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Standard Practice for
General Techniques of Thermogravimetric Analysis (TGA)
Coupled With Infrared Analysis (TGA/IR) *

This standard is issued under the fixed designation E 2105; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope E 168 Practices for General Techniques of Infrared Quanti-

1.1 This practice covers techniques that are of general use in _tative Analy3|§ _ _
the qualitative analysis of samples by thermogravimetric analy- E 334 Practices for General Techniques of Infrared Mi-
sis (TGA) coupled with infrared (IR) spectrometric techniques. croanalysfé . _

The combination of these techniques is often referred to as E 473 Terminology Relating to Thermal Analyis .
TGA/IR. E 1131 Test Method for Compositional Thermal Analysis
1.2 A sample heated in a TGA furnace using a predeter- bBY Thermog_rawmetl%/ _ o
mined temperature profile typically undergoes one or more E 1252 Practlce. for General Techniques for Qualitative

weight losses. Materials evolved during these weight losses are _Infrared Ana]ysé o _

then analyzed using infrared spectroscopy to determine chemi- E 1421 Practice for Describing and Measuring Performance
cal identity. The analysis may involve collecting discrete ~ Of Fourier Transform Infrared (FT-IR) Spectrometers:
evolved gas samples or, more commonly, may involve passing Level Zero and Level One Tests

the evolved gas through a heated flowcell during the TGA3
experiment. The general techniques of TGA/IR and other L L
corresponding techniques, such as TGA coupled with mass 3.1 Deflnltlons—Eor general definitions of terms and sym-
spectroscopy (TGA/MS), as well as, TGA, used in conjunctionP0!S; refer to Terminologies E 131 and E 473.

with GC/IR, are described in the referenced literat{iret).? 3.2 Definitions of Terms Specific to This Standard:

1.3 Some thermal analysis instruments are designed to 3-2-1 evolved gasn—any material (or mixture) evolved
perform both thermogravimetric analysis and differential scan{fom @ sample during a thermogravimetric or simultaneous
ning calorimetry simultaneously. This type of instrument isthermal analysis experiment. Materials evolved from the
sometimes called a simultaneous thermal analyzer (STA). The@mple may be in the form of a gas, a vapor, an aerosol or as
evolved gas analysis performed with an STA instrun(&jis particulate matter. For breylty, th_e te_zrm “evolved ga_s” will be
similar to that with a TGA, and so, would be covered by thisu;ed throughout this practice to indicate any material form or
practice. With use of a simultaneous thermal analyzer, th&ixture evolved from a sample.

. Terminology

coupled method typically is labeled STA/IR. 3.2.2 evolved gas analysis (EGA)—a technique in which
1.4 The values stated in Sl units are to be regarded a&€ nature and amount of gas evolved from a sample is
standard. monitored against time or temperature during a programmed

1.5 This statement does not purport to address all of thechange in temperature of the sample.
safety concerns, if any, associated with its use. It is the 3-2-3evolved gas profile (EGP)n—an indication of the
responsibility of the user of this standard to establish appro-{otal amount of gases evolved, as a function of time or
priate safety and health practices and determine the applical€mperature, during the thermogravimetric experiment. In

bility of regulatory limitations prior to use. TGA/IR, this profile is calculated from the infrared spectro-
scopic data recorded by application of the Gram-Schmidt

2. Referenced Documents reconstruction (GSR) algorithr{6,7). Because the GSR was
2.1 ASTM Standards: designed for use in gas chromatography coupled with infrared

E 131 Terminology Relating to Molecular Spectroscbpy (GC/IR) analysis, the evolved gas profile has sometimes been
erroneously called the evolved gas chromatogram.
3.2.4 functional group profile (FGR)n—an indication of

- the amount of gas evolved during the thermogravimetric

* This practice is under the jurisdiction of ASTM Committee E13 on Molecular experiment that contains a particular chemical functionality
Spectroscopy and is the direct responsibility of Subcommittee E13.03 on Infrare¢naasured as a function of time or temperature. This profile is
Spectroscopy. calculated from the infrared spectroscopic data recorded b
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integration of the absorbances over selected spectral regions@as the cell walls. A spectrum should be obtained initially
the experiment progresses. Typically, a number of such profilewithin a short co-addition time to create a reference spectrum
are calculated in real-time. Additional profiles (using differentto ensure the integrity of the spectrum obtained after long
spectral regions) can often be calculated after the experimeb-addition.

from the stored spectroscopic data. Because the software useds.3 Evolved Gas Analysis Using a FlowcelAnother way
has similarities with that used for GC/IR analysis, the func-to examine the gases evolved during a TGA/IR experiment is
tional group profile has sometimes been erroneously called thg use a specially designed flowcell. This flowcell is situated in
functional group chromatogram. the IR beam of the infrared spectrometer. IR monochromators
3.2.5 hit quality index (HQI) n—the numerical ranking of = and filter spectrometers are typically used to monitor a specific
infrared reference spectra against that of an analyte spectruffequency range during the TGA experiment. If a full spectrum
through the use of search algorithms that measure a comparg-to be obtained with these IR devices, the evolved gas is
tive fit spectral data. trapped via a stopped flow routine and the spectrometers are
3.2.6 specific gas profile (SGPh—a special type of func-  permitted to scan the infrared spectrum. In contrast, the Fourier
tional group profile arises when the selected region of theransform IR spectrometer permits the acquisition of the
spectrum contains absorbances due to a specific gas such@finplete IR spectrum in brief timeframes without impact upon
ammonia or carbon monoxide. the typical TGA experiment, that is, continuous spectral
4. Significance and Use ﬁgg%%téon without interruption of evolved gas flow or sample

_ 4.1 This practice provides general guidelines for the prac- 5 3 1 | the typical TGA/IR experiment, the evolved gas is
tice of thermogravimetry coupled with infrared spectrometric,, nitored in real-time by the IR spectrometer. The temporal

detection and analysis (TGAVIR). This practice assumes thalgq|ytion required during a TGA/IR experiment is on the order
the ther.mogrgwmetry. mvolvgd in the practice is proper. It isys 5_go sispectral data acquisition event. If the full IR
not the mte.ntlon'of this practice to instruct the user on PrOPeLyectrum is to be acquired, the rapidity of the TGA experiment
thermogravimetric techniques. Please refer to Test Methoghqires a Fourier-transform infrared (FT-IR) spectrometer to
E 1131 for more information. maintain sufficient temporal resolution. Such instruments in-
5. General TGA/IR Techniques clude a com_puter that is capable of storing large amounts of
spectroscopic data for subsequent evaluation.

