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L\botnmt 

Fourter-Transform infrared spectroscopy (FT-IRl Is an lmportant method for the study of tbe 

structure of carbonaceou matertals , such as coal, coke. carbon black, active carbon, and pltch. 
Smooth1ng and dertvative calculatlon are rouUnely used for tbe lnterpretation of spectra. 

Here wc show fue results of applymg a least-squares procedure Wlth osculatlng polynomlals to 
obta.1n a mathematical model of tbe Lnfrared pectra ofcoals, useful for smoofulng, band resolution, peak 
findlng, and data compresslon . 

Key words: FT-IR, stgnal processlng, coal. 

Suavizado y obtención de derivadas de espectros 
de FT-IR de carbones minerales por un 

procedimiento modificado de mínimos. cuadrados 
Resumen 

La espectroscopía de tnfrarroJo de transformada de Fourler (FT-IR) es lID método Importante. para 
el estudJo de la estructura de materlale carbonáceos, tales como carbón mineral, coque, negro de humo, 
carbón actlvado, y brea. El suavizado y cálculo de derivadas son usados rutlnarlamente para la 
interpretación de espectros. 

En este trabajo nosotros mostramos los resultados de aplicar un procedlm1ento de núnlmos 
cuadrados,con polinOmios osculantes a la obtención de un modelo matemático del espectro tnfr~lo 
de carbones mineraJes, útil para suaVIZar, resolver bandas, localizar picos, y comprtmlr datos. 

Palabras claves: Espectroscopia. LnfrarroJo, procesamiento de datos, carbón. 

We are Interested in fue appll.catlons ofIntroduction 
FT-IR to tbe analysls of coal, to complement or 

Fourter Tran form Infrared Spectroscopy substJtute other methods of anaIysts. However, 
(FT-IR) IS an Lmportant tool for structural studles the lnfrared spectra of carbonaceous matertals 
and qualtty control of many materlals, InclucUng present speclal characterl Ucs: wlde overlapptng 
coal and thers (e. g. cake, coaJ- lar pltch , petro bands. low slgnal-to-nolse ratlo, and dJfficult to 
¡eum plteh, minerals, plastles, and pharmaceu reproduce basel1nes 13.41. Thus, spéclal proce
tlcals). The advantages of FT-IR over eonven dures need to be appUed for data treatment and 
tlonal tnfrared spectroscopy as an analyt1cal tool sample preparation [5- 141. 
have beeo resumed In th Uterature 11, 2). 
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Data treatment is necessary for band reso
luUon and qu:mtlt.9.t:Jve !lllruySls. lfortun9.tely, 
Fourter-Transform tnfrared spectrometers, that 

now are genernlly connected to aper omll COID
puter, pennJt to lncrea e tbe slgnal-to-nolse 
ratio by ca1culating an average of many scans. 
Smaotblng, calculaban of dertvatives and other 
functions are routinely uUltzed for the ana1ysls 
of Jnfrared spectra of coal and other malerlals 
14-141 and are avatlable in cornmerciaJ programs. 
For example, second- and fourth - derlvaUve 

speclro copy glve the posslbillty of resolv1ng 
ovcrlapplng bands , allowlng for local1.zaUon of 
"hldden" peaks and JdentlficaUon ofcomponents. 

Smoothlng reduces noise , although severe 
smoothlng may al o cause los oC informaUon. 
The e polnls havc been dlscussed by Maddams 
In hJs reVlew 1151. 

Thu·. dill renee spectroscopy 14, ID], 
smoothing and deriva Uve calculaUon [4, 11], 
modellng wJth Lorentzlan, Gausslan, and other 
funcUoos [151. Fourierself-deconvoluUon 17, 161. 
and factor analysJs 15, 6) have been applJed lo 
extra t lnformaUon from the Infrared speélra of 
coal and other arbonaceou malerlals. 

The melhod we propose ls related lo the 
algOrilhm rnosl frequenUy u ed by chemtsts for 
mooth1ng and derlvaUve estlmatlon, publJshed 

by SaVltzky and Golay lo 1964 117). They de
scrlbed slmpUfJed least-squares procedures (ap
pllcable to cqually-spaced data, to a maxlmum 
wldth of 25 pOlntsl uslng lnteger convoluUon 
arrays derived trom polynOm1als up to lhe slxth 
degree. Thus, smoothed vaJues and derivaUves 
could be csUmated for the cenlral polot of sym
melrtcal wlndows by a welghted movtng-average , 
a nlghly efflelent and fast procedure In digital 
computers. Equat10ns to ca1culale arrays wlder 
than 25 potnts 118), and procedures for calculat
Ing values for pOints other than the central one 
(19-21 J. have been recent1y pubUshed. 

