 
results of the isothermal runs with those in Table 11, 
at a heating rate of 10°C min ~. Further heating at 
700°C in dry air has a relatively small effect on the 
residue: there is an additional weight loss of only ca 
6 wt % for C3. However, when the atmosphere is 
saturated with water or when the temperature is 800 
or 900°C, the additional weight loss is ca 17 wt % 
for C3. 

Table 5. STA runs at 700°C in dry air*t 

C3 SN22 SN23 SN24 

Total wt loss (%) 65.8-65.7 65.3~8.8 61.9-59.8L 55.1 
(after 3 stages) 62.7L-63.6L 63.0 

1st loss (wt%)  50.4-50.6 41.6--43.1 42.1-39.7L 36.5 
47.4L-47.4L 39.1 

Average rate (%/rain) 168-145 104-144 140-99L 146 
119L-119L 130 

2nd loss (w t%)  9.9-9.0 15.1-17.0 l l .8-12.2L 11.5 
I 1.0L-10.9L 16.3 

Average rate (%/min) 20-18 30-28 21 20L 23 
15L-20L 23 

3rd loss (wt %) 5.5-6.0 8.7-8.6 8.0-7.9L 7.1 
4.3L-5.3L 7.6 

Average rate (%/min) 0.64).8 1.7-1.2 1.1-1.3L 1.2 
0.6Lq).8L 1.3 

4th loss (wt %) 9.2L 
5.8L-7.2L 

Average rate (%/hr) 
0.1L-0.1L 0.1L 

Total wt loss (%) 69.1L 
(after 4 stages) 68.5L-70.9L 

*Various runs under the same conditions are reported successively in each column; tL: long 
r u n s .  
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Table 6. STA runs at 700"C in wet air*'t 
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C3 SN22 SN23 SN24 

Total wt loss (%) 65.8 65.7 70.3-66.1 61.8-61.4 55.8 
(after 3 stages) 63.9L 58.4L 60.4L 

1st loss (wt %) 50.5-49.8 46.5-44.9 42.4-40.4 36.9 
47.6L 39.4L-40.9L 

Average rate (%/rain) 126-100 93 150 106--101 123 
127L 113L 117L 

2rid loss (wt°/°) 10.3-11.6 13.1 12.4 11.8 12.8 11.9 
10.9L 10.9k 12.9L 

Average rate (%/min) 19 18 26-24 24-26 24 
17L 22L-19L 

3rd loss (wt %) 4.9 5.3 10.7 9.3 7.6,8.2 6.9 
5.4L 8.1L~.6L 

Average rate (%/min) 0.8~).7 1.3- 1.1 1.O 1.2 1.0 
0.8L 1.1L4).9L 

4th loss (wt %) 
16.1L 19.8L 17.5L 

Average rate (%/hr) 
0.2L 0.4L-0.6L 

Total wt loss (%) 
(after 4 stages) 80.0L 78.2L 77.8L 

*Various runs under the same conditions are reported successively in each column; tL: long 
r u n s .  

Table 7. STA runs at 800"C in dry air*t 

C3 SN22 SN23 SN24 

Total wt loss (%) 63.5~52.0L 71.1 60.8-60.5L 56.1 
(after 3 stages) 63,6L 

1st loss (wt %) 44.4-48.0L 49.7 42.5-42.9L 37.7 
42.8L 

Average rate (%/min) 178 192L 248 170-143L 151 
143L 

2nd loss (wt %) 16.0-9.7L 12.4 11.2-10.8L 11.5 
13.7L 

Average rate (%/min) 27 28L 41 45 36L 38 
39L 

3rd loss (wt %) 3.0~.3L 9.0 7A-6.8L 6.9 
7.1L 

Average rate (%/min) 0.5-1.2L 1.4 1.1 1.3L 0.9 
1.5L 

4lh loss (wt %) 18.8L 18.2L 
16-0L 

Average rate (%/hr) 1.0k 0.7L 
0.8L 

Total wt loss (%) 80.8L 79.3L 
(after 4 stages) 79.6L 

*Various runs under the same conditions are reported successively in each column; 
tL: long runs. 