5.3.2 Some spectrometer data systems may have limited
oftware, or data storage capabilities. Such instrument systems
are capable of recording suitable spectra during the TGA/IR

evolved gas and functional group profiles. experiment, but may not be able to calculate the evolved gas

5.2 Evolved Gas Trapping Techniqueg&volved gas trap- and functional group proﬂles. ) ,
ping techniques are the least elaborate means for obtaining 9-3-3 The flowcell is coupled directly to the TGA via a
TGA/IR data. In these techniques, the evolved gas is collectefeated transfer line. Evolved gas components are analyzed as
from the TGA furnace in discrete aliquots that are thenth€y emerge from the transfer line. This technique typically
analyzed. In use of such techniques, it is essential to monitofi€lds low microgram detection limits for most analyts.
the TGA weight loss curve to determine the time or temperajnstruments_ that.mclude the IR spectrometer, Qata system, the
ture at which the effluent was captured. Vapor phase Samp@kgermograwmetrm an'alyzer, heated transfer-line, and heated
can be trapped in a heated low-volume gas cell at the exit of thiowcell are commercially available.
TGA, analyzed, then flushed out by the TGA effluent. When 5.3.4 It should be noted that any metal surface inside the
the next aliquot of interest is in the gas cell, the flow is stopped GA furnace, transfer line or flowcell assembly may react
again for analysis. This process can be made more conveniewith, and sometimes destroy, specific classes of evolved gases,
by designing the TGA temperature profile such that thefor example, amines. This can result in changes to the chemical
temperature is held constant while a trapped sample is beinggture of the evolved gas. Consequently, it is possible to fail to
analyzed (ramp-and-hold method). Alternatively, fractions caridentify the presence of such compound in the mixture. This
be trapped in the condensed phase by passing the TGA effluesituation can sometimes be identified by comparison of the
through a solvent, a powdered solid, or a cold trap to yieldl GA weight loss profile with the evolved gas profile.
condensed phase material for subsequent angBsimfrared 5.3.5 The infrared energy throughput of the flowcell should
spectrometry is performed with either a monochromator, @e periodically monitored since this indicates the overall
filter spectrometer or a Fourier transform spectrometer. Seeondition of this assembly. It is important that all tests be
also Practices E 334 and E 1252 for general techniques czonducted at a constant flowcell temperature because of the
microanalysis and qualitative practices. effect of the emitted energy on the detector (see 6.3.1). It is

5.2.1 Since the analyte of interest is static when employingecommended that records be kept of the interferogram signal
an evolved gas trapping technique, the spectrum can b&rength, single-beam energy response and the ratio of two
recorded using a long integration time or increasing scarsuccessive single-beam curves (as appropriate to the instru-
co-addition to improve the signal-to-noise ratio (SNR). How-ment used). For more information on such tests, refer to
ever, in vapor phase evolved gas trapping, the sample integrityractice E 1421. If a mercury-cadmium-telluride (MCT) detec-
can be compromised by slow decomposition or by depositioror is being employed, these tests will also reveal degradation

5.1 Two different types of TGA/IR techniques are used to
analyze samples. These consist of discrete evolved gas tra
ping and use of a heated flowcell interface. It should be note
that only the latter technique allows for the calculation of the
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of performance due to loss of the Dewar vacuum and conset50-300°C. The flowcell usually is held at a slightly greater
quent buildup of ice on the detector face. In general, when &emperature, ca. 10°C higher, to avoid condensation of the
loss of transmitted energy greater than 10 % of the total energgvolved gas.
is found, cleaning of the flowcell is recommended. 6.1.1 The use of a TGA/IR system to analyze complex
5.3.6 Care must be taken to stabilize or, preferably, removenaterials, such as polymers or natural products, will result in
interfering spectral features that result from atmospheric abearbonaceous material, high-molecular weight polymers and
sorptions in the IR beam path of the spectrometer. Best resultsther high boiling materials accumulating in the transfer line
will be obtained by purging the entire optical path of the and the flowcell. A periodic removal of these materials can be
spectrometer with dry nitrogen gas. Alternatively, dry air canaccomplished by passing air (or oxygen) through the hot line:
be used as the spectrometer purge gas; however, this will leatbwever, the condensation of material will eventually yield a
to interferences in the regions of carbon dioxide absorptioreduction in gas flow. At this point, it is necessary to clean out
(2500 go 2200 cnt and 720 to 620 ciit) due to the presence the line before it clogs completely. Flushing the transfer line
of carbon dioxide in air. Further, commercially-available airwith one or more solvents, such as acetone, pentane or
scrubbers, that remove both water vapor and carbon dioxidghloroform may remove condensed materials. Alternatively,
provide adequate purging of the spectrometer. In some instrisome commercial systems use a transfer line with a disposable
ments, the beam path is sealed in the presence of a desiccalirier that can be replaced.
but interferences from both carbon dioxide and water vapor g 2 pesign of the Infrared Flowcek-The flowcell is opti-
(1900 to 1400 cr) may be found. Similarly, the TGA mized to give maximum optical throughput, to minimize
furnace, the transfer line and the gas cell interface are purgegbcomposition and mixing of analyte gas stream, and to yield
with a gas that does not absorb infrared energy. Typically, thinear infrared absorption. The flowcell dimensions are opti-
TGA purge gas is inert (nitrogen or helium) and has a flow ratgnjzed to accommodate a discrete volume and flow rate and
from 10 to 200 mL/min. Occasionally, oxidizing or reducing provide sufficient optical pathlength for spectral data acquisi-
atmospheres, that is, oxygen or hydrogen respectively, are usggn with reasonable temporal resolution. Preferably, the cell is
with the TGA to promote specific chemical reactions. Whenheated to a constant temperature at or slightly higher than the
preparing for a TGA/IR experiment, the atmospheres withinemperature of the transfer line, ca. 10°C or higher; however,
the spectrometer and within the furnace and gas cell combinane maximum temperature recommended by the manufacturer
tion must be allowed to stabilize before spectral data collectioRhoyid not be exceeded. It must be noted that repeated
and the thermal experiment commence to minimize spectrgbmperature changes to the cell and transfer line accelerate
interferences. Atmospheric stability for the experiment can bgging of the seals and may cause leaks.
judged by recording the single-beam energy response and theg 5 1 The ends of the flowcell are sealed with infrared