Here we present the results of uslog a 
program to calculate least-squares approxlma
Uons wlth "osculaUng" polynomials (lhese are 
polynomlals wh se vaJue for g/ven arguments 
agree up to a certain orderWilh fuose ofa func
Uon and Its deriva Uves (22/l, variable Wlndow 
SlZes, and poinls othera tban the Wlndow center. 

Dertvatlves and lntegrals may be readUy caJcu

la!ed from the polynomtals. in addltJon, thl 
approXimaUon "compresses" the data. glvlng a 

r~dUN!d ri!~réSént.at.ion of /:he spedra. 

Experimental 

Infrared spectra of carbonaceou matertaJs 
were obtalned wttb a IT-lR spectrometer Model 
1710 from Perkln-Elmer CorporaUon, uslng 
the dlffuse reflectance method and t.ak.ing the 
average of 100 scans. ThlS number of séans was 
necessary to reduce tbe nolse lo an acceptable 
ley 1. The detector was the lrIglyclne uJphale 

(rGS) pyroeleclrlc deteclor generaUy fitt d to 
commerclal FT-IR spectrometers. The samples 
wcre oeat, pulvertzed (-200 mesh) coal. Spectra 
obtatned were "exporled" uslog the IRDM™ (ln
frared Data Manager, Perkin-Elmer Corp.) pro
gram and proce sed wllh programs written by 
one of us (CEA) in the QUlckBASIC™ (Microsofl 
Corp.) languagc. Standard lea t-square, proce
dures werc foUowed 122] . "SynlheUc" Lnfrared 
absorpUon bando of Lorenlzlan (15\ shape were 
generated us1ng the formula Y =A / () + 4« [(X 
- B) / CI2

), where A represent$ maxtmumhelght, 
B lhe posltlon of lhe maxlma, and e the wJdlh al 
halfhelght.. 

Results and Discussion 

The procedure foH wed for smoolhJng 
and derivatlve calculatJon conslsted In uS1ng 
ninlh-degree poJynomlals (Y = AO + Al • X + A2 
* X2 + A3 * X3 + A4 «x4 + A5· X5 + A6 * X6 + 
A 7 « X7 + A8 « }(! + A9 • xl) for approxlmaUng 
the dala points inslde "wlndows" of v;ariable 
wJdlh. The resultof such approx1matJon I shown 
graphlcally In Flg. ) for a ecUoo of a IR spec
trum. Ills clear that the caJculated values do nol 
"fU" at the ends of the w1ndows. The f1t Is Dluch 
worse when deriva Uves are calculat.ed. Thus, 
values at the window extremes were calculaled 
(uslog the ccnt.ral-polot approx1maUon) for the 
functlon and derivaUves (1st, 2nd., 3rd., and 
4th.) and the polynornJals for each slde were 
adJusted to gtve equaJ vaJues for lhe funcUon and 
denvatJves (lhJ Is calJed "osculatJon" (22)) at 
those poslUons. Thls gave tcn condJtJons (or 
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3 Dertvatlve calculatton of FT-IR spectra of coal 
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Figure l . part of an infrared spectrum. The continuous Unes represent the polynomtal 
approximation . 
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Figure 2. Same spectrum as in FIg. 1, approximated wtth osculatIng poJymonials. 

each polynOm1al: tbus the need for ninth-degree other parameters may be readtly computed. For 
polyoom1als. The result Js shown lo F'lg. 2 . Thus. tbe InitlaJ polnt of each W1ndow ( X = O) , V"cUue 
th IR speclrwn 18 approx:tmated by a et of for the flUlctJon and dertvaUves are easUy calcu
polynonúal ,froro whJch dertvatJves. lntegrals or lated (Y := AO, Y = Al. y" = 2 • A2. etc.). These 
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Figure 3. Synthetic infrared bands and derivatives. 
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Figure 4. Second-derlvative estimation With osculating polynomials . 

