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Synopsis 

An instrumental system consisting of a combination in series of a programmable pyrolyzer, a 
thermal conductivity detector, a mass chromatograph, and a fast-scan vapor-phase infrared spec- 
trophotometer is described. 

INTRODUCTION 

Analysis of the products of pyrolysis gives information which is valuable in 
characterizing polymeric materials.' Various pyrolyzers have been designed 
and coupled with analytical instruments such as the mass spectrometer, the 
gas chromatograph, and the infrared spectr~photometer.'-~ The present 
paper describes a combination in which a programmable pyrolyzer has been 
coupled in series with a thermal conductivity detector, a mass chromatograph 
(a gas chromatograph which provides molecular weights as well as separation 
of constituents of volatile mixtures), and a fast-scan vapor-phase infrared 
spectrophotometer. 

LITERATURE REVIEW 

The brief review of this section is instructive in placing the present system 
in perspective. 

In most pyrolytic devices, the temperature of the sample is raised very rap- 
idly (flash heating) by either pulse heating with the sample in place, or by in- 
troducing the sample after preheating the oven to the desired temperature.1,2 
In filament pyrolyzers, the sample is placed either on the surface of the fila- 
ment wire (as a thin film made from a solution of the sample) or inside a 
small container that is held within the filament coil. Pyrolysis is achieved by 
passing a current through the filament which, through resistive heating, rais- 
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es the temperature of the system to a valde which is determined by the ap- 
plied voltage. 

Even when operating under the pulse mode, there is a finite temperature 
rise time so that the actual temperatures a t  which pyrolysis takes place are 
not well defined4; pyrolysis of the sample is often completed before the fila- 
ment reaches its final temperature. In order to eliminate this drawback, 
methods which shorten the time required to reach the final temperature have 
been sought. Among these are the Curie-point pyr~lyzers.~ In these, the 
filament wire is a ferromagnetic material which undergoes induction heating 
when exposed to a radio-frequency field and rapidly reaches a specific tem- 
perature known as the Curie temperature. In such units, however, the tem- 
perature of pyrolysis cannot be selected a t  will since the Curie temperature is 
fixed by the alloy composition of the filament wire and a t  present is limited 
to 3 5 6 O ,  480°, 520°, 600°, 770°, and 980°C.3 

Laser pyrolyzers, which also operate on the pulse principle, can achieve 
very high temperatures in extremely short  time^.^,^ The rate of cooling of 
the primary products is also rapid since the laser energy can be directed to 
heat only a localized region of the pyrolysis chamber. This can be a desirable 
feature in minimizing secondary reactions. However, pyrolysis by high-ener- 
gy lasers is not a simple thermal process; it is complicated by plasma forma- 
tion through ionization. 

In furnace-type pyrolyzers, the pyrolysis chamber (such as a quartz tube) is 
preheated to a selected temperature before the sample is placed in the hot 
zone. In such units, the pyrolysis temperature is better controlled and the 
temperature rise time for the pyrolyzer is no longer of concern. However, 
there is a rise time for the temperature of the sample. 

More detailed information on the relative merits of various pyrolyzers can 
be found el~ewhere.'?~B>* The comparative studies that have been reported 
express concern for the poor interlaboratory reproducibility in pyrolytic ex- 
p e r i m e n t ~ . ~ ~ ~  In flash pyrolysis, this is an inherent problem since the tenden- 
cy is to control the upper temperature limit of the pyrolyzer rather than how 
that temperature is attained. Only recently has attention been paid to this 
latter aspect. The actual temperature of thermal-pyrolytic events can be 
better determined (and reproduced) by using controlled heating a t  slow rates, 
as in the case of thermogravimetric analysis (TGA) experiments. Some stud- 
ies on the use of the TGA-type pyrolyzers have been reported.1°-16 Under 
prescribed conditions, this approach represents perhaps the best candidate to 
give reproducible results. However, pyrolyzers should not be evaluated as in- 
dependent units, but rather in conjunction with the subsequent analytical 
techniques that are intended for separation and identification of the products 
of pyrolysis. For example, if the unit is to be coupled with a gas chromato-. 
graph, consideration must be given to the problems associated with interfac- 
ing the two units. This explains, as discussed below, why the slow-heating 
pyrolysis approach has often been avoided, whereas flash pyrolysis using fila- 
ment-type units has maintained its popularity. 