ratio of two successive single-beam spectra over a discrete ti”l%msmitting windows or window and mirror combinations

interval. The optimum infrared transmission is obtained by using

5.3.6.1 The spectral features of both carbon dioxide and,qassium bromide windows, but this material is very suscep-
more importantly, water vapor depend upon the temperature g 1, damage by water vapor. As the flowcell is used, small

whiclh they were meas:Jrgd. This can becolme anlawkr\:var mounts of water vapor etch the window surfaces and the
problem in TGA/IR analysis, as many samples evolve thesg e throughput of the flowcell drops until a point is reached

molecules in the heated flowcell when there is a possible a6 mixtures containing water should consider using
background absorbance from molecules close to room temyginiows made of a water-resistant material, such as zinc
perature in the spectrometer and interface. It is particulargjanide (ZnSe): however, high refractive index windows, such

difficult to use spectral subtraction techniques (see Practicgs 7y5e ‘result in a noticeable drop in optical transmission due
E 1252) to compensate for the presence of water vapor in thg) o optical properties of such materials.
spectrum under these conditions. The significance of this

problem is demonstrated by the attempt to identify the presen
of a trace amount of a carbonyl compound when spectr
features due to water vapor also are observed.

6.2.2 Use of the flowcell at high temperatures may result in
;tl?le gradual buildup of organic char on both the cell walls and
windows. As this occurs, the infrared throughput will drop
correspondingly. Eventually, the flowcell assembly will have to
6. Component Design Considerations for TGA/IR Using be cleaned and reconditioned. It is suggested that, when
a Flowcell infrared energy falls to 80 % of original intensity, the flowcell

6.1 Transfer Line—A transfer line from the TGA to the be cleaned and windows and mirrors be reconditioned.

flowcell must present an inert, nonporous surface to the 6.3 Optical Interface

evolved gas. Evolved gas transfer lines must be heated to 6.3.1 The flowcell may be positioned in the standard sample

temperatures sufficient to prevent condensation of the evolvegompartment of the infrared spectrometer. It is advantageous,
gas species. Typically, the transfer line is constructed of &owever, to place the flowcell in a separate compartment to
narrow-bore steel tube that has either a removable liner or igield a dedicated optical interface. This interface can be

coated internally with silica. The temperature of the transfedesigned to house the temperature controllers for the heated
line is normally held constant during an experiment at a leveflowcell and transfer line, if so desired. There are several

chosen to avoid both condensation and degradation of theeasons for doing this:

evolved gases. Typical working temperatures have a range of 6.3.1.1 A customized detector assembly can be used for
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TGA/IR experiments (see 6.4.3 if using a DTGS detector); domain. It is recommended that the operational parameters of
6.3.1.2 The heat generated by use of the heated flowcell cahe spectrometer be adjusted to reduce energy throughput to the
be isolated from the main spectrometer optics and avoiddetector to prevent saturation and nonlinearity. While this
degradation of spectrometer stability due to heat currents; typically occurs with MCT detectors, this phenomenon may
6.3.1.3 An optical aperture can be placed between thalso occur with DTGS detectors.
heated flowcell and the detector to act as a cold aperture (see6.4.3 DTGS detectors are less sensitive and require slower
6.3.2 and Note 1); and, scanning speeds; however, the DTGS detector is a good choice
6.3.1.4 The primary sample compartment then is availabléor general-purpose operation as the temporal resolution for
for routine IR spectroscopy needs without removal of theacquisition of spectra in the TGA/IR experiment is on the order
heated flowcell. of 10 s or more and the gas evolution is sufficient to yield
6.3.2 As the temperature of the flowcell is raised aboveanalyte concentrations to permit adequate detection of evolved
ambient, it emits an increasing amount of infrared radiationspecies.
This radiation is not modulated by the spectrometer and is 6.4.3.1 Because the DTGS detector is pyroelectric in opera-
picked up by the detector as a DC signal. When the flowcell igion, such a detector is sensitive to temperature changes in the
at temperatures above 200°C, the DC portion of the signal i;istrument or the optical interface; hence, the spectrometer, the
sufficient to lower the dynamic range of the detector. The resuloptical interface, and the detector must be in thermal equilib-
of this effect is that the observed AC signal is reduced and theum before spectra are acquired. In addition, a DTGS detector
observed spectral noise level is increased. For example, Hgses significant sensitivity at temperatures greater than 30°C
raising the flowcell temperature from room temperature tcas the DTGS element depolarizes. This problem can be
250°C, the noise level typically doubles. It is recommendedavoided by using a detector equipped with a Peltier cooler or
that the user create a plot of interferogram intensity versusise of an appropriate cold aperture (shielding) prior to the
light-pipe temperature for reference purposes. Some instrudetector.

