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ABSTRACT: The advantage of a high signal-to-input power and path-length ratio, while
retaining very good flexibility of the operation, has made the recently developed gas-
phase mirage-effect spectroscopy setup an excellent tool for the measurement of trace
gases and organic volatiles up to ppb or lower concentration levels. The present study
demonstrates an unusual application of this novel technique in the area of the nonde-
structive characterization and photodecomposition of polymers. Very small quantities
of ethylene gas were found to be released when polyethylenes were exposed to a very
low power mercury lamp (photoexposure). The extent (quantity) of the ethylene gas
produced was found to be specific and characteristic of the type of polyethylenes (e.g.,
HDPE and LDPE). The source of ethylene was attributed to the rupture of the terminal
monomer units of the branched chains. This study, apart from fundamental under-
standing, also demonstrated a direct industrial application in the fast and nondestruc-
tive characterization of various polyethylenes. q 1998 John Wiley & Sons, Inc. J Appl Polym
Sci 69: 1875–1883, 1998

Key words: polymers; polyethylenes; photodecomposition; gas phase; mirage effect;
photothermal; spectroscopy

INTRODUCTION vironmental conditions. Degradation or decompo-
sition is one such characteristic property which
has been used as a measure of product quality.Polyolefins (PO) form one of the most important
The most common type of degradation occursthermoplastics in the world in view of their wide
through chemical reactions (e.g., chain reaction,range of applications from day-to-day use in the
crosslinking, side-group elimination, or chemical-domestic sector to highly sophisticated and hi-
structure modification, alone or in combination),tech industrial sectors such as aviation. Such a
although those leading to physical changes (e.g.,wide range of applications, in turn, calls for an
description of polymer morphology or of secondaryequally important aspect, that is, a detailed study
bonds on macromolecule conformational changes)on the wide spectrum of their evaluation to ensure
have also been reported. Vasile1 reported a list ofreliability and product quality under different en-
degradation agents and types of degradation. In
general, an understanding of the physical and
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1876 ZIMMERING ET AL.

light (UV/vis) are termed as photochemical deg- and have been successfully used by several re-
searchers for trace gas detection into the ppb andradation, and those involving light and oxygen,

as photooxidation, and heat and oxygen, as ther- several tenth ppt (when intracavity detection is
used) range.7–12 The limitations imposed by usemooxidative degradation and/or decomposition/

combustion. of an enclosed cell, usually necessary for optimal
performance, reduce the flexibility of the system,In the light of the above, the present work may

be classified in the category of photodegradation, imply window transmission losses, and finite vol-
ume sampling and pumping of the gas into thewhile the majority of the reported literature in

this domain concerns mainly thermooxidative cell. This makes real-time in situ measurements
difficult to perform, and, in addition, susceptibil-degradation. Thermal oxidation includes migra-

tion, propagation, chain branching, and termina- ity of the system to gas entrapment by the micro-
phone place limits on the choice of the subject gastion steps and is polymer-specific. For instance,

chain scission is characteristic of polypropylene, to be studied. Furthermore, temperature stability
requirements may exclude use in some industrialwhereas simultaneous chain scission/chain

branching leads to the crosslinking characteristic or other applications in ‘‘noisy’’ environments. The
use of photothermal deflection or mirage-effectof polyethylene (PE).

A detailed survey of more than 30 years of the spectroscopy for trace gas detection has demon-
strated roughly the same order of sensitivity asliterature has shown that virtually no work has

been reported on the gaseous products formed as a that of PA spectroscopy, but with many advan-
tages for use in practical settings because of im-result of the photodecomposition of PEs, although

considerable references are available on the effect proved flexibility.13–15

As in classical absorption spectroscopy, theon polymer substrates.2–4 In an effort to obtain
information on the gaseous products formed as a sample to be studied by PTBDS is heated by ab-

sorption of a modulated (pump) laser source. Theresult of the photochemical decomposition of poly-
mers with special reference to PE, a detailed thermal gradient induces a time-dependent re-

fractive index gradient within the heated region.study was undertaken on the use of a novel gas
detection technique called photothermal beam de- A second (probe) laser beam, passing through the

heated region, is deflected through an angle di-flection spectroscopy (PTBDS, also called mirage-
effect spectroscopy) which permits real-time mul- rectly related to the local thermal gradient (Fig.

