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Byla zkoumana aplikace infraéervené spektroskopie s Fourierovskou transformaci (blizka i stfedni infraCervend oblast) na analyzu hlav-
nich parametrd zapary pfi vyrobé ethanolu pro pfipravu biopaliv. Zkoumané parametry zapary byly: obsah ethanolu, laktat vapniku, glukéza,
fruktéza a obsah susiny ve stupnich Brixe. Infratervena spektroskopie se ukazala jako rychla a relativné pfesna metoda pro kontrolu pro-

cesu vyroby ethanolu.

Tenkl, L. — Sec, K. — Kesner, F. — Jufenova, L.: Infrared spectroscopy — alternative instrumental tool for control of bioethanol pro-

duction. Kvasny Prum. 55, 2009, No. 7-8, p. 188-191.

We investigated the possibility of application of FT-IR (Fourier transformed infrared spectroscopy) and FT-NIR (Fourier transformed near
infrared spectroscopy) for analysis of mash parameters. Main parameters of mash were ethyl-alcohol, calcium lactate, glucose, fructose and
dry matter amount (Brix degrees). Infrared spectropy was determined like a quick and relatively accurate method for control of ethyl-alcohol

manufacturing process.

Tenkl, L. - Sec, K. — Kesner, F. — JuFenova, L.: Infrarotspektroskopie — eine Alternativinstrumentaltechnik bei der Kontrolle der Bio-

ethanolproduktion. Kvasny Prum. 55, 2009, Nr. 7-8, S. 188-191.

Eine Applikation der Infrarotspektroskopie mit Fouriertransformation (der nahe und mittlere Infrarotgebiet) wurde fir die Analyse von Haupt-
parametern der Maische bei der Ethanolproduktion fir die Biotreibstoffherstellung erforscht. Die erforschte Parameter der Maische wurden
folgende: Athylalkoholinhalt, Laktat des Kalks, Glukose, Fruktose, und Trockenmasseninhalt in ° Brix. Die Infrarotspektroskopie hat sich als
eine schnelle und relativ genaue Methode zur Kontrolle des Prozesses der Bioethanolproduktion aufgewiesen.
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1 UvVOD

V poslednich letech zaziva lihovarnictvi velky rozvoj zejména diky
rostouci spotfebé lihu nutného pro pfipravu biopaliv. Podle vychozich
surovin pak biopaliva obvykle rozliSujeme na prvni nebo druhé ge-
nerace. Biopaliva prvni generace jsou vyrabéna z potravinafskych su-
rovin, kdeZto biopaliva druhé generace z nepotravinarskych surovin
nebo jesté 1épe z odpadu (celuldézové suroviny).

Prvnim krokem klasické vyroby bioethanolu (biopalivo prvni gene-
race) je kvaseni cukernatych nebo skrobnatych plodin, jako jsou obili,
cukrova fepa, brambory nebo kukufice v kvasnych tancich za fize-
nych podminek. Vysledkem tohoto technologického kroku by mél byt
vznik co nejvétsiho podilu ethanolu v tzv. Skrobovém zékvasu (za-
pare). Dalsim technologickym krokem je destilace tohoto zakvasu
a v pfipadé vyuziti pro vyrobu biopaliv jeSté suSeni produktu na co
nejmensi obsah vody. To je mozné uskutecnit nékolika riiznymi zpd-
soby napf. pfes molekulova sita, semipermeabilni membrany nebo
pomoci azeotropické rektifikace.

Nékteré vySe popsané kroky vyroby Ize rychle a pfesné kontrolo-
vat pomoci infracervené spektroskopie s Fourierovou transformaci ve
stfedni (FT-IR) nebo blizké infracervené oblasti (FT-NIR) [1,2].

2 INFRACERVENA SPEKTROSKOPIE VE STREDNI A BLIiZKE
INFRACERVENE OBLASTI

Vyska nebo plocha pasl v infraervenych spektrech, vyjadiena
v absorbanénich jednotkach, uréuje kvantitativni zastoupeni slou-
¢enin ve smésich. Nejjednodussi spektralni kvantitativni analyza
predpoklada platnost Lambertova-Beerova zakona, tj. linearni zavis-
lost mezi absorbanci a koncentraci mérenych analytd (za jinak kon-
stantnich experimentalnich podminek).