When a pyrolyzer is directly coupled to the inlet of a gas chromatograph, 
the pyrolyzer carrier gas acts also as the column carrier gas. This requires 
that the flow conditions through the pyrolyzer conform with the flow rates 
and pressures necessary for optimum column performance. In addition, 
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since for good separation the products of pyrolysis must be introduced to the 
chromatographic column as a slug, the direct coupling of a pyrolyzer with a 
gas chromatograph requires rapid pyrolysis conditions, small sample sizes, 
and small pyrolysis chambers. Such considerations favor filament-type py- 
rolyzers. 

A pyrolyzer can be coupled also to a gas chromatograph by using a valve to 
permit passage of selected portions of the pyrolyzate. Pyrolysis can then be 
carried out essentially independently of the fact that it is followed by a gas 
chromatograph, thus removing the restrictions that are imposed in the direct- 
coupling configuration. The temperature of the valve assembly must be kept 
high enough to prevent condensation, and yet low enough not to cause further 
pyrolysis of the products of pyrolysis. In practice, it may not be possible to 
transfer all of the pyrolysis products, without further reaction, to the gas 
chromatograph. 

In coupling a TGA-type pyrolyzer unit with a gas chromatograph, a diffi- 
culty arises in consequence of the slow program-heating conditions under 
which decomposition products are formed over a wide temperature range. 
Even though this would be ideal in investigating the types of products formed 
versus temperature, instant analysis with a gas chromatograph is not possi- 
ble, and introduction of samples on the column over a period of time causes 
loss of resolution. In order to achieve slug introduction, products must be 
concentrated (which is by no means an easy task). 

The function of the gas chromatograph is to separate the various constitu- 
ents in the pyrolysis mixture. For a complete analysis, however, specific 
methods of identification are needed. These are in general chromatographic, 
chemical, or spectrometric in nature.17J8 The common gas-chromatographic 
method involves measurement of retention (or elution) times of the unknown 
compounds and comparison with those of known compounds. Utilization of 
chemical reactions such as hydrogenation and comparison of the chromato- 
grams before and after treatment can give information on the functionality of 
some of the constituents. If a sufficient quantity of the sample can be col- 
lected, then conventional methods such as elemental analysis, chemical tests 
for functional groups, nuclear magnetic resonance, mass spectrometry, and 
infrared and ultraviolet spectrophotometry can be used for unambiguous 
identification. 

Samples can, in principle, be trapped from the gas chromatograph exit in a 
cold trap. The process is rather difficult, however, when the individual com- 
ponents of interest are highly volatile and are present in small quantities. 
An additional concern is the possibility of components which have been sepa- 
rated in the chromatographic column being remixed in the process of trap- 
ping. Furthermore, when columns are operated at  high temperatures, there 
may be contamination from the column bleed. The ideal solution is to com- 
bine the gas chromatograph with analytical instruments for “on the fly” anal- 
ysis, thereby eliminating the need for trapping. In this respect, considerable 
effort has gone into gas chromatograph-mass spectrometer combinations. 
Gas chromatograph-infrared spectrophotometer combinations are now re- 
ceiving attention. As in the coupling of a pyrolyzer to a gas chromatograph, 
there are difficulties associated with interfacing a gas chromatograph with a 
mass spectrometer or infrared spectrophotometer. 
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The fact that gas chromatography achieves separation of components of a 
mixture by a process in which the constituents are diluted by the eluent car- 
rier gas is a major concern in coupling a gas chromatograph with a mass spec- 
trometer. In order to maintain a workable (low) pressure in the ion source of 
the mass spectrometer, the sample in the gas chromatograph effluent must be 
concentrated by selectively removing the carrier gas. Interface systems re- 
ferred to as molecular separators have been described in the literature.18,19 
They enrich the sample with respect to the chromatographic carrier gas and 
achieve the necessary pressure drop (from about atmospheric a t  the gas chro- 
matograph exit to to lop5 mm Hg at  the entrance of the ion chamber of 
the mass spectrometer). There are limitations, however, in that a given in- 
terface is suitable only for certain flow rates, carrier gases, and column types. 
The interfacial systems involved in pyrolyzer-gas chromatograph-mass spec- 
trometer combinations are all eliminated if pyrolysis is performed in the vac- 
uum chamber of the mean spectrometer.20 This approach, although conve- 
nient, is limited to vacuum conditions. 