1). We show in this figure the ‘‘collinear’’ geome-tiple species detection on a sub-ppb level. The
capabilities of a sensor5 founded on this technique try which we use in our experiment; the pump

and probe beams are aligned parallel to one an-make its use well suited to the measurement of
gases produced during PE photodegradation. A other, and the much smaller dimension of the

probe beam allows its shape to be neglectedsimilar detection system has been used to evalu-
ate the detrimental effects of gas produced by PE (treated as a line of zero diameter). The thermal

gradient therefore produces an effect upon thetubing in response to fluorescent light sources and
has shown that gas quantities can be sufficient to probe comparable to a lens. The induced deflection

is measured with a photodiode pair position detec-interfere with high-precision gas-phase measure-
ments.6 In this work, we propose to use the mea- tor. The parameters which contribute to the sig-

nal depend on the relative magnitudes of the ther-surement of these gas-phase effluents as an ana-
lytical tool to study the photochemical reactions mal diffusion length m Å

√
2k /rcv and the pump

of PEs. The results will allow us to propose an beam waist. In the case where the thermal diffu-
interpretation from a mechanistic standpoint. sion length is much larger, due to a high modula-

tion frequency, or where the medium has a low
thermal diffusivity, the deflection angle is givenGas-Phase PTBD or Mirage-Effect Spectroscopy:
byPrinciple

Photothermal spectroscopic (notably photoacous-
tic, thermal lens, and mirage detection) methods f Å 02S x0

a2DS dn
dTD P

vrcp2a2
offer many advantages applicable to trace gas de-
tection, including high sensitivity and signal ref-
erence to a true zero. Gas-phase photoacoustic

1 [1 0 exp(0al ) ]expS0x2
0

a2 D(PA) studies use a microphone to measure the
expansion of a sample heated by laser absorption
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Figure 1 Principle of PTBDS.

where dn /dT is the temperature coefficient of able* and uses a single plasma tube grating tun-
able configuration with over 60 available linesthe index of refraction of the gas; P , the incident

laser power ; v, the laser modulation frequency; and a TEM00 mode adjustment due to an adjust-
ment of the off-axis grating tilt. The modulationrc , the thermal heat capacity; a, the concentra-

tion-corrected optical absorption coefficient; l , depth is 100% at 135 Hz, with a typical output
power of 1–3 W. This grating tunable laserthe interaction path length; a , the pump beam

radius, and x0 , the separation between the pump allows the detection and differentiation of many
gas species important to environmental surveil-and probe beams. We note that when this sepa-

ration distance is approximately equal to the lance such as COT/COV (including volatiles ) ,
NH3, SO2 , O3, H2S, and NO2 owing to the largepump beam diameter the signal is at a maxi-

mum, and so the position adjustment of at least number of available laser lines. A selection of
available gases for environmental applicationsone beam is desirable to optimize performance.

We performed all measurements within the is listed in Table I. The ZnSe focusing lens is
mounted with micrometric position adjustmentshigh-frequency condition, because of the partic-

ular power stability characteristics of our pump for optimization of the relative parallel displace-
ment between the pump and probe beams. Thelaser and the smaller noise level in open-air

measurement. aluminum detection cell is fitted with 1.5-mm-
thick germanium (Ge) windows set at the Brew-In a gas-phase medium, the laser power ab-

sorbed is linearly proportional to the concentra- ster angle at 10 mm for the CO2 laser polariza-
tion. The transmission losses in the windows aretion of the absorbing gas species up to the satura-

tion limit. We can see that in the above equation, thus minimal. The Ge windows serve as beam
splitters, which while transmitting the CO2for small al , the corresponding deflection signal

is also approximately linear with the gas concen- beam reflect and orient the probe beam, pro-
duced by a 1.5-mW HeNe laser located belowtration. In addition, as the measured signal is

generated in proportion to the absorbed energy, the detection cell. The HeNe focusing mirror is
mounted with a micrometric position adjust-the sensitivity may approach the shot noise limit.