Table 8. STA runs at 800"~C in wet air*t 

C3 SN22 SN23 SN24 

Total wt loss (%) 61.3L 68.8-68.8 57.3-61.7L 55.8 
(after 3 stages) 62.5L 

1st loss (wt %) 46.7L 47.5-48.6 43.1-41.3L 40.1 
41.6L 

Average rate (%/min) 187L 190-194 172-165L 160 
167L 

2nd loss (wt%) 10.8L 11.9 1 1 . 3  lI . l -12.0L 10.9 
12.8L 

Average rate (%/min) 27L 34-32 32-40L 36 
23 37L 

3rd loss (wt %) 3.9L 9.3 8.5 3.1-8.4L 4.9 
8.0L 

Average rate (%/min) 1.0L 1.2 1.4 0.7-1.2L 1.0 
1.3L 

4th loss (wt %) 18.7L 
17.6L 

Average rate (%/hr) 2.7L 
2.4L 

Total wt loss (%) 80.0L 
(after 4 stages) 80.0L 

*Various runs under the same conditions are reported successively in each column; 
"['L: long runs. 
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Table 9. STA runs at 900°C in dry air*t 

C3 SN22 SN23 SN24 

Total wt loss (%) 64.0-61.7L 69.8 61.7-57.1L 56.4 
(after 3 stages) 

1st loss (wt%) 51.0-49.2L 48.5 38.5-40.0L 41.6 
Average rate (%/rain) 170-197L 194 192-200L 208 

2nd loss (wt %) 8.1-8.5L 11.7 17.0-10.5L 7.9 
Average rate (%/min) 33-34L 58 42-70L 40 

3rd loss (wt %) 4.8-4.0L 9.7 6.3-6.6L 6.9 
Average rate (%/min) 0.7-1.4L 1.4 1.4-2.1L 0.7 

4th loss (wt %) 19.8L 20.8L 
Average rate (%/hr) 1.9L 2.0L 

Total wt loss (%) 81.3L 77.9L 
(after 4 stages) 

*Various runs under the same conditions are reported successively in each column; 
"['L: long runs. 

Another interesting comparison is between the 
weight lost in the first stage in the isothermal runs 
and that lost in those runs with a 10°C min - l  heating 
rate. The average weight loss for the isothermal runs 
is c a  8wt % greater than that for the runs with 
gradual heating, both for C3 and for SN23. 

The residue remaining after the long thermo- 
analytical experiments does not contain any CaCO3; 
this is all destroyed and converted into calcium oxide, 
as becomes clear from the results of the thermo- 
analytical experiments with commercial CaCO3 
(Table 11). 

It was decided to carry out experiments with 
calcium chloride, under the same conditions as the 
experiments performed with the PVC compounds, in 
order to obtain a better understanding of the behav- 

iour of the residues from combustion or thermal 
decomposition of the PVC compounds. 

A thermoanalytical experiment was carried out, 
with hydrated CaC12 in wet air: it was heated at 
10°C min- l  up to 900°C and then maintained at that 
temperature until a constant weight was reached. 
Figure 3 shows that CaCI 2 dehydrates endothermally 
(AH = 96 kJ/g) at a temperature range of 118-175°C 
(21.5% wt loss). It then, when heated gradually, 
maintains its weight until a temperature of over 
850°C, i.e. until soon after the calcium salt melts 
(AH = 16 k J/g, at 772°C), when it slowly, and exo- 
thermally, loses weight (AH = - 1 0 3  k J/g, 33.9% wt 
loss, average reaction rate c a  26%/hr). 

When the same thermal decomposition is carried 
out in dry air, the dehydration occurs, not sur- 

Table 10. STA runs at 900°C in wet air* 

C3 SN22 SN23 SN24 

Total wt loss (%) 62.5L 65.3 60.3L 55.1 
(After 3 stages) 

1st loss (wt %) 48.1L 44.5 41.7L 40.6 
Average rate (%/rain) 192L 178 208L 162 

2nd loss (wt %) 9.6L 11.7 10.9L 8.2 
Average rate (%/rain) 32L 47 55L 33 

3rd loss (wt %) 4.8L 8.9 7.7L 6.3 
Average rate (%/rain) 1.5L 1.8 2.0L 1.7 

4th loss (wt %) 17.8L 18.2L 
Average rate (%/hr) 3.6L 6.6L 

Total wt loss (%) 80.3L 78.5L 
(after 4 stages) 

*L: long runs. 