The infrared spectra of gas-chromatographic effluents are taken either 
from liquid (trapping technique) or gaseous (“on the fly” technique) sam- 
ples.18,21 The spectra of samples in the gaseous phase differ from their liquid 
phase counterparts in that gas phase spectra contain rotational structure. 
The spectra of liquids are more familiar than those of gases. However, analy- 
sis in the gas phase is often desirable since this approach eliminates the diffi- 
cult process of condensing the sample from a vapor stream. In contrast to 
conventional infrared spectrophotometers which cannot provide a spectrum 
as fast as the gas chromatograph provides a peak, fast scan infrared spectro- 
photometers are now available and permit “on the fly” analysis of gas-chro- 
matographic effluents. One system is capable of providing spectra in 6 
sec22 another system that uses a liquid crystal film combines the features of 
trapping and “on the fly”  technique^.^^ A t  present, the difficulty with “on 
the fly” techniques is that, operating on the effluents as they exit from the 
gas chromatograph, the technique must record spectra of dilute solutions of 
samples in a carrier gas. No efforts appear to have been directed to design- 
ibg’ separators as in the gas chromatograph-mass spectrometer interface sys- 
tems. One approach involves trapping the gaseous sample in the infrared 
cell and taking a large number of spectra; the spectra are added and averaged 
with a computer which also subtracts background spectra due to carrier gas 
and column bleed.24-26 

PRESENT SYSTEM AND DISCUSSION 

Figure 1 is a diagram of the pyrolytic system that is being used in this labo- 
ratory for analysis of polymers. The part of the system consisting of the 
thermal conductivity detector, the trap, the mass chromatograph and the in- 
frared spectrophotometer (which are depicted in detail in Figs. 2 and 3) rep- 
resent the subject matter of the present paper. Coupling of the system with 
the computer has been a c c ~ m p l i s h e d . ~ ~ ~ ~ ~  (See Fig. 1.) 

The assembly of the pyrolyzer and the thermal conductivity probe consists 
of a tubular reactor and a concentric heater (pyrolyzer), a detector oven (dot- 
ted enclosure) which houses the thermal conductivity cell and the two six- 
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Fig. 1. Schematic of the laboratory for pyrolytic studies. 

port valves (X and Y), and a trap external to the detector oven (pyrolyzer 
trap) (Fig. 2). The assembly was custom designed for this laboratory27 and 
in a modified form is now commercially available.28 

The pyrolyzer consists of a quartz tube (3/16 in. I.D.) and an external heater 
which provides the flexibility for either program heating or flash heating to 
800°C. The program heating capability has been incorporated for better 
control of the temperature of pyrolysis. Use of controlled heating a t  slow 
rates, in addition to defining better the temperature a t  which pyrolysis starts 
to take place, can minimize secondary reactions because, in contrast to flash 
pyrolysis, the products of pyrolysis are formed over a temperature range and 
can be carried away from the hot zone as they are formed. 