To vyzaduje, aby vybrané vibraéni pasy nebyly ovlivnény intermo-
lekularni interakci a aby se v infraéerveném spektru neprekryvaly. Po-
kud nejsou splnény tyto pozadavky, vyuziva kvantitativni analyza ma-
ticového poctu a multivariaéni statistiky a vyhodnocuji se celé
spektralni oblasti. Tato metodika je obvyklou souéasti programového
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1 INTRODUCTION

The distillery industry is currently undergoing a great deal of ex-
pansion in the Czech Republic and throughout the European Union
mainly because of the increased production of ethanol as a biofuel.
Biofuels are commonly subclassificated into either first or second ge-
neration based on the original raw materials. First generation biofu-
els are produced from food materials, second generation biofuels are
produced from non-food materials, ideally from cellulose based
waste.

The first step in standard first generation ethanol production is
through controlled fermentation of sugar or starch-containing crop
plants such as corn, sugar-beets, potatoes or maize in fermentation
tanks under the controlled conditions.

The goal of this step is to maximize the formation of ethanol in this
starter mash. A second step in this technology is a distillation of the
mash and subsequent drying which removes as much water as pos-
sible. There are several methods for drying the ethanol product: mole-
cular screens, semipermeable membranes or azeotropic rectification.

Sulfficient control of the process described above can be effecti-
vely and accurately performed by the use of Fourier transform mid-
infrared (FT-IR) or near infrared (FT-NIR) spectroscopy [1,2].

2 INFRARED SPECTROSCOPY (FT-IR AND FT-NIR)

The heights or areas of peaks in infrared spectra can be used to
determine the quantitative amount of a given substance in a mixture.
The simplest spectral quantitative analysis assumes applicability of
Lambert-Beer law, i.e. linear dependence of absorption on concent-
ration of substance.

A key condition for the proper application of the Lambert-Beer law
is that the peaks used for the quantitative analysis are not overlap-
ped by other peaks or that intermolecular interactions are not affec-
ting the spectra. If such conditions are not met, it is necessary to use
chemometric methods. Such methods use the entire spectral range,
not just individual peaks within the spectra.
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vybaveni infradervenych spektrometrt (napf. zde vyuzity program
chemometricky program TQ Analyst). V pfipadé kvantitativni analyzy
parametrd Skrobového zakvasu (zapary) byla pouzita metoda PLS
(partial least squares) jak pro stfedni, tak i blizkou infracervenou ob-
last.

Tato metoda, vyvinuta v 70. letech Hermanem Woldem, se vyuzi-
vala v socialnich védach. Pomérné zahy se zacala vyuzivat i v che-
mickych ¢i spektralnich aplikacich. Velmi ¢asto se vSak tato metoda
objevuje ve spojitosti prave s infraéervenou spektroskopii, nebot nam
umoziuje komprimovat, ¢asto velmi obsahlou, matici spektralnich
dat. Velkou vyhodou multivarianénich metod je moznost stanovit vice
analytll z jednoho infrac¢erveného spektra. Nevyhodou je pomérné
slozity matematicky aparat a rovnéz potfeba znaéného mnozstvi stan-
dardl nutnych k vytvoreni spolehlivého kalibraéniho modelu.

Funkénost kalibra¢nich modeld v FT-IR (FT-NIR) spektroskopii je,
mimo pfesnosti vlastniho méreni, obecné zavisla na dvou faktorech.
Jednim z nich je fyzikalni podstata vzniku spekter, tj. citlivost odezvy
spektrometru na jednotkovou zménu koncentrace stanovovaného
analytu. Druhou je pfesnost vstupnich dat, ziskanych klasickymi po-
stupy. Kalibraci infratervenych spekter nelze dosahnout lepsi pres-
nosti stanoveni, nez je pfesnost metody, kterou byla vstupni data zis-
kana. Pfesnost stanoveni Ize v8ak zvySit rozSifenim kalibraCnich
modell o dal$i standardy [3,4].

Samotné méfeni parametrd $krobového zakvasu (zépary) bylo pro-
vadeéno ve stfedni infraCervené oblasti technikou ATR (Attenuated To-
tal Reflection), pomoci jednoobrazového Smart nastavce s kiemiko-
vym krystalem. V pfipadé méreni infraCervenych spekter v blizké
infraervené oblasti byla pouzita transmitanéni technika a kfemenné
kyvety. Tyto v