JOURNAL OF APPLIED POLYMER SCIENCE VOL. 19, PP. 1799-1804 (1975)

Determination of Heats of Volatilization for
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Synopsis

In the design of thermal degradation processes for polymers, the energy to degrade or vola-
tilize the materials often must be known. The heats of volatilization for six polymers were
measured by differential scanning calorimetry (DSC), where the area under the degradation
endotherm peak was shown to be directly proportional to the heat of volatilization. Values
measured for poly(methyl methacrylate), which yields monomer quantitatively in the tem-
perature range investigated, agree well with theoretically predicted values. Reproducibility of
the method is shown by an average standard deviation of +109, for the six polymers investi-
gated. Caution must be used when applying data obtained by this method to thermal condi-
tions widely differing from those employed in the DSC.

INTRODUCTION

The decreasing availability and increasing cost of crude oil necessitates a more
efficient use of this raw material. For example, polymeric materials could be
considered an intermediate in the flow of crude oil to fuel. This possibility
has been discussed by Cross and Park.! The polymeric materials may be re-
used and recycled until their useful life has ended. Ultimately, the polymeric
scrap would be consumed as a fuel. This would be ecologically beneficial in
that landfill requirements are reduced and that the caloric value of the polymeric
material is utilized. _

Methods of recovering the energy value from polymeric scrap depend upon
the source and volume of the scrap. For example, when combined in sufficiently
small percentages with municipal trash or with coal, polymeric scrap could be
burned directly in conventional boiler systems. However, for high concentra-
tions of polymeric scrap, conventional incineration systems are unsatisfactory.
An alternative approach is conversion of the polymeric material to a low molecu-
lar weight liquid or gaseous fuel by thermal degradation. To design a process
for gasification of polymeric scrap, the energy required to volatilize scrap poly-
mer must be known. These energy requirements are not available in the litera-
ture; furthermore, no standard methods exist for predicting them.

Volatilization of a polymeric material consists of two steps: thermal degrada-
tion and vaporization of the low molecular weight degradation products. Theo-
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retically, if the degradation products are known, the energy required to volatilize
the polymer ean be calculated as follows:

Emt(AHD)g + Em,(AH,,)i

A-F-Ivol = Am

1)

where AH , is the heat of vaporization of a degradation product, AH is the en-
ergy required to break a polymer molecule into its fragments, m; is the mass of
degradation product 7, and Am is the mass of polymer volatilized. The sum-
mation terms in eq. (1) include all degradation products formed.

In the simplest cases, such as gasification of poly(methyl methacrylate)
(PMMA) or poly(a-methylstyrene) where monomer is the only pyrolysis prod-
uct,? calculation of AH,. via eq. (1) is straightforward. For these polymers,
— AH ;, equals the heat of polymerization, and AH ,, the heat of vaporization of
the monomer. For most polymers, however, a spectrum of degradation prod-
uets is formed. The distribution of degradation products must be known to
calculate both (AH,),and (AH,),. Since the method becomes impractical when
more than a few degradation products are formed, a more direct method to
predict or measure heats of volatilization is needed. The purpose of this work
was to devise a simple method to determine the volatilization energy for organic
polymers.

DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry (DSC) measures the rate of heat generation
resulting from thermochemical processes. Gillham and Mentzer? have analyzed
the du Pont-type DSC. The temperature difference between reference and
sample platforms is described by eq. (2):

T=(T,,— Tsp) = R(C, — r) + Rc — (R, + Ry)C, d(AT)

2
where T, and T, are the reference and sample platform temperatures, C, and
C, are the sample and reference thermal masses, dT,/dt is the programmed heat-
ing rate, R, is the thermal resistance of the constantan disk, R, is the thermal
resistance between the sample pan and platform, and dk/dt is the instantaneous
rate of heat generation during a thermal event in the sample. Let the specific
enthalpy change due to volatilization (AH 1) be defined as

1 dh
vol &= dt 3
AHval Amf,o (dt> ®)

vhere Am is the mass loss from volatilization. Defined this way, AHv. is an
average value for the volatilization process and is independent of variations in
the decomposition mechanism during the volatilization process.

In terms of the integrated form of eq. (2),

AIlvol =

B 0e- [remo(§)ae [ 52 ()4)
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Fig. 1. Graphic integration of DSC curve for heat of volatilization.

To reduce eq. (4) to a more manageable form, the heat capacity difference be-
tween sample and reference pans (term II) is eliminated by using a linear baseline
to approximate the area under the endotherm (Fig. 1). Also, since it can be ex-
pected that R, > R,,* term III becomes fC,[d(AT)/dt]dt. If the polymeric
sample weight is a small fraction of the pan weight, then C, is approximately the
same as C,, the initial weight of sample and pan. Term III can then be esti-
mated as

Yo, %8N 4 < ¢, f Y AUAT) by _ ¢, (AT, — AT 5)
to dt to dt

where (AT, — AT,) is the difference in baseline between the beginning and end

of the endotherm (Fig. 1). According to eq. (5), Cw(AT, — AT,) is an upper

limit for term III. Since calculated values for Co(AT, — ATy) in no case ex-

ceeded 0.5%, of the value of term I, term III can be neglected. Thus, the vola-

tilization energy may be expressed as

1 v AT(t
AHy = L [7210 ©
mJ, R,
EXPERIMENTAL

du Pont aluminum DSC sample pans were pressed with a pan shaper to ensure
flatness of the pan bottoms for good heat transfer. Also, preshaping the pans
allowed a sufficiently loose fit between pan and lid so that volatile products
could escape readily. The pan and lid were weighed together to 0.001 mg.
Approximately 0.5 mg polymer was added to each pan, and the lids were placed
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on in an inverted position. The filled pans were weighed and the polymer
weight determined by difference. The samples were stored under vacuum until
used.