Table I1. STA runs at heating rate of  10°C/min in air 

C3D C3W SN23D CaCOaD CaCO3 W 

Total wt loss (%) 61.2 60.6 57.2 42.3 44.2 
1st loss (wt %) 39.0 39.6 33.4 42.3 44.2 

Temp. range (°C) 258-360 248-360 263-360 650-780 620-825 
Max. Rate (%/min) 9.8 9.2 10.8 6.1 5.6 
Temp. max rate (°C) 297 315 300 772 773 
DTA area (kJ/g) - 3 2 . 8 0  -29 .33  -29 .85  - 116.23 - 123.26 

2nd loss (wt %) 11.8 11.6 12.1 
Temp. range (°C) 360--490 360-490 361)--490 
Max. Rate (%/min) 2.5 2.0 2.5 
Temp. max rate (°C) 440 435 425 
DTA area (kJ/g) - 7 . 7 5  - 4 . 7 0  - 9 . 8 6  

3rd loss (wt %) 10.4 9.4 11.6 
Temp. range (°C) 490-650 490-650 490-625 
Max. Rate (%/min) 1.7 1.4 2.4 
Temp. max rate (°C) 580 565 540 
DTA area (kJ/g)* - 162.22 - 146.67 -229 .27  

T~O/o (°C) 262 256 269 650 620 

*Both PVC compounds have an additional DTA peak with areas corresponding to -0 .28 ,  - 2 . 7 3  and 
- 0 . 8 2  kJ/g respectively. 
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Fig. 3. Wt % of original sample remaining after thermo- 
gravimetric experiments with hydrated calcium chloride in 

an atmosphere of wet air and in one of dry air. 

prisingly, at virtually the same temperature (between 
115 and 170~C; AH = 89 k J/g). Once again the ma- 
terial melts at 77T:C without having lost weight after 
dehydration. Of more interest, however, is the fact 
that the anhydrous CaC12 loses weight, immediately 
after melting (at a temperature above 870°C), at a 
constant rate of c a  7%/hr. Furthermore, the weight 
loss for this stage varied, in the various experiments 
carried out, between 30.5 and 46.7% wt. Figure 3 
shows that this reaction continues for a very long 
period at a surprisingly constant rate. Visual obser- 
vation showed no residue inside the crucible. It was 
found, however, that there was ample evidence of 
CaCI 2 deposits at slightly cooler surfaces, in the 
vicinity of the crucible, inside the thermal balance 
and, partially, on the crucible assembly itself. It is 
clear, therefore, that, the variable weight loss for the 
final stage is a function of the localization of these 
CaCI 2 deposits (i.e. they are weighed, if they remain 
on the crucible support, which is much cooler than 
the crucible itself). On reheating the crucible, with its 
contents, no melting occurred at the temperature 
corresponding to CaCI 2, indicating that no free CaCI 2 
remained. 

An experiment carried out with CaC12 and dry air 
in the tube furnace showed that a significant propor- 
tion of the chlorine content of the salt is given off. 
Measurement of the chloride present in the aqueous 
solution showed that 3.65 x 10 3 mol were present 
(identical results from chloride electrode and pH 
titration). This amount of chloride corresponds to 
51.6% of the chlorine initially present in the salt. 
The total weight loss during the experiment was 
47.0 wt %. This result is consistent only with partial 
oxidation to form calcium oxide and chlorine and 
partial volatilization of CaCI 2. 

Table 12 shows the calculations of the efficiency of 
the CaCO3 filler from thermoanalytical experiments. 
In this case, although the efficiency is related to the 
same chemical reaction, it is calculated from the 
amount of residue rather than from the amount of 
HC1 emitted, as was the case for the data in Table 4. 
Assuming that the calcium has not volatilized, the 
equation to be used here is: 

% Ca residue = tool Ca present in 100 g 

x {(efficiency/100 x M~ CaCI2) 

+ [(100 - efficiency)/100] 

× Mw CaO} 

where "% Ca residue" is the wt % of calcium com- 
pounds (either CaCI2 or CaO) present in the residue 
and "mol Ca present in 100 g" has been defined 
before. 