This technique is extended to selection between ment along the beam propagation direction and
spring-loaded screws to enable both positionmultiple gas species in a mixture by the use of a

tunable pump laser. A frequency resonant with a and parallelism adjustment by manipulation of
the slew and tilt angles.vibrational mode of the species to be detected is

chosen, taking care to avoid resonance with other The HeNe beam is rereflected by the exit Ge
window onto the photodiode position detector. Themolecules in the mixture. This gas species alone

then absorbs the excitation, and the mixture is photodiode signal is measured by lock-in detection
using the laser modulation control signal as theheated through kinetic quenching. Detection thus

has species selectivity equivalent to that of direct frequency reference, with a time constant of 0.3 s.
The detector is located 15 cm from the interactionabsorption spectroscopy with much higher sensi-

tivity for the same quantity of the absorbed en- region. The interaction length in the cell is 20 cm,
and the cell interior volume is 25 mL. The interiorergy.
may be exposed to open air by removal of a plate
on the top of the cell. The gas-handling system for

Description of the Instrument the manipulation of the calibrated mixtures uses

Our experimental setup is shown in Figure 2.
* SYNRAD Model 48-G-1 with UC-1000 controller.The CO2 pump laser used is commercially avail-
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Figure 2 Experimental setup.

stainless-steel Hoke fittings and tubing, to avoid tion of the signal on five CO2 laser lines (P , J
Å 10P10-18).parasite signals due to gas which could be pro-

duced by plastic tubing.

Mechanism of Photodecomposition of Polyolefins
Measurement Method (POs)

For typical gas-detection applications, the signal Exposure of POs in general and polyethylenes
is continuously measured while the laser line (PE) in particular to electromagnetic radiation
(wavelength) is varied, allowing measurement of (UV-vis) has been an important area of research
the sample’s spectral characteristics and their as is evident from a large number of articles re-
variation in time. A linear analysis allows inter- ported in the literature dealing with fundamental
pretation of this signal in order to identify the gas aspects like kinetics and photodegradation mech-
species present and their respective concentra- anisms. In principle, natural sunlight is not ex-
tions. In this study, polymer films are placed in- pected to have any effect on C{C and C{H
side the detection cell and illuminated by a low- bonds (basic constituent units of POs) as they
pressure Hg lamp fixed atop a cell cover with silica absorb radiation of l õ 190 nm while most of the
windows. The UV light initiates the photochemi- studies reported use l ú 300 nm. Thus, initiation
cal reactions in the films, resulting in the produc- of photodegradation of such systems is possible
tion of hydrocarbon gas. These gases are accumu- only through absorption of photons by an impurity
lated in the cell and we measure the time evolu- in the polymers or by chromophoric groups. Be-

cause of the complexities involved during differ-
ent stages of polymerization, posttreatments like

Table I Detection Limits of Some of the processing or addition of stabilizers and/or anti-
Organic Volatile Compounds Measured by the oxidants, it is nearly impossible to pinpoint the
Gas-Phase Mirage Setup real cause of oxidation in PEs; however. Gugamus

carried out an extensive study on photodecompo-Gas Detection Limit (ppb)
sition of PEs detailed in a series of articles.16–23

He concluded that the photolysis of free hydro-C2H4 (ethylene) 0.25
peroxides which had been generated thermallyC2Cl3H (trichlorethylene) 2.5
proceeds according to a mechanism which doesC6H6 (benzene) 12