ment designs include a cold aperture between the flowcell a . N
the detector to minimize the amount of unmodulated, extranZ?' Documentation of Significant Parameters for TGA/IR

ous infrared radiation reaching the detector. 7.1 The instrumentation used to conduct the TGA/IR ex-
periment should be recorded properly within prescribed stan-

s . .~ = dard operating procedures (SOPSs) or laboratory notebooks as
maintained at room temperature. The modulated infrared beam d|verg|n§ . for lab . If th
from the flowcell is refocused at this cold aperture. The cold aperture ha ecgssary tc,) meet requ'r_emems (_)r aboratory practices. It the
a diameter that matches the diameter of the refocused IR beam. The IRJUipPMent is commercially available, the manufacturers’
beam passing through the cold aperture diverges and is again refocuse@mes and model numbers for the complete TGA/IR system, or
onto the detector element. This cold aperture shields the detector from thttie individual components, should be recorded. The various
unmodulated thermal energy emitted from the heated flowcell. instrumental and software parameters that need to be recorded

6.4 Choice of Infrared Detector are listed and discussed in 7.2-7.4.5. In addition, any modifi-

6.4.1 Detectors typically used for TGA/IR are either cations made to a commercial instrument must be noted clearly
mercury-cadmium-telluride (MCT) or deuterated triglycine particularly if they affect the instrument’s performance.
sulfate (DTGS). Either detector is selected with regard to 7.2 Instrumental Parameters (IR)
sensitivity, detectivity and speed requirements of the TGA/IR 7.2.1 Flow Cell Temperature-The flowcell is maintained at
experiment. To achieve the highest signal-to-noise response constant temperature, such that condensation of analytes is
(SNR), it is important that the detector element be filled withminimized. The actual temperature of the cell should always be
either the image of the cold aperture, the exit aperture of theecorded.
flowcell or the IR source image depending on the optical 7.2.2 Window Material Used in the FlowcelkThe type of
design of the spectrometer and interface. window material used in the flowcell must be recorded as its

6.4.2 MCT photoconductive detectors range from narrowoptical properties affect transmission of the infrared beam.
band detectors of high sensitivity that have a low limit of 7.2.3 Transfer Line TemperatureThe transfer line is typi-
approximately 700 cit to broad band detectors of modest cally held at a constant temperature. The actual temperature
sensitivity that have a low limit of 400 cth MCT detectors  and the transfer line material must be recorded.
are favored for TGA/IR experiments that show fast weight 7.2.4 Detector—The type of detector should be specified. If
losses (occurring in seconds) or where exceptional sensitivitgn MCT detector is used, the detector cutoff frequency should
is required, such as when weight losses less than 1 % need be recorded.
be studied in detail. An MCT detector should not be operated 7.3 Instrumental Parameters (TGA)The success of the
in a light saturating condition so as to maintain the linearity of TGA/IR experiment is dependent on good thermogravimetric
signal response. If detector nonlinearity is present, it willprocedures. It is not the purpose of this to discuss TGA
severely limit the application of spectral subtraction routinesoperational procedures in detail. For convenience, a list of the
This restriction may mean that a narrow-band MCT is inap-important TGA parameters to be recorded is listed below.
propriate for some TGA/IR instruments or applications. ToPlease refer to Test Method E 1131.
determine if the MCT detector is operating in a nonlinear 7.3.1 TGA Temperature ProfiteThe temperature profile
fashion, the single beam spectrum is examined below thehould be specified in detail and include any initial delay or
detector’s spectral range or “cutoff.” If the values below thefinal hold times.
cutoff are non-zero, the detector is operating in a nonlinear 7.3.2 TGA Purge Gas-The atmosphere used during the

Note 1—A cold aperture is a metal shield with a hole in it that is
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TGA experiment should be recorded, as well as the purge rateally. The operator should investigate as to whether the
in mL/min. If the gas is switched during the run, the tempera-instrument software does include such operations.
ture and elapsed time at which this occurs should be noted.

7.3.3 Sample Weight-The sample weight at the beginning 8. Software Treatment of Infrared Data

of the experiment must be recorded. 8.1 Gram-Schmidt ReconstructierAs each interferogram
7.3.4 Description of Sampite-A detailed description of the s recorded, a method, called Gram-Schmidt reconstru¢ipn

sample’s characteristics should be recorded. 7), quickly determines the information content of the interfero-
7.4 Software Parameters gram is applied. In this method, sets of interferograms are

7.4.1 Apodization Function-For Fourier transform infrared typically recorded once the sample has been placed in the
spectrometers, it is recommended that an apodization functionGA, the TGA purge gas has been stabilized and before the
be applied to the interferogram before computation of spectratGA run is started. These interferogram sets are used to create
data. Suitable apodization functions include boxcar, triangulara series of basis vectors that represent the experiment’s
Beer-Norton medium, Happ-Genzel, and cosine function. IfTGA/IR baseline profile. During the experiment, each new
acquired spectra are to be searched against spectral referenggrferogram is used to generate a similar vector. Comparison
libraries, the apodization function of the acquired spectrumbf this new vector and subsequent vectors against the reference
should match that of the reference spectra to improve spectrgkctor set by orthogonalization yields a measure of the change
match quality. in total infrared energy and in the amount of material evolving