DSC analyses were performed using a du Pont 990 thermal analysis system
in the DSC mode. After the sample and reference pans were positioned, the
sample chamber was evacuated and purged three times with nitrogen. The
analyses were performed under a nitrogen atmosphere, at 10°C/min heating rate.
Heating was continued to 550°C, the upper temperature limit for the DSC cell.
In all cases, this was sufficient to complete the volatilization endotherm. At
least three samples of each material were anaiyzed.

The specific heat of volatilization was determined according to eq. (6). A
linear baseline was drawn as shown in Figure 1. The area bounded by the
endotherm peak and baseline was integrated graphically by planimetry. The .
term R, in eq. (6) can be obtained by calibrating the DSC cell with a reference
standard, such as AlLO;. However, the DSC system employed was calibrated
to plot heat generation rate (d@/dt) rather than AT versus temperature (or
time). Therefore, integration of the endotherm peak area yielded (Am- AH,q1)
directly.

RESULTS AND DISCUSSION

Specific heats of volatilization for the six polymers analyzed are shown in
Table I. The heats of volatilization vary from 1.49, to 3.09, of the respective
heats of combustion. Thus, pyrolysis prior to combustion requires a small
percentage of the heat of combustion.

PMMA pyrolyzes to yield 959, monomer, and its heat of volatilization can be
calculated readily from eq. (1). Thus, it serves as an internal standard for this
method. The heat of polymerization for methyl methacrylate is —135 cal/g,®
and its heat of vaporization is 86 cal/g.® According to eq. (1), assuming only
monomer is formed upon decomposition, AH .1 equals 221 cal/g. This compares
favorably with the experimentally measured value of 192 = 8 cal/g.

For comparison, the same calculations were made for polyethylene, poly-
propylene, and polystyrene, assuming that the thermal degradation products
in each case were monomers. The results, shown in Table 11, clearly show that,
for the polymers which pyrolyze to fragments larger than monomer units, AH o1
predicted by eq. (1) is considerably higher than that actually measured. Even
for polystyrene, which depolymerizes thermally to yield 40-609, monomer,?
AH,,; is predicted to be 369, greater than the experimental value. Thus, by
comparing the results for PMMA and polystyrene, the sensitivity of the DSC

TABLE I
Heats of Volatilization for Typical Automotive Thermoplastics

' AH vol
—— X 100,
Material AH,q, cal/g AH omb, cal/g  AHomp %

Polyethylene 159 &+ 13 11,200 1.4
Polypropylene 151 = 10 10,900 1.4
Poly (methyl methacrylate) 192 £+ 8 6,400 3.0
Polystyrene 196 + 8 9,950 2.0
Nylon 6 188 = 8 7,610 2.5
Nylon 66 135 £ 11 7,500 1.8




HEATS OF VOLATILIZATION FOR POLYMERS 1803

TABLE 1I

Predicted Versus Experimental Heats of Volatilization for Typical Automotive Thermoplastics
AH,,, cal/g

—AH,,:» AH,b Equation Experimental

Material cal/g cal/g )

Polyethylene 811 114 925 159
Polypropylene 488 105 593 151
Polystyrene 161 103 264 192
Poly (methyl methacrylate) 135 86 221 196

s Reference 5.
b Reference 6.
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Fig. 2. Monomer yield vs. temperature for isothermal pyrolysis of polymers
in vacuo (reference 2).

technique to pyrolysis product distribution is established. This sensitivity, and
the agreement between predicted and measured AH., for PMMA, support the
validity of this method for measuring heats of volatilization.

It should be noted that the heats of volatilization are dependent on the dis-
tribution of pyrolysis products which vary with both heating rate and pyrolysis
temperature. For example, Madorsky? has reported that the monomer yield
from PMMA below 500°C is constant at 95%,. At higher temperatures, mono-
mer yield varies for different polymers, as shown in Figure 2. In the range of
500-1200°C, methyl methacrylate yield drops to 139, styrene yield is relatively
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constant, near 509, and propylene yield increases from 09, to 189,. Yields
of other pyrolysis products from these three polymers also vatied over that tem-
perature range, with smaller fragments formed as temperature increases.

As smaller fragments are produced, the volatilization energy required increases.
This can be seen from Table II. If polyethylene or polypropylene volatilized
completely to monomer instead of larger hydrocarbons, their heats of volatiliza-
tion would be 925 cal/g and 593 cal/g, respectively. Thus, as pyrolysis tem-
perature increases, AH . for a given polymer also increases. Because of limita-
tions of the DSC system, AH,,; could not be measured at higher temperatures.
Nevertheless, the effect of temperature on AH,,1 at higher temperatures should
not .be ignored when designing gasification systems to operate at temperatures
above the DSC range.

The authors would like to thank Dr. Stephen J. Swarin for his advice and for performing the
DSC analyses.
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