The sample which is to be pyrolyzed is placed in the (heat-cleaned) quartz 
tube between two loosely packed (heat-cleaned) glass wool plugs. The glass 
wool plugs help position the sample and prevent mechanical loss. The 
quartz tube, with sample in place, is assembled using high-temperature (sili- 
cone) O-rings and Swagelok fittings. After assembly, the tube is purged with 
helium while valve X is at the vent position (in which mode the dotted lines 
in the valve are connected and the solid lines are broken). The valve X is 
then turned to the sampling mode (as in Fig. a),  and the reactor heater 
(which surrounds the tube and is movable along it) is properly positioned and 
activated to perform the decomposition at  a selected heating rate. For flash 
pyrolysis, the furnace is heated in advance to the desired temperature and 
then moved over the sample. 

The volatile products are transported by helium through valve X and then 
through one arm of the thermal conductivity cell. The thermal conductivity 
detector has been included to monitor the formation of the products of pyrol- 
ysis as a function of temperature and time. It provides immediate informa- 
tion about the onset and the progress of thermal events that result in the for- 
mation of volatile products (see Figs. 4 and 5, for example). The tempera- 
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Fig. 3. Schematic of the coupling of the mass chromatograph with the fast-scan vapor-phase 
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Fig. 5. Thermal history before and during pyrolysis of poly(pentene-1-sulfone). Comparison 
of results obtained from TGA, DTA, and the response from the thermal conductivity (TC) detec- 
tor of the pyrolyzer. 

ture a t  which an event is taking place is thus conveniently recorded. The re- 
sponse curves contain features that are characteristic of the material under 
investigation. In these respects, tne combination of the pyrolyzer and the 
thermal conductivity detector is complementary to a thermogravimetric ana- 
lyzer (TGA) and/or a differential thermal analyzer (DTA). The data (see 
Figs. 4 and 5) can be used, for example, to distinguish between endotherms in 
a differential thermal analysis (DTA) experiment which represent physical 
transitions and those which correspond to processes which produce volatile 
material. Furthermore, since a thermal conductivity detector responds to 
differences in the thermal conductivity of the carrier gas (helium) and the 
volatiles, it can be more sensitive (in detection of decomposition) than weight 
loss measurements utilized in TGA. 

After having passed through the thermal conductivity detector, the volatile 
products are either trapped or vented from valve Y. Trapping of the decom- 
position products is achieved by having valve Y in its sampling mode (as 
shown in Fig. 2) in which position the fragments are carried to a trap situated 
outside the detector oven. 

The trap is the crucial part of the interface between the pyrolysis assembly 
and the chromatographic unit. I t  is a short stainless steel column (l/~ in. O.D. 
by -16 in.) packed with crosslinked polystyrene beads (Porapak Q, 80-100 
mesh, Waters Associates) and has a geometry which permits a fraction of it 
(-4 in. section) to be placed in a Dewar flask for subambient cooling. 

The function of the trap is to collect the fragments of pyrolysis that are 
formed in any given temperature range (i-e., selective trapping). The use of 
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such a trap external to the gas chromatograph is a more effective way of col- 
lecting samples than collection on the actual column of the gas chromato- 
graph by maintaining the column oven at  subambient temperatures during 
collection (as was done in a study16 involving the combination of a TGA unit 
with a gas chromatograph). Clearly, a chromatographic column designed to 
achieve separation is not necessarily an efficient trapping medium; and due 
to the continual flow of the carrier gas, the fraction that is trapped cannot be 
maintained within short boundaries in the column which results in peak 
broadening. The present trapping system is free of these difficulties. The 
trap is packed with crosslinked polystyrene beads which are efficient in stop- 
ping vapors. The fraction that is collected is conveniently released (by heat- 
ing) and introduced into the chromatographic columns as a sharp plug for ef- 
ficient separation. 