7.4.2 Spectral Resolutior-A compromise between the sig- from the TGA. The resulting plot of vector magnitude (inten-
nal to noise ratio of a spectrum and its information contenkity) versus time is representative of how the total infrared
leads to an optimum spectral resolution for TGA/IR spectra ofenergy at any given time changes during the experiment. This
4 cmi. If a rapid weight loss is expected, then 8 m s called the Gram-Schmidt reconstruction (GSR) profile, or
resolution is recommended to permit faster spectral acquisinore appropriately for TGA/IR, the Evolved Gas Profile
tion. Data for trapped samples normally are recorded at @GP). This profile is similar in appearance to the first
resolution of 4 crit". If collection method or time permits, it derivative of the weight loss profile from the TGA experiment.
may be appropriate to acquire spectra at higher resolution, thathe EGP normally is displayed on the computer screen during
is, 2 cn* or better, to identify components. This particularly is the experiment and is an important tool in the subsequent
useful for those gases that exist as small molecules and givgnalysis of the data.
rise to spectra rich in rotational fine structure. 8.2 Data Storage ThresholdWith older computing sys-

7.4.2.1 When employing post-TGA run data acquisitiontems, the large number of spectra recorded during a typical
with stopped flow or trapping methods, data normally areTGA/IR experiment can exceed the digital storage capacity of
collected at a higher resolution, such as 47tnf in the  the computer. Because of this, some software programs moni-
condensed phase or at least 2Crfor the vapor phase, to tor the GSR information and only record spectral data when the
increase the information content of the spectra. intensity change exceeds a preset threshold value. It is possible

7.4.3 Temporal Resolutien-The time taken for each co- that, if a minor component is not detected during the experi-
added spectrum acquisition should be noted, as well as th@ent, no spectral data are stored. With current digital storage
number of scans co-added. capacities a data storage threshold is rarely used as the typical

Note 2—During real-time data acquisition, it is advantageous to co-a\ddTGA/IR file _S'Zes are easily a}ccommOdateq .
several scans per time increment to improve the signal to noise ratio 8.3 Functional Group Profiles-As each interferogram is
(SNR) of the result. The actual number of co-added scans depends on thecorded, it may be transformed to a spectrum in real-time.
spectrometer’s optimal scanning speed and spectral resolution. Typicbsorptions at selected spectral regions may be integrated and
spectrometer opt_aration would permit c_o-addition of four to ten scangjisplayed with the evolved gas profile. Commonly selected
before the data is stored. More extensive spectral co-addition may bleegions of the infrared spectrum and properly assigned func-

erformed with post-run spectral collection and data manipulation rous. .
Snes With post-run sp ' puiat Ytional groups that may be monitored are as follows:

Note 3—Gas evolution from the sample often occurs over extended Unsaturated/Aromatic C-H stretch: 3150 to 3000 cm™
periods of time. Coaddition of scans then can be extended to higher levels, Saturated C-H stretch: 3000 to 2850 em™*
for example, 100 scans/spectrum, to further improve the signal-to-noise of g'g srretChj 1800 to 1650 em
the spectrum without significant loss of resolution on the time axis. This 7O stretch: 1300 to 1000 em
greatly reduces the amount of data stored and speeds up post-run data8.3.1 It should be noted that these absorption band assign-
treatment; however, it is important to remember that the spectral acquments do not correspond to all possible functional groups that
sition should be set to accommodate the fastest weight loss or gagway absorb in these or other spectral regions. Absorption band
evolution and the minimum time increment of the complete experlment.assignmentS should be verified with appropriate reference
7.4.4 Data Storage ThresholdThis function must be re- materials.
corded if used (see 8.2). 8.4 Specific Gas ProfilesA special type of functional
7.4.5 Additional Processing-If any smoothing functions, group profile arises when the selected region of the spectrum
baseline correction algorithms or spectral subtractions areontains absorbances from only one particular gaseous species.
applied to the data, this must be documented. It should b&his profile is called the specific gas profile (SGP). Judicious
pointed out that some commercial TGA/IR instruments giveselection of frequency windows allows the operator to monitor
the operator only a limited control over these functions and theéhe evolution of several important gases independently. It must
instrument may be operating with these functions automatibe pointed out, however, that the expected gases and their
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specific absorption frequencies must be well understood foreference spectra, physical state differences between sample
this approach to be completely successful. Useful spectrand recorded reference spectra, absence of a relevant sample

regions for specific gases include: from the library, and low SNR of the measured spectrum. The
Carbon Dioxide: 2300 to 2200 cm™* analyst should always verify the search result by visually
Carbon Monoxide: 2200 to 2050 cm™ comparing the spectra of the best matches to each sample

Water Vapor: 1950 to 1800 cm™
spectrum.

8.4.1 It should be noted that these absorption band assign-8.5.4 An important parameter to be considered when per-
ments do not correspond to all possible specific gases that magrming a spectral search is the search algorithm. Selection of
absorb in these spectral regions. Absorption band assignmentse search algorithm is dependent upon the sharpness of
should be verified with proper reference materials. The abilityspectral features in the sample spectrum and database reference
to use SGP’s results from the fact that many TGA experimentgpectra. As several search algorithms are available, it is
lead to the evolution of small molecule gases, such as SU”Hanortant to understand how each one operates upon the

dioxide, ammonia, and the nitrogen oxides, in addition to thesample and database spectra to obtain effective use of spectral
gases listed in 8.4. searching.