The residue remaining after thermal analysis con- 
tains not only CaCI 2 and CaO but also some calcium- 
free products. It becomes necessary, therefore, to 
define this additional residue. Here "% non-Ca resi- 
due" is the wt % of non-combustible inorganic resi- 
due into which the components of the original PVC 
compound other than CaCO3 will be transformed 
after combustion. Thus: 

% Ca residue = 100 - % wt lost 

- %  non-Ca residue 

Table 12. Efficiency of retention of HCI by calcium carbonate filler in thermal analysis 

After 3 stages After 4 stages 
Wt loss Efficiency Average Total loss Final efficiency 

Sample STA (wt %) (%) (%) (wt %) (%) 

C3 700D 62.7 67 68.5 41 
C3 700D 63.6 63 70.9 29 
C3 700W 63.9 62 80.0 0 
C3 800D 62.0 71 68 80.8 * 
C3 800W 61.3 74 80.0 0 
C3 900D 61.7 72 81.3 * 
C3 900W 62.5 68 80.3 0 

C3 10C HRD 61.2 74 76 
C3 10C HRW 60.6 77 

SN23 700D 59.8 91 69, I 4 I 
SN23 700W 58.4 98 78.2 0 
SN23 700W 60,4 88 77.8 0 
SN23 800D 60.5 87 88 79.3 * 
SN23 800D 63.6 70 79.6 * 
SN23 800W 62.5 76 80.0 0 
SN23 900D 57.1 105 77.9 * 
SN23 900W 60.3 88 78.5 0 

SN23 10"C HRD 57.2 104 104 

*Efficiency cannot be calculated. 
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Using the above two equations it is then possible 
to calculate the efficiency of the CaCO 3 as: 

Efficiency = {[(% Ca residue × 100)/ 

mol Ca present in 100 g] 

- (100 x Mw CaO)} 

x [1/(Mw CaCI2 - Mw CaO)] 

A comparison of the results in Tables 12 and 4 
shows that the average efficiency at the end of the 
three weight loss stages for C3 (viz. 68%) is 
very similar to the efficiency of those tube furnace 
experiments where the conditions were optimized, i.e. 
experiments number 14 and 15 (70%). However, by 
the time that all the weight is lost, the efficiency has 
dropped to zero, except for the STA runs at 700D. 
The same results were found for SN23 also where the 
corresponding numbers are 88% for STA and 90% 
for tube furnace experiment 21, although the 
efficiency of the CaCO3 used for this compound is 
much higher than that used for C3. 

DISCUSSION 

It has been shown often that thermoanalytical 
experiments can offer a good indication of the reac- 
tions during the burning of a polymeric material 
[13-16]. In this particular example, the STA tech- 
nique has been used to understand both the order in 
which combustion processes occur, in a tube furnace 
test and in a coil test devised to measure emission of 
acid gases (HC1) from burning PVC wire coating 
compounds, and their mechanism. It is important to 
keep in mind, when such tests are being developed, 
that the ultimate objective is the modelling of hazard 
in a real fire situation. Therefore, the test conditions 
should be such that the material is not subjected to 
excessive stresses, because otherwise some of the 
safeguards introduced by the manufacturers to im- 
prove safety may be destroyed during the test, while 
they would remain intact during an actual fire. 

The Two (temperature of 1% weight loss [17-18], 
representing the thermal stability of the PVC com- 
pound) is ca  260°C, for both C3 and SN23. Further- 
more, virtually the entire organic fraction of the PVC 
compounds is lost at a temperature well below 700°C 
(Table 11), with the dehydrochlorination (first stage 
[19, 20]) taking place well below 400°C. There is very 
little difference in the total weight lost or in the 
distribution of weight lost in the various stages of 
polymer breakdown when the STA experiments are 
carried out isothermally at 800 or 900°C in dry air or 
at 700, 800 or 900°C in wet air (Tables 5-10). The 
main difference between these five conditions is given 
by the rates of weight loss at the various stages, and 
even these are, to a large extent, governed by the 
mechanical rates of heating and evaporation of the 
sample itself. Runs at 700°C in dry air are relatively 
little affected by long further heating. 

The presence of an atmosphere saturated with 
water will lead to an increased emission of HCI, a 
result which can be deduced also from the presence 
of a smaller amount of residue, both in the STA runs 
and in the tube furnace experiments. 