When the decomposition products enter the trap, the high molecular 
weight constituents are retained by the packing at  the entrance of the trap, 
which is a t  room temperature, and the more volatile constituents are retained 
downstream in the section of the trap cooled by liquid nitrogen. After trap- 
ping, valve Y is turned to the backflush mode which reverses the direction of 
helium flow (Fig. 2, top left), the Dewar flask is removed, and the trap is flash 
heated to a selected temperature below 25OOC (the limit of thermal stability 
of Porapak Q), upon which the trapped constituents are released and carried 
by helium through valve Y and then through the other arm of the thermal 
conductivity cell where they are again detected, this time as a sharp front. 
They are then delivered through a heated transfer line into the mass chroma- 
tograph. (If desired, the trap heater can be program heated so as to permit 
the fractional release of the trapped constituents. In this mode, subsequent 
detection by the thermal conductivity cell can provide a gas-chromatographic 
output in its own right.) 

The limit of thermal stability of Porapak Q and also of the Teflon sliders of 
the valves restricts operation of the whole pyrolyzer assembly, except for the 
reactor part, to temperatures below 250°C. 

The mass c h r ~ m a t o g r a p h ~ ~ , ~ ~  provides the molecular weights as well as gas- 
chromatographic retention times and, in so doing, even though operating on a 
different principle, combines the functions of a gas chromatograph and a 
mass spectrometer in one instrument. The instrument consists of two inde- 
pendent gas-chromatographic systems using two different carrier gases which 
are run parallel from a common injection port. Each system is composed of a 
six-port valve (A and B), an external trap (trap 1 and trap 2), a gas density 
detector (detector 1 and detector 2), and a chromatographic column (column 
1 and column 2) (Fig. 2). The detectors and valves are housed in the detector 
oven. When a sample is introduced to the mass chromatograph, whether di- 
rectly from the pyrolyzer or through the one injection port, it is carried by he- 
lium and split into two approximately equal fractions (splitter). Each frac- 
tion is carried through the respective valves into the respective external 
traps. The traps are similar to the pyrolyzer trap. After trapping, valves A 
and B are simultaneously turned to the backflush positions (shown for valve 
A at  top center of Fig. 2). Then carrier gases 1 (monochlorotrifluoroethane, 
du Pont Freon-115) and 2 (carbon dioxide) flow through the respective traps 
at constant rate and pressure and carry the pyrolysis products released by 



940 KIRAN AND GILLHAM 
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Fig. 6. Mass chromatogram of a mixture of known saturated normal hydrocarbons (C5 to C28). 
Columns (10% SE-30 on 60-80 mesh Chromosorb W-AW) were program heated (at  5"C/min) 
from 30°C to 300°C. The peak attenuations were X8 except for C5 and Cg peaks in the Freon- 
115 channel for which the setting was X64. After elution of the C11 peak, the polarity of the 
Freon-I15 detector response was reversed to produce downward peaks for constituents with mo- 
lecular weights greater than the molecular weight of Freon-115. By measuring the response ratio 
for each hydrocarbon in the chromatogram, the instrument constant K can be calculated and 
shown to have an average value of 0.206 in the molecular weight range below the molecular 
weight of Freon-115 (154.46) (which is below C11) and an average value of 0.189 in the higher mo- 
lecular weight regions. (These constants have been used to back calculate the molecular weights 
of the constituents, see Table I.) 

flash heating the traps to the matched chromatographic columns where sepa- 
ration is achieved. As they elute from the columns, the constituents are de- 
tected by two gas density balance detectors. 

In the detector (a schematic diagram of which is included in Fig. 2, top 
right), the reference gas (which is the same as the chromatographic carrier 
gas) is split at a and flows in parallel over the lower and upper filaments 
which are part of a Wheatstone bridge. As long as no solute is carried by the 
carrier gas from the column, the flow of the reference gas over the filament is 
not disturbed. However, when a solute with a density greater than that of 
the carrier gas enters the cell a t  c, the density of the gas in the vertical con- 
duit bd becomes greater than that of the pure carrier gas, and consequently 
the pressure at  d increases. This causes the flow of the reference gas to de- 
crease over the lower filament but to increase over the upper filament. The 
converse phenomenon applies for a solute which has a lower density than that 
of the carrier gas. The change in the flow rate of the reference gas over the 
filaments leads to a change in the resistance between the upper and lower 
filaments. This imbalance is recorded as a chromatographic peak. The peak 
area A is related to the molecular weight M, of solute through an equation of 
the form 
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A = k W x  1 - -  [ 21 
where k is a proportionality constant, W, represents the total mass of the so- 
lute eluting from the detector, and M ,  is the molecular weight of the carrier 
gas. (This relationship is a restricted form; more general expressions can be 
derived from references 30 and 31.) 