8.5 Spectral Searching-The normal purposes of the g5 41 Search algorithms, such as the Euclidean algorithm,
TGA/IR experiment is to identify, or at least classify, the match the spectrum, point by point, with each entry in the
various species that are evolved in the TGA experiment. It MUSjatapase. The Euclidean algorithm takes into consideration the
be realized, however, that a TGA/IR experiment usuallyg|ative intensity, shape, and frequency of each spectral feature,
generates a number of components. These components Oftg(} pjaces the heaviest importance on strong, broad features. In
evolve as one or several overlapping groups. Itis desirable thats TGA/IR experiment, the Euclidean algorithm is useful

the temperature profile used for the thermal analysis leads Qe relatively large molecules are expected in the evolved
well-resolved weight losses. It is very common for the evolved,4qeq.

gases to include many members of a homologous series, ora L .
number of spectroscopically indistinct species, such as hydro; 8.5.4.2 1f the derivative of the spectrum is compared to the

carbons. In this case, the most information that can be obtaine\?njnerivativ(.a of each library entry, empha_sis i.S placed on the p‘“rak
is an identification of key functional groups found in the requencies of sharp bands. Any shifts in peak frequenmes
mixture of evolved gases. between the spectra of the sample and references will lead to

. oor matches when using the derivative algorithm; however,
8.5.1 For spectral searching, absorbance spectra are selecﬁ-:ifg g J

S type of algorithm can be extremely sensitive when the
by examination of the EGP, FGPs, and SGPs. Spectra & olved gases include gases that are small molecules, since a

compared individually, using one or several search algorithmshumber of these, for example, methane, ethene, hydrogen

to a library or database of reference spectra. These databa : : 0 . :
typically reside in a digitized format on the computer disk. The%sgéglt?ae’ and hydrogen chloride, exhibit sharp peaks in their

spectral comparison algorithms yield a list of potential identi- . . :
ties that match the sample spectrum most closely and ranlli)8'5_'5 It is common practice for users to generate their own
these identities in order of their match quality. Additionally, ibraries contalnlng spectrg of samples that they .expect to
some search algorithms allow a comparison of specifieé‘”alyze on a _routlne basis. Spectra can be obtalneql under
regions of the spectrum, instead of the complete spectrum. jidentical conditions to those used for the TGA/IR experiment.

this fashion, spectral interferences due to contaminant speci&.f most importance are t_hose gases that are small mol_e_cules,
in other regions of the sample spectrum do not unduIyS“Ch as water vapor. Their spectra are particularly sensitive to
influence the search results temperature and so better databases will include spectra of
' h recor ified flowcell temper&yy
8.5.2 It should be stressed that the results of a computetr €S€ gases reco deq at a spec ‘?d owcell tempergdiy €
. . usually that used during the majority of the TGA/IR experi-
search cannot be relied upon to always give the correct answer;
- . o ments.
This is a general caveat for infrared spectroscopy, but it is very
important for the practitioner of TGA/IR to understand because Nore 4—Libraries of spectral data are available from commercial
of the large number of co-evolving gases to be expected. Thsources. For vapor phase TGA/IR, the most suitable libraries are those that
search always will present the spectrum of a single compounebntain spectra recorded using gaseous samples. It should be realized,
as its best match, especially, if a library of the spectra of Vaporgowever, that these spectra were recorded at the most suitable temperature
is used. For example, when a polymer, such as polybutadier?é(a"able to the library maker. This normally is room temperature for

is studied. the complex mixture of evolved gases vields a volatile species, but compounds having low vapor pressure may have been
’ p 9 y '3 \died in a heated cell to increase the analyte absorbance to an acceptable

“average” spect_rum. The spectral search S_Oftware may repofdyel. condensed phase TGA/IR data generally are matched against
that the. best hit may be 1'bUt€fne,_ bUt. this may ot be thepectra recorded for condensed phase samples. For evolved gas trapping
predominant species present. This situation can be identified byelding condensed phase analytes, it is often possible to use the much
examination of the hit quality index (HQI) reported for the first larger libraries of condensed-phase reference spectra, where the samples
few matches. These will be found to be very similar andhave been collected using sampling methods such as KBr disks, mineral
indicate a poor confidence in the result. oil mulls or some other technique.

8.5.3 Other potential problems that influence spectral 8.6 Spectral Subtraction-This mathematical tool is used to

searching include: library spectra that have errors or spectramprove the quality of the sample spectrum. It is useful
interferences, temperature differences between the sample apdrticularly with gas species that evolve in an overlapping
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fashion. Here, overlapping evolved species must exhibit dif9. Standard Samples

ferential concentrations that can be discerned via inspection of g 1 A standard test sample should be used on a regular basis
multiple spectra across a discrete experiment timeframe. Suy test the instrument response and indicate when problems

traction of spectra judiciously selected may yield the spectrunpaye occurred with either the IR spectrometer, the TGA or the
of the analyte with minimal interferences from the otheroyiica| interface. This test will also determine if the transfer
evolved species. In this manner, a more representative Spegse is obstructed, or if the gas flow has been interrupted in
trum of a single evolved analyte may be obtained; howevergome other way. The parameters discussed in Section 7 must be
this procedure fshoulld only be used with great care. It §hould bFeproduced exactly each time. The actual sample and concen-
cautioned that invalid results could be obtained from impropeg, ation of the test mixture used will depend on the type of
subtraction, especially if the recorded spectrum is of lowypaiysis being performed. It is useful to choose one “manufac-
intensity. _ _ turer's” test sample that can be recorded during installation of
8.6.1 In the performance of post-run data manipulationihe instrument and also a “customer’s” test sample that is
elimination of spectral interferences in analyte spectra due tge|ected from materials commonly examined by the laboratory.
contaminating species is possible. A reference spectrum ofthe g 1 1 The “manufacturer's” test sample typically is a simple
contaminant for use in spectral subtraction may be obtained by, pstance that shows several well-resolved weight losses over
examining spectra coII_ected at various times on the evolved 9a3Re temperature range of the TGA. Common test samples are
profile. If the contaminant component does not change iaicium oxalate, copper sulfate pentahydrate, and calcium
intensity as the run progresses, for example, a constant level ghhonate. This type of sample can be tested in a reasonable
water vapor in the purge, the reference spectrum may bgmount of time and can be used to check the TGA balance
obtained at a point in the experiment where no evolved gasesyise level, the IR signal to noise ratio, the carrier gas flow, and
are present in the f_IowceII (see Note 5). If_ it is suspected that,easure the delay time observed between the weight loss
a component species evolves after a weight loss has beguferivative curve and the EGP.
ther_n th_|s might be _observed by subtracting spectra from the g 1 2 The “customer’s” test sample typically is a material
beginning of the weight loss event from those later in the eveniy, o+ can pe obtained easily in reproducible form when needed.
This subtraction technique requires skill in data manipulation;, o qdition to those mentioned in 9.1.1. one material that has
as We'II as, an understanding of thermal analyss and thﬁroven useful for this application is zinc stearate.
potential chemistry that may be occurring to yield results’ g1 5 1he TGA/IR analysis of zinc steara,9), heated