C8H10 (xylene) 20 not involve intermediate formation of free radi-
CFC-11/Freon-11 0.6 cals.18–20 He further suggested the formation of
C2H3Cl (vinyl chloride) 45 PE and an oxygen (PrrrO2) charge-transfer com-
SO2 240 plex (CTC) by way of photooxidation of PE which,
NO2 10 in turn, acts as an initiator, leading to the forma-
NH3 0.5 tion of a trans-vinyl group and hydrogen perox-
O3 2.5 ide.17,19 The latter, upon absorption of a UV pho-
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ton, changes into a hydroxyl radical and initiates the thermal (infrared region) part of the source
radiation seems to be the source of the thermalPE oxidation through hydrogen abstraction. This

literature has also shown that depending upon energy considered for initiation of the reaction.
The present work, on the other hand, was un-the type of polymer and its constituents a variety

of radical reactions are possible.18,20,23 For in- dertaken with a view to exclude the possibility of
thermal energy during photoexposure of the PE.stance, recombination of two radicals (R *{R)

leads to increased molecular weight1 and the ad- This was achieved by using a very low power expo-
sure source effective power É 0.25 W for shortdition radical {C|C{ is energetically favored

by the formation of a s bond at the expense of a durations. In the absence of any relevant informa-
tion in the reported literature on the major gas-p bond24:
eous products produced and also the effect on the
polymer formation itself (e.g., formation of C|O)
as a result of photoexposure, a detailed study was
carried out with a view to

1. identify the major components of the gaseous
products and the mechanistic aspect of photo-
degradation and

2. explore possible industrial application of the
present study, for instance, characterization
of PEs or monomer recovery from wastes.

RESULTS AND DISCUSSION
No oxidation of PE was observed based on the

absence of any bands in the infrared (IR) spec-The available data on photooxidation of polyole-
fins leads one to conclude that the mechanism of trum, characteristic of oxidized PE. In fact, a digi-

tal comparison of the IR spectra of PEs before andreaction is not very well understood. Free-radical
(polymer) chain oxidation initiated by the photol- after photoexposure indicated a close similarity

between the two (Fig. 3). This was also confirmedysis of hydroperoxide has been suggested to be
the most important route and is used as an expla- from the fact that there was no observable mor-

phological change in the PE after the exposure.nation in most of the reported literature. In the
early 1990s, much interest was generated con- Spectral analysis of the gaseous products

formed indicated ethylene to be the dominantcerning PE degradation as evidenced by several
articles during this period. component. This was confirmed by comparison of

the spectral signature of these products to that ofGugamus recently reported an extensive study
on PE and suggested that the photolysis of free pure ethylene. Figure 4 shows these spectra with

1 ppm ethylene gas (reference) and that of thehydroperoxide, which has been generated ther-
mally, proceeds according to various routes not (photoexposed) gaseous product. Formation of

ethylene has been reported on by the thermal oxi-involving intermediate formation of free radi-
cals.19–21 He considered the PE–oxygen CTC as dation of PE.24–29 Thermal oxidation is known to

produce 90% water, a few percent of CO / CO2,the primary initiating species upon photooxida-
tion of PE,20 which, in turn, yields a trans-vi- ethylene, and oxidized volatile organic compo-

nents like acetaldehyde, acetone, butyraldehyde,nylene group and hydroperoxide. The latter is con-
verted into a hydroxy radical through hydrogen 2-butane, and others in very small quantities.25

Our preliminary studies on two PEs, namely,abstraction.16–20 After peroxidation, this pair usu-
ally undergoes a bimolecular reaction, which, in low-density polyethylene (LDPE) and linear low-

density polyethylene (LLDPE), indicated thatthe case of PE, leads to the formation of mainly
ketones and secondary alcohols.20 This mecha- ethylene gas was released during photoexposure

in variable quantities depending upon the sample.nism explains most of the observations and also
the formation of chromophores (e.g., ketones, al- This led us to extend the work to quantitative

evaluation of ethylene gas by different PEs whichdehydes, and hydroxides) through the initial oxi-
dation, which normally act as photon absorbers are known to have different characteristic physic-