The recorder output from the mass chromatograph displays two sets of 
peaks corresponding to the responses from the two gas-chromatographic sys- 
tems for the same constituents of the mixture (see Figs. 6 and 7). The ratios 
of the responses are related to the molecular weights of the constituents 
through 

which can be rearranged to give an explicit expression for M,, i.e., 

( 2 ) K - 1  

TABLE I 
Molecular Weights of Normal Saturated 

Hydrocarbons Analyzed by Mass Chromatograph (see Fig. 6 )  

(3) 

Carbon Response ratio Mol. wt 
number Mol.  wta ( A  I / A  * )b (Calculated)" 

C26 
'28 

72.15 
86.18 

100.21 
114.23 
142.29 
156.32 
170.34 
198.40 
226.45 
254.51 
282.56 
310.61 
338.67 
366.72 
394.78 

-14.25 
-7.81 
-4.68 
-2.76 
-0.52 
+0.16 
+0.70 
+1.46 
+2.04 
+2.43 
+2.83 
+3.12 
+3.35 
+3.55 
+3.63 

72.08 
86.37 

100.24 
114.46 
143.77 
157.90 
171.30 
196.55 
223.76 
248.28 
280.47 
312.43 
344.08 
378.67 
394.84 

a CRC Handbook of Physics and Chemistry. 
bFreon-115/C0, response ratio as measured from the chromatogram in Fig. 6. 

Calculated from eq. (3), i.e., 

K (  2 ) ( 4 4 . 0 1 ) -  154.46 
M ,  = ___-- 

K ( $ ) - 1 . O  A 

using K = 0.206 for M , <  154.46 and K = 0.189 for M ,  > 154.46. 
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Fig. 7. Mass chromatogram of the pyrolysis products of low-density polyethylene. Columns 
(SE-30) were program heated (at  5OC/min) from 3OoC to 300OC. The peak attenuations were X8 
except for C3 and Cg peaks in the Freon-115 channel for which the settings were X64. After elu- 
tion of the C12 peak, the polarity of the Freon-115 detector was reversed to produce downward 
peaks for constituents of higher molecular weight. Using the instrument constants K = 0.206 
(mol. w t  < 154.46) and K = 0.189 (mol. wt > 154.46), the molecular weights of the peaks can be 
calculated from measurement of peak height ratios. The molecular weights of the peaks corre- 
spond to the molecular weights of a homologous series of saturated and unsaturated hydrocar- 
bons.27.:30 

where M,, M , , ,  MC2 = molecular weights of the unknowns, carrier gas 1, and 
carrier gas 2, respectively; Al ,  A2 = chromatographic peak areas for the un- 
known constituents; and K = instrument constant (determined from analysis 
of samples of known molecular weights; see, for example, Fig. 6). (For as- 
sumptions involved in deriving eq. (3), see references 30 and 31.) 

Since the response of the gas density detector is proportional to [ ( M ,  - 
M , ) / M , ] ,  see eq. (l), for a given carrier gas of molecular weight M ,  the re- 
sponse tends to a constant as M, increases; the lower the molecular weight of 
the carrier gas, the faster is this tendency. Thus, for a given carrier gas, there 
is an optimum range of molecular weights in which the detector response can 
differentiate two species of different molecular weights. In the mass chroma- 
tograph, in order to cover a wide range of molecular weights, the two carrier 
gases are chosen to be of sufficiently different molecular weights. The car- 
rier gases that are used in this laboratory are carbon dioxide and ClC2F5 (du 
Pont, Freon-115). 