properly. under nitrogen, shows unusual behavior. The material melts at
Note 5—It should be pointed out that the use of the data storagedbout 120°C and releases a small amount of water vapor. The
threshold algorithm (see 8.2) during data collection will generally mearweight loss may not be sufficient to be recorded on the TGA
that absorbance spectra of baseline regions cannot be generated turve, but should show observable infrared absorbance. This
subtraction purposes, since no data were stored at that time. weight loss and gas evolution can serve as a sensitivity test. As
8.6.2 If the analyte spectra contain significant interferencethe experiment continues, two major weight losses are ob-
from atmospheric water vapor or carbon dioxide, then gserved, near 380°C and 440°C. Both are due to the loss of
reference spectrum of either one or both of these interferingtearic acid (leaving zinc oxide residue), but the spectra of the
species may be subtracted (see Note 6). Typically, thesavo weight losses differ. In a TGA/IR system having an
interferences will be observed also in the TGA/IR baseline, séfficient, heated transfer of the evolved gases, the first weight
that a reference spectrum may easily be generated close to tif$s is stearic acid vapor, whereas the second weight loss has
time of analyte gas evolution. Some software programs permidditional amounts of stearic acid as an aerosol. These species
automatic removal of spectral contributions due to thesdlive rise to infrared carbonyl absorptions at 1780 trand
species. 1717 cm?, respectively. A system having a problem with a
cold region in the transfer line will not show the spectral

Note 6—It is important to be able to distinguish whether the water fa5tres at 1717 cih. since the aerosol condenses within the
vapor giving contributions to the spectra is near room temperature, that i . '
Transfer line.

in the instrument purge or a part of the evolved gases, in which case it wi .
be at the temperature of the flowcell. As discussed in 5.3.6.1, the spectrum 9-1.4 The test procedure should allow collection or calcula-

of water vapor is temperature sensitive, and attempts to subtract #On of the following: the signal-to-noise ratio of the infrared
reference spectrum recorded at a different temperature will lead to pogpectrum, spectra of the test sample recorded in the real-time
results. mode, the signal-to-noise ratio of the TGA weight loss curve,