omechanical properties. The various PEs studied(sinks), leading to further degradation of ther-
mally initiated oxidation of the polymer. It may are tabulated in Table II. The results indicate the

following pattern in terms of ethylene content:be pointed out that in most of the reported studies
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The high-density homopolymer (HDPE) is
known to have the highest density and crystallin-
ity of the samples studied in addition to having a
basic main-chain structural arrangement. HDPE
also contains the smallest number of terminal vi-
nyledene groups. These properties, as expected,
support the observation that the breaking of any
of the constituent bonds will be most difficult as
reflected by the amount of ethylene produced. The
release of an almost negligible quantity of ethyl-
ene by the HDPE also supports these hypotheses.
Other polymers in the series have relatively low
density and contain alkyl substituents with
branches formed during the synthesis. The LDPE
resins studied were samples from two different
processes and are categorized accordingly as
LDPE (tubular or T) and LDPE (autoclave or A).
Each has their characteristic properties which de-
cide their ultimate applications as has been
briefly mentioned in the literature by Pandey and
others.30–34 For instance, LDPE(A) has a better
processability in extrusion coating than has
LDPE(T) and has a long chain, treelike
branching and broad bimodal molecular weight

Figure 3 IR spectra of polyethylene (LDPEA) (A) be- distribution. LDPE(T), on the other hand, is em-
fore and (B) after photoexposure experiment. ployed as a high-clarity film-grade resin with a

linear molecular shape, broad bimodal molecular
weight distribution, and high tensile strength.

LDPET ú LDPEA @ C8 ¢ C4 ú HDPE (1) A comparison of various structural features
and performance features of the two LDPEs is

Further analysis of the data on these polyethyl- shown in Figure 5. Analysis of the above results
enes indicated that although the general trend based on these features [eq. (2)] indicates that
was as above, the quantity of the ethylene gas the long (side)-chain branching is responsible for
(released) was considerably larger in the case of
LDPEs compared to LLDPEs or HDPE. The pat-
tern thus can be regrouped as follows:

LDPET ú LDPEA (2)

LLDPE C8 ¢ LLDPE C4 (3)

HDPE (very low or negligible) (4)

In view of the fact that the above PEs have differ-
ent physicomechanical and structural properties,
an attempt was made to explain the above-ob-
served behavior based on structural properties. It
may be worth mentioning here that although all
the PEs are known to consist of long methylene
chains, depending upon their molecular weight,
the structural arrangement of these basic units
are responsible for the variation in their physico-
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Figure 4 C2H4 reference and sample spectra.which we hope to establish in the present work.
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Table II Physicomechanical Properties of Different Polyethylenes

Sample/Properties HDPE LDPE(T) LDPE(A) LLDPE C4 LLDPE C8

Density (g/cm3) 0.962–0.968 0.917–0.936 0.914–0.930 0.919–0.924 0.918–0.924
No. methyl groups (1000) 2–3 Ç 39 Ç 35 — —
Type of branching None LCB LCB SCB SCB
No. vinylidene groups/1000 Negligible 0.47 0.84 — —
Tensile strength (MPa) 25–45 20–22 20–22 30–45 30–38

LCB, long-chain branching; SCB, short-chain branching. Tensile strength data taken from refs. 22 and 40.

the relatively very high amount of ethylene re- in LDPE(A) are nearly double that of LDPE(T)
but both have nearly an equal number of methylleased. This is due mainly to the easy availability

of the terminal double bond of the long-chain alkyl per thousand carbons (e.g., 35 and 39, respec-
tively, Table I) . These factors have also been indi-(methyl) group, as these groups are the least in-

fluenced by the strong main chain of the PEs. This cated by IR spectroscopic studies on the two
PEs.30explanation is further supported by the treelike

structural arrangement/features of the branched Linear two-density polyethylenes (LLDPEs)
are known to include a-olefin copolymers havingchain in LDPE(A). In turn, this is expected to be

more influenced by the main chain and also by densities in between HDPE and LDPE. These are
usually 1-butene, 1-hexene, or 1-octene. Incorpo-the hindered stereochemical factors responsible

for the lesser quantity of the ethylene gas in the ration of these comonomers in the main-chain
LDPE are known to give a side chain dependingautoclave compared to tubular PE. A semiquanti-

tative correlation between the amount of ethylene upon the comonomer’s chain length36–39:
produced and that of vinylene groups per thou-
sand carbons also supports the influence of a ste- C{C{ (C{C)n