Since the molecular weights of the carrier gases are known and since the re- 
sponse ratios ( A d A d  can be measured from the chromatographic output, 
after the instrument constant is evaluated, calculation of the molecular 
weights of constituents is a simple process (see Fig. 6 and Table I). 
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The accuracy of the mass chromatograph is much less than that of a mass 
spectrometer; however, in providing gas-chromatographic retention times 
and molecular weights in one unit, it offers a convenience that is lacking in 
the usual gas chromatograph-mass spectrometer combinations requiring 
elaborate interfacial systems and sophisticated data-reduction procedures. 

The effluents from one of the detectors (detector 2) of the mass chromato- 
graph are introduced through a heated transfer line into the sample cell 
(which is housed in a heated oven) of the infrared spectrophotometer (Fig. 3 ) .  

The infrared spectrophotometer is of the type reported in the literature.22 
It is a new instrument which is capable of scanning from 2.5 to 15 pm (4000 to 
670 cm-’) in either 6 sec or 30 sec. In Figure 8, ‘the spectrum at the top is a 
scan of polystyrene film taken in 30 sec. The lower spectrum is a 6-sec scan 
of the same sample which shows some loss in resolution. 

The instrument is suitable for taking “on the fly” spectra of constituents 
eluting from a gas chromatograph. By setting the monochrometer to a par- 
ticular wavelength, the instrument can be used to monitor the change in 
transmittance at  that particular wavelength. By varying the grating angle of 
the monochrometer, the wavelength region from 2.5 to 15 pm can be scanned 
in 6 or 30 sec. The infrared scans are easily synchronized with the elution 
times of chromatographic peaks. The valve in the inlet line to the sample 
cell (Fig. 3) permits the trapping of fractions inside the cell for either taking 
multiple scans24,25,26 or for holding the sample in the cell during a single 30- 
sec scan, by converting the sample cell from a flow-through cell to a closed- 
cell system. (In this trap mode, subsequent chromatographic effluents by- 
pass the sample cell.) 

The mass chromatograph has two columns and detectors. Therefore, in 
coupling the instrument with the infrared unit, a choice must be made as to 
which exit of the mass chromatograph should be connected to the infrared 
spectrophotometer. Since column effluents are necessarily diluted by the 
reference gas in the gas density detectors, from the point of view of sensitivi- 
ty, the channel involving a smaller rate of flow for the reference gas is prefer- 
able. Consequently, in the present system, involving Freon-115 and COz 
gases, the Freon-115 channel would be more attractive since the Freon-115 
reference flow rate (41 ml/min) is lower than the C02 reference flow rate (122 
ml/min). However, the background spectrum due to Freon-115 (Fig. 9A) is 
complex compared with that due to carbon dioxide (Fig. 9B) and can mask 
absorptions due to an unknown constituent which is being analyzed. There- 
fore, the infrared unit was coupled with the carbon dioxide exit of the mass 
chromatograph. The spectra shown in Figures 9C and 9D represent a 6-sec 
scan of toluene in COz and a 6-sec scan of tetrahydrofuran also in COz carrier 
gas stream obtained by injecting 1 - ~ 1  samples into the mass chromatograph. 
These spectra must be compared with the spectrum due to C02 (Fig. 9B) in 
order to subtract the background spectra. Due to the large C02 flow rate, 
the spectra are weak. In view of this, the pyrolyzer was connected through a 
conventional gas chromatograph to the infrared unit (Fig. 1). 

CONCLUDING REMARKS 
The pyrolytic system described above has been found to be versatile in in- 

vestigations of thermal decomposition of polymeric materials.30 The utility 



INSTRUMENTATION FOR POLYMER ANALYSIS 947 

of the present system will be further illustrated in a series of articles32 which 
will be devoted to thermal degradation of polyolefins, aliphatic polysulfones, 
tactic methacrylate polymers, and also p o l y ~ t y r e n e . ~ ~  

Appreciation is extended to the Chemistry Branch of the Office of Naval Research for funds 
which permitted design and construction of the prototype of the programmable pyrolyzer and 
thermal conductivity system and to the Dreyfus Foundation for support of Dr. E. Kiran as a Tex- 
tile .Research Institute Fellow. 