8.6.3 When heating a sample, complex gas mixtures argle. time difference between the peak in the derivat?ve of the
often evolved. This is especially true when heating under a¥/€ight loss and the EGP, and a comparison of the width of the
inert atmosphere. Even for a single weight loss, as shown by gerivative and EGP peaks.
symmetric peak in the derivative of the weight loss, the gases . o
evolving may change during the weight loss. This can bel0- Sampling Criteria
caused by a number of factors, such as back-reaction of the 10.1 The sampling criteria for the various TGA/IR tech-
gases with the sample, and may give important information tmiques depend on the application of the analysis. The advan-
the practitioner. To investigate this event, subtraction of spectages and disadvantages of each sampling technique are
tra, taken at different times during the weight loss event, shouldiscussed previously (see Section 5). These must be taken into
be carried out. consideration when determining the best method of combined
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separation and identification for a particular analysis. generated at different frequency ranges, may indicate and
10.2 The action of loading the sample onto the TGA panseparate the evolution of multiple components.
may require that the pan be removed from the furnace and 11.2 Spectral identification by database searching is a rec-
balance. This allows for atmospheric gases (water vapor andimmended step in the TGA/IR analysis. Best results will be
carbon dioxide) to enter into the furnace, balance head, and thabtained when the physical state of the reference compounds
transfer line. If these vapors are to be studied during theised to create the database matches that of the analyte, that is,
TGA/IR experiment, then a suitable time of purging will be vapor phase reference spectra are compared to a vapor phase
needed before the atmosphere in the TGA, transfer line, ananalyte spectrum. In particular, vapor phase TGA/IR spectra
sampling interface will be free of these gases. Because of thishould be compared to spectra from a database recorded for
the TGA temperature program should allow for a suitable delayaseous reference materials and ideally, at similar tempera-
time, for example, 10 min, before the temperature rampgures. Similarly, the best search results for condensed phase
commences. analytes will be obtained using a condensed phase reference
10.3 For the same reason as in 10.2, the initial infrarediatabase.
background spectrum should not be recorded until these 11.3 For a more reliable validation of the identity of a
interfering gases have been purged from the TGA, transfer linghermogravimetric peak, a suitable reference sample or com-
and sampling device. If insufficient time is allowed, the spectrgpound can be examined by TGA/IR using identical conditions.
recorded during the experiment will show negative absorin this procedure, it is not important that the evolution times
bances due to water and carbon dioxide as the TGA purge gasatch, as the purpose of the experiment is to have the reference
becomes purer. material pass through the optical interface at the same tem-
10.3.1 One common use of TGA/IR is for the measuremenperature as the unknown. Alternatively, other analytical tech-
of residual or entrapped solvents, such as water and volatileiques, for example, solvent extraction of the analyte, can be
organic solvents. In this case, the purge time specified in 10.@sed for verification of the identity of the unknown sample.
should not be allowed, because as soon as the furnace is sealed . _
around the sample, the volatile vapor will start to evolve from12: Quantitative Information
the sample. The background spectrum should be recorded12.1 The evolved gas composition and concentration vary
using a purged system before the sample is loaded onto the pappreciably during the measurement and may result in dis-
and the TGA/IR experiment is started as soon as the sample htgrted spectra. Reasonably accurate quantitative information
been loaded. can be obtained by flowcell TGA/IR and measured values
10.4 The amount of sample required for a study of evolvedvithin 10 % of the actual quantities are attainable with careful
gases depends on a number of factors, most importantly theproduction of experimental parameters. In order to obtain
furnace volume and the weight loss of the vapors of interestquantitative results, comparison should be made to standard
10.4.1 The TGA balance is typically sensitive to weightsamples examined under identical conditi¢h8,11)
losses in the microgram range, whereas the FT-IR spectrometer12.2 The amount of a species evolving from the sample can
can detect amounts of vapor 10-100 times smaller than thabe ascertained from the weight loss profile generated by the
Because of this, the TGA/IR technique is so sensitive thaf GA if only a single component is being evolved during a
evolved gases can sometimes be detected by careful examinaeight loss.
tion of the infrared spectra even though the TGA does not 12.3 The various evolved gas profiles, especially the SGP,
record a weight loss. can be used to obtain quantitative information on components
10.4.2 For very small weight losses, the TGA pan can beevolving from the sample. This requires careful calibration of
filled loosely to capacity if sensitivity to low levels of volatiles the instrument’s IR response function (the area under the
is required. specific gas profile) using standard samples. This is particularly
10.4.3 If a weight loss of more than a few percent is to beuseful when the weight loss is complex, and more than one
studied, a relatively small amount of sample should be utilizedspecies is being evolved simultaneously.
This gives an adequate signal-to-noise ratio for both the TGA 12.4 Quantification via other sampling methods correspond
and the FT-IR instruments, but avoids putting too much volatilgo standard techniques and should be performed in accordance
and semi-volatile products through the transfer line, where thewith Practices E 168. Integration across the appropriate spec-
may condense and cause obstruction of the transfer line.  tral region (peak area), or simply measurement of peak height,
o ) also can be used for some applications. As sample temperature
11. Qualitative Information can influence the peak area or height of infrared spectra,
11.1 In TGA/IR, the infrared spectrometer acts as ansample spectra recorded at a specified temperature must be
evolved gas detector. When using a FT-IR spectrometeysed for quantitation purposes to produce repeatable results.
several different profile representations may be obtained during 12.5 When using evolved gas trapping techniques, estimates
the on-line data collection to assist the analysis. The evolvedf sample quantities can be complicated by the possibilities of
gas profile, which resembles the derivative of the weight lossample condensation or degradation in the vapor phase or by
curve, can be used for locating spectroscopic data files havingample sublimation or re-crystallization in the condensed
spectra of each component. Similarly, the functional grouphase.
profile can detect selectively a compound having a specific
functional group. Since different functional groups absorbl3. Record of the Data
infrared light at different frequencies, functional group profiles, 13.1 Itis recommended that the raw spectroscopic data, that
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is, interferograms, be stored if physically possible; otherwisemat for digital storage of data has been developed called
the transformed spectra should be saved. JCAMP-DX (12). This protocol generally is useful for trans-
13.2 Storage of Raw Data-All current TGA/IR technology ferring individual spectra between instruments of different
is based on rapid scanning FT-IR spectrometers. Some of theseanufacturers. It is not likely that the large raw data files of a
instruments store the raw data as interferograms, while th§GA/IR experiment will be transferable in this way due to
others store computed (and ratioed) spectra in absorbance Kmitations of storage space and RS232 transfer speed. All
transmittance format. Ideally, the raw data should be stored oimstrument manufacturers have provided, or are in the process
a magnetic or optical media such as a hard drive, tape backusf producing, provisions for converting digitally stored data in
or a compact disk system capable of read and write operationgaeir own software formats to that of the universally transport-
In this case, the relevant background single-beam spectrurable JCAMP-DX. It is recommended that data be handled in
vectors calculated for Gram-Schmidt reconstruction, and th@ccordance with each instrument manufacturer’s specification

functional group and evolved gas profiles should all be store¢hat would allow for conversion into JCAMP-DX for maxi-
with the TGA/IR data set. These extra files may be required bynum versatility.

the software to reanalyze the raw data files. It is very important

to store an information flle that_ contains not only the 'nStru'sampIe identification and source of the sample, if known,
mental parameters, as in Section 7, but also a record of t

sample identity and a description of any sample preparation ould appear with the spectrum. An indication of the quantity
13.3 Storage of Spectraln addition to the raw data, the of sample should be given, together with the pathlength,

) ; . . . volume, shape, and temperature of the cell or sample substrate.
TGA/IR experiment will result in a series of infrared spectra P b P

ding t I of th ved Th The sampling method should also be given. The make and
corresponding o some or all of the evolved gases. TNESg,,qq| of the spectrophotometer should be recorded, as well as
spectra occupy a substantially lower amount of storage sp

than the raw data and often can easily be saved on a ma(lﬁrﬁe model name or number of the TGA/IR interface. For
convenient medium. such as a flo gisk Again. all instru_spectra measured on dispersive spectrometers, all changes of
' . roppy - Agam, gratings and filters should be recorded together with the
ment parameters, sample identity mfor_matlon, and so forth\’/vavenumbers at which they occur. The date on which the
also should be stored on the same medium. These spectra then : :
; . : . spectrum was measured also should be given.
are readily available for subsequent plotting, searching, or

other use. Also, it may be useful to store the infrared spectr? 4 K d
with the raw data. - Reywords
13.4 Spectral Interchange-A universally compatible for- 14.1 infrared spectroscopy; TGA/IR; thermogravimetry

13.5 Information to Appear With the SpectrenThe
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