values may be speclally u 'eful for compart 00 of The maLhemaUcaJ functlons utllized to gen
spectra u 1ng those posltlons. Data. compres erate synlhetlc IR sp cira (Flgs. 3-5) rcpresent 
Sloo 1 aoother benefit, for example. 100 data bands of the typlcal WldLh found In lIÚrared 
points may be repre eoted by a nlnth -degree spectroscopy. As was tndlcaled 10 lhe Introduc
polynom1al (ooIy la coefficleots) . tioo. econd- and fourth- der1vaUve spe ·troscopy 
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5 Del1vaUve calcuIaUon of FT-IR spectra of coa) 
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Figure 5. Fourth-denvative estlmation with osculattng polynornJals. 

glVe Ul posslbllily of re olvIng overlapping 
bands [J51. ThJs Is verlOed In Flg. 3 . where a 
syntheUc spectrurn repreSenting three bvér
lapplog bands and lts secohd- and fourlh - dertv
aUves are shown. Bands poinllng upwards in the 
911 ,mal spectra appear poInUng downwards in 
the second derlvaUve. ThJs IS only an Ideal case, 
however. because "real" speclra always Include 
nolse. FIgs. 4 - 5 represen t the sarue spectrum 
wtth nolse added, and Ils secono and fourth-de
rtvaUve esttmal.ed u ing our algortthm and cllffer
ent wtndow Wldths. The wider wlndow causes a 
los ln band resolutlon (compare lhe dertvatlves 
In FJgs. 3- 5). Resolutlon Is Improved as ilie 
window width 15 reduced; however, nolse I am
pllfied at the sarue Ume. Thus. the optlmum 
window Wldth w1ll be fue result of a compromJse. 

Examples of experlmenlaJ FT-IR speclra of 
coal ar ., reproduced In Fig. 6. These speclra look 
s1m11ar. as Js lhe case gencrally Wlili coal 13,51. 
We expccted dertvaUves of the speclra to help us 
see graphlcaIly and evaluale numerJcaIly the 
cllffer nces b 'tween coals. However, It IS neces
sar)' Lo keep nolse low. Tbus . a wtndow wtdth of 
) 00 dala potnts was used and found lo glve 
reproducible value of second- and fourth - dertv

aUves of spectra from dúferent portions of the 
ame macroscoptc ' ample. lt Is 1mportant to 

compare the e re ults W1th those obtalned With 
the Savítzky- Golay method. Ftg. 7 sbows the 
second-derlvatives obtained wtth both algo
rJthms; the coincldence obtalned Is excellent. 
Our method, howevcr. has fue addJtional ben
eflts ofglVlng a mathematlcal model of spectra. 

Flg. 8 hows one of fue coaJ spectra lo
gether Wlth Its second- and fourth - derlvatlves 
calcult.ed wllh our melhod. lt Is seen thal the 
der:tvatlves remove ba e l1ne effects and Dar

row the bands. thus facUltatlng band location. 
The fourth dertvatives may resolve addJtlonal 
bands, as lB seen lo thJs case Wllh the shoulder 
located at 1660 cm-l. The second derlvatlves of 
a secUon of fue speclra of both coaJs are shown 
together In Ftg. 9, dJ playlng approxtmately the 
same number of bands al about the same poSl
tions. However, clear (and reproducible) dtffer
ences In relaUve In lenslUes of the bands are seen 
in tbls figure. Work to relate these tntenslties to 
phySIca1 and chernlcal propertie of tbe coal sam
pies Is In progress. 
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Figure 6. Dlffuse-reflectance spectra of two sub-bltuminous coals. 
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Figure 7 . Comparison of second-denvatives calculated ustng our algortthm (I) and 

Savitzky-Golay's Method (IJ). 


mate denvatlves and ·lntegrals. Th compansonConclusions 
ofdJfferenl sample of coalls demonstrated lo be 

A algortthm has been developed for rep posslble through the use of denvaUves. Work Is 
resentlng the data pOlnts of Infrared spectra wt fu In progres lo by to relate parameters calculated 
a sel of osculatlng polynom1a1s. Th1s mathemat from thJs model lo physJcal and chem1cal prop
leal model lets us compress the data and esU- ertle of the coal samples. 
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7 Delivatlve calcuJatlon ofFT-rR pectra of coal 
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Figure 8. Dtffuse reflectan ce spectrum and derlvatives . 
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Figure 9 . Comparison of the second-derivative spectra of coal No. 1 and No. 2 (see Fig. 6). 
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