References 

1. G. M. Brauer, in Techniques and Methods of Polymer Eualuation, Vol. 2, Marcel Dekker, 

2. R. L. Levy, Chromatogr. Reu., 8.48 (1966). 
3. J. Q. Walker, Chromatographia, 5,547 (1972). 
4. F. Farr6-Rius and G. Guichon, Anal. Chem., 40(6), 998 (1968). 
5. W. Simon, P. Kriemler, J .  A. Voellmin, and H. Steiner, J.  Gas Chromatogr., 5 , 5 3  (1967). 
6. D. L. Fanter, R. L. Levy, and C. J .  Wolf, Anal. Chem., 44(1), 43 (1972). 
7. N. E. Vanderborgh and W. T.  Ristau, Anal. Chem., 45(8), 1529 (1973). 
8. R. W. McKinney, in Ancillary Techniques of Gas Chromatography, L. S. Ettre and W. H. 

9. N. B. Coupe, C. E. R. Jones, and S. G. Perry, J. Chromatogr., 47,291 (1970). 

New York, 1970, p. 41. 

McFadden, Eds., Interscience, New York, 1969, p. 55. 

10. F. Zitomer, Anal. Chem., 40(7), 1091 (1968). 
11. J .  Chiu, Anal. Chem., 40(10), 1516 (1968). 
12. G. Blandenet, Chromatographia, 2,184 (1969). 
13. J. Chiu, Thermochim. Acta, 1,231 (1970). 
14. T. L. Chang and T. E. Mead, Anal. Chem., 43(4), 534 (1971). 
15. P. Cukor and E. W. Lanning, J.  Chromatogr. Sci., 9,487 (1971). 
16. P. Cukor and C. Persiani, A.C.S. Polym. Prepr., 14(1), 543 (1973). 
17. J. G. Perry, Chromatogr. Reu., 9, l (1967) .  
18. A. B. Littlewood, Chromatographia, 1,37,133,223 (1968). 
19. R. A. Flath, in Guide to Modern Methods of Instrumental Analysis, T. H. Gouw, Ed., In- 

20. D. 0. Hummel, H. J. Dussel, and K. Rubenacker, Macromol. Chem., 145,267 (1971). 
21. A. B. Littlewood, J.  Gas Chromatogr., 6,65  (1968). 
22. G. J. Penzias, Anal. Chem., 45(6), 890 (1973). 
23. J .  0. Lephardt and B. J. Bulkin, Anal. Chem., 45(4), 706 (1973). 
24. Norcon Instruments, Inc., 132 Water St., South Norwalk, Conn. 06854. 
25. H. H. Kuo, Ph.D. Thesis, Department of Chemical Engineering, Princeton University, 

26. H. A. Pfeffer, M.S.E. Thesis, Department of Chemical Engineering, Princeton University, 

27. E. Kiran and J. K. Gillham, J. Macromol. Sci.-Chem., A8(1), 211 (1974). 
28. Chromalytics Corporation, a Division of Spex Industries, Unionville, Pa. 19375. 
29. C. E. Bennett, L. W. DiCave, D. G. Paul, J. A. Wegener, and L. J .  Levase, American Labo- 

30. E. Kiran, Ph.D. Thesis, Department of Chemical Engineering, Princeton University, 

31. E. Kiran and J. K. Gillham, Anal. Chem., 47(7), 983 (1975). 
32. E. Kiran and J. K. Gillham, papers to appear in this journal. 
33. H. H. Kuo, H. A. Pfeffer, and J. K. Gillham, Amer. Chem. Soc., Coat. Plast. Prepr., 35(1), 

terscience, New York, 1972, p. 323. 

Princeton, N.J., 1976. 

Princeton, N.J., 1974. See reference 33. 

ratory, 3,67  (May 1971). 

Princeton, N.J., 1974. 

434 (1975). 

Received July 22,1974 
Revised July 11,1975 