The reactions of interest are: 

~H 2C-CH CI~  ~ ~ H C = C H ~  + HCI (1) 

2HCI + CaCO3 ~ CaC12 + H20 + CO2 (2) 

HC1 (s) ~ HCI (g) (3) 

CaCO 3 --* CaO + CO2 (4) 

CaCI2 + H20 ~ 2HC1 + CaO (5) 

Reaction (1) is normally complete at ca 360°C (see 
Table 11 and Ref. 20). A molecule of HC1 formed as 
a result of reaction (1) can either react with CaCO3 
[reaction (2)], until the efficiency of the filler is 
reached (i.e. the filler becomes saturated) or it can be 
emitted [reaction (3)]. Reactions (4) and (5) will only 
occur at very high temperatures: reaction (4) above 
650°C (Table 11) and reaction (5) above the melting 
point of CaC12 viz. 772°C (Fig. 3, Ref. 21). 

The fact that the efficiency of CaCO3 is virtually 
identical between isothermal STA runs and tube 
furnace runs at optimized conditions (70% for runs 
14 and 15 and 68% average for isothermal runs, in 
the case of C3; 90% for run 21 and 88% average for 
isothermal runs, in the case of SN23) suggests that 
STA is in fact here too a good model for the test. 

It is clear that, the higher the temperature at which 
the tube furnace test is carried out, the higher the HC1 
emission will be. This is further confirmed by the fact 
that the emission from the coil test is much lower 
than that of the STA test, while it corresponds very 
well with the emission at 650°C (see SN8 and SN9 in 
Tables 2 and 3). The results have shown that a high 
temperature for the test (above 700°C) has two types 
of effects on HCI emission from these compounds (or 
on the efficiency of the CaCO3 filler). 

On the one hand, the lower efficiency during 
isothermal runs (after 3 weight loss stages) than 
during gradual heating runs (Table 12), coupled with 
the fact that there is a significantly larger weight loss 
in the first stage of the isothermal runs, indicates that 
there is a much greater likelihood of HCI being 
emitted before it has had the opportunity of reacting 
with the filler. This is a consequence of the fact that 
it is at this first stage of weight loss when the 
dehydrochlorination takes place [19, 20]. This means 
that reaction (3) will occur, to some extent, even 
before the efficiency of CaCO3 has been reached, i.e. 
if the CaCO 3 filter is overwhelmed by the amount of 
HC1 formed, due to extremely rapid occurrence of 
reaction (1). If the temperature of the experiment 
exceeds 650°C, reaction (4) will also contribute to an 
early decrease in the efficiency of the CaCO3. 

On the other hand, prolonged heating in wet air at 
a high temperature (700°C or above) will cause 
thermal decomposition of the CaC12 already formed, 
as evidenced by the results with CaCI 2 itself. In other 
words, reaction (5) will start. In this connection it is 
worth pointing out that the structure of most carbo- 
naceous combustion products (whether soot or char) 
is C8 H [22]. This small presence of H atoms is 
generally totally irrelevant from the point of view of 
the weight of carbonaceous residue, but it is potential 
source of H atoms in dry atmospheres. When CaCI2 
undergoes prolonged heating in dry air at high tem- 
peratures, it starts volatilizing soon after reaching its 
melting point (7720C) [21], which is consistent with 
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what has been shown elsewhere [23], viz. that CaCI 2 
will volatilize (or even sublime) at very high tem- 
peratures. It has also been shown that the oxidation 
of CaC12, in dry atmosphere (i.e. containing no H 
atoms) can yield chlorine. The reaction of CaCI: 
oxidation will be strongly dependent on the environ- 
mental conditions, since the reaction leading to for- 
mation of HCI is three times as fast as that leading 
to chlorine evolution (Fig. 3), and since various other 
factors can affect it. These include the heating history 
[24], the type and extent of surface exposed [25, 26] 
and the presence of catalysts (in particular alumina 
[25]) and the presence of radiation [27]. All this has 
shown that CaC12 cannot be used as a thermo- 
gravimetric standard [28] because of the potential 
variations in its behaviour. It is clear, however, that 
CaCI2 will oxidize primarly, albeit rather slowly, by 
reaction (5), in the presence of moisture. Under dry 
conditions CaC12 does not generate chlorine quan- 
titatively, as reported elsewhere [29], but the weight 
loss found, in the absence of H atoms at high 
temperatures, is partially due to chlorine formation 
and partially due to volatilization. In an actual fire 
atmosphere, moreover, no chlorine is at all likely to 
be formed, in view of the ubiquitous presence of H 
atoms in various compounds. 