PE
/ C|C{ (C{C)x

a-olefinric factor,35 that is, in spite of the fact that the
number of vinylene per thousand carbons (0.84)

r
(C{ C)x

w

C {C{ (C{C)n

One thus expects short-chain branches (SCBs) in
the LLDPEs used for different applications. Incor-
poration of these comonomers leads to SCBs: The
influence of the main chain onto the terminal dou-
ble bond is expected to be much higher than in
the long-chain branch PEs (e.g., LDPEs). The ex-
tent of the influence of this factor will be depen-
dent upon the length of the SCBs, that is, an ethyl
branch (C4) is expected to be much more strongly
influenced or attached to the main-chain than will
a hexyl (C8) branch. This makes terminal double
bonds in a C8 copolymer relatively more labile
compared to those in a C4 copolymer. In other
words, structurally, C8 LLDPE may be expected
to release more ethylene than does C4 LLDPE,
and this is confirmed in the present work. It may
be pointed out here that due to the SCBs, the
influence is quite significant in both cases (C4
or C8), consistent with the observations that the
ethylene quantity released by the two monomers
were similar and much lower compared to long-Figure 5 Schematics of structural difference between

LDPE(T) and LDPE(A). chain branched LDPE.
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Mechanism CONCLUSION

As already mentioned, the present work ensured This is a unique study in terms of scope and has
that no chromophores were generated on the poly- been possible because of the advantages of sensor
mer which act as photon absorbers, causing fur- technology based on PTBDS which allows real-
ther oxidative degradation. Photons needed, time spectral analysis of multiple gas species on
therefore, a suitable (energy-deficient) site in the a ppb level. The results have been analyzed to
polymer chain for any reaction to proceed and also obtain the following interpretations:
vinylene.

This proceeds structurally on one of the chain 1. Stabilized (commercial) PEs when exposed to
ends in a given PE molecule by a methyl group, low-energy photons (and in the absence of
that is, thermal energy) tend to produce ethylene gas

without oxidizing the polymers themselves.
2. The mechanism suggested that the ethylene{{CH2{CH2{CH3 (6)

is formed as a result of the above-given rup-
ture of the terminal double bond of the branch

The other chain end is either a similar saturated chain and not from the main chain of the PE.
group or it contains a double bond, typically 3. Quantitative evaluation revealed that the ex-

tent of the ethylene gas released is dependent
upon the length of branch, that is, the farther
the terminal bond is from the main chain, the

Vinylidene

H
u

{CH2|C
v

(7)
more ethylene will be released.

4. Apart from the fundamental understanding,
this study has also provided one of the mostor trans-vinylidene {CH|CH{ (8)
important applications, namely, this is an ex-
cellent method for (near) nondestructive and

Thus, the probability of a photon being absorbed fast identification of different PEs which oth-
at the b-carbon seems to be the most likely; this erwise involves long multistep cumbersome
is, in turn, expected to produce ethylene as the procedures.
major product of photoexposure as shown below:

This work was undertaken as a part of collaborative
project sponsored by Indo-French Centre for Advance

PE r
hn

PE* r R(R *CH|CH2) / CH2|C2H4 Research, New Delhi. The authors would like to express
their sincere thanks to Dr. S. K. Awasthi, GM and head
(R&D), IPCL Baroda, for his critical comments and
suggestions. The active and fruitful discussions withApplication
Dr. Shashikant and Dr. A. B. Mathur of IPCL during
the course of preparation of the manuscript is gratefullyConventional methods used for the identification
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