The values of efficiency of CaCO3 calculated from 
STA runs and shown in Table 12 can be used to 
calculate the emission of HCI at the end of the three 
main weight loss stages or at the end of the entire 
(long) STA runs. Table 13 compares these calculated 
results with the actual observed emissions from the 
tests and with the maximum amount which could 
have been emitted, from the chlorine content of the 
original compound. The values of HC1 emission 
calculated at the end of the fourth STA stage are only 
slightly higher than the theoretical values, which is a 
good indication that the assumptions used for esti- 
mating efficiencies have internal consistency. 

It can be assumed that the STA runs at 10"C min 
are fairly representative of the efficiency of the CaCO3 
in terms of a slow heating process and they show the 
lowest values of HCI emission. When the samples are 
subjected to a sudden heat stress, the efficiency of the 
filler may be decreased, depending on the severity of 
the stress. Thus, the coil test method will represent a 
sudden rise in temperature, which is not sustained for 
a long period, and only reaches a top temperature of 
350~C. On the other hand, the tube furnace test 
represents a sudden (albeit slightly less sudden than 
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in the coil test) rise in temperature, but where the final 
temperature is maintained for a considerable period. 
This means that, in the coil test, there may be a small 
effect of reaction (3) occurring before the filler has 
been saturated. However, the efficiencies calculated 
(Tables 4 and 12) show that the amount of HC1 
emitted under both conditions is virtually the same. 
It has been shown (Tables 2 and 3 and Ref. 11) that 
the coil test gives results equivalent to those from a 
tube furnace test carried out at 650:'C. It is not, 
however, clear which stage of the thermal decom- 
position process represents the end of the tube fur- 
nace test at 800 or 900°C. In fact, the combined 
effects of test temperature and test duration will alter 
the exact moment in the breakdown process to which 
the test results refer. Thus the relatively high emis- 
sions found with the tube furnace test indicate that it 
is modelling a moment in the thermal decomposition 
between the end of the first three stages and the total 
destruction or volatilization of the CaC12 formed. In 
these high temperature tube furnace tests, the 
efficiency of the CaCO 3 is decreased by reactions (4) 
and (5), and by premature occurrence of reaction (3). 
In the coil test and in the tube furnace test at 650C 
neither reaction (4) nor reaction (5) will occur. 

There are several conditions required to optimize 
the tube furnace test and make it as representative as 
possible to real life hazard. The most important are: 

(a) Furnace temperature 

If the temperature exceeds 700°C, there will be a 
certain proportion of the HC1 generated from the 
PVC compound which will be emitted before it can 
react with CaCO 3. This is counterproductive, because 
it means that the test will have destroyed one of the 
safeguards introduced by the manufacturer without 
there being any gain in safety. The temperature at 
which "flashover" occurs in a compartment fire is 
500-600 C [22, 30, 31], so that there is no possibility 
of any survivors being present after such a condition 
is reached. Even after a prolonged fire, the tem- 
peratures of wire coating materials will only gradu- 
ally reach very high values, and will only remain high 
for short periods. 

(b) Presence o f  soot 

Soot is a combustion product, generated by most 
polymeric materials [22], with a very sorptive surface, 
which will, therefore, strongly adsorb HCI [32-34] 
and even retain a significant proportion of the HC1 

Table 13. Hydrogen chloride emission (wt %)* 

C3 SN23 

Tube furnace (800 C) 2.8 3.3 
Tube furnace (900 C) 3.2 4.0 
Coil 1.9 2.8 
STA isothermal (after stage 3) 3.9 4.5 
STA 10Cmin  i (after stage 3) 1.7 0.0 
STA isothermal (after stage ,~-700D) 11.8:15.0 16.2 
STA isothermal (after stage 4--700W) 27.0 28.2:27.7 
STA isothermal (after stage ~-800W) 27.0 30.6 
STA isothermal (after stage 4~900W) 27.4 28.6 
STA isothermal (after stage 4~800D; 900D) + t 

*HCI emission from STA was calculated based on the efficiencies; the total 
amount of HCI available is 23.4 wt % for C3 and 26.2 wt % for SN23. 

+The STA runs in dry air at temperatures above 700 C emit very little HCI 
beyond the third weight loss stage. 
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generated. It is, therefore, very important to eliminate 
the soot generated (by burning it off) before 
measuring the amount of HCI emitted, to avoid 
errors, particularly of reproducibility. It is extremely 
difficult, if not impossible, to extract any HC1 which 
has been trapped by soot particles, because it is likely 
to be formed in layers which grow with the growth 
of the carbonaceous layers themselves. The complete 
destruction of the soot formed will result in a 
measured value for HC1 emission which is higher 
than it should be, compared to a large-scale situation, 
but it will nevertheless improve test performance. Of 
the various methods investigated to trap the soot 
particles, the use of a ceramic fibre downstream from 
the sample boat, within the heated zone of the 
combustion tube, was found to be the most efficient. 

(c) Size o f  the boat 

A long (> 15 mm) boat will result in uneven heat- 
ing of the sample, as evidenced by the temperature 
profiles in Fig. 2, and thus in a decreased efficiency 
of the filler and in poor reproducibility of the pro- 
cedure. This is due to the fact that the efficiency of 
the filler is related to the rate of temperature rise of 
the sample, since very high heating rates (unlikely to 
affect a wire coating in a fire) decrease CaCO 3 
efficiency. The steep temperature gradients at the 
entrance of the furnace mean that a relatively small 
boat will be much more likely to have a better 
temperature distribution. 

(d) Rate o f  &troduction of  the boat 

If the boat is introduced into the furnace in a few 
rapid steps, this will again result in uneven heating 
and in irreproducibility of results, for analogous 
reasons to the use of a long boat, i.e. temperature 
gradients in the furnace. A continuous entry process, 
or one of many short steps, will result in best test 
performance. 

(e) Air access to sample 

If the sample is covered, the temperature distribu- 
tion is improved considerably. This results, however, 
in a somewhat greater isolation of the sample from 
the air and from the combustion products (typically 
water), and thus in lower HCI emission. Since in a 
real fire the sample will not be shielded from air and 
combustion products and since good access of the 
sample to the atmosphere will result in better re- 
producibility, notwithstanding the inferior tem- 
perature control, the sample boat should not be 
covered. 

( f )  Sample size 

The size of the sample is not crucial to test results, 
but the use of a small sample, probably no larger than 
0.5 g, will improve the temperature distribution and 
thus reproducibility. This is particularly the case since 
a large sample may have cooler spots which will 
not emit HCI as quickly as the rest of the sample. 
There is an additional reason for preferring a small 
sample, and it involves the issue of safety: the larger 
the sample the greater the risk of achieving flaming 
combustion, rather than smouldering combustion, 
and thus creating potentially hazardous conditions 

because of the confined area and the very high 
temperatures. 

(g) Ambient humidity 

The amount of water present in the atmosphere 
will affect the efficiency of the filler and the test 
results. A combustion process will already liberate 
water as one of its products. Therefore, to maximize 
reproducibility of the test, the air fed into the 
chamber should be dry. 

(h ) Condensed non-sooty material 

Brown/black material is often condensed on the 
walls of the combustion tube and can be burnt off, 
either during or after the test. This represents non- 
graphitic material of a very different nature from 
either soot or char. The presence of this condensate, 
to a large extent derived from plasticizer breakdown, 
is of little practical importance in terms of HCI 
production, since it is a very non-sorptive material 
and will not affect HC1 concentration [33]. On the 
other hand, the presence of soot will decrease the 
amount of HCI measured. Thus, the elimination of 
soot formation during the test will lead to an exagger- 
ated upper limit of the amount of HC1 formed from 
the material tested, but to a more reproducible 
test. 

CONCLUSIONS 

A tube furnace test can be used to model the acid 
gas emission from PVC wire coating materials in a 
fire in such a way that it yields reproducible results 
and, simultaneously, avoids destroying some of the 
acid retention measures (typically CaCO3) introduced 
by the manufacturers. The technique of simultaneous 
thermal analysis has been used successfully to in- 
vestigate the mechanisms of the reactions during the 
combustion. This has shown that the efficiency of the 
CaCO 3 filler as a trap for HCI can be strongly affected 
by the conditions under which the combustion is 
carried out. The CaC12 formed can be decomposed 
slowly, by the prolonged action of heat and humidity, 
into HC1 and CaO. In the absence of humidity, CaC12 
will volatilize, partially and slowly, at temperatures 
above its melting point. It is thus essential to choose 
test conditions which represent the potential hazard 
of acid gas in a fire. The most important parameters 
which need to be controlled are the temperature, the 
formation of soot and the humidity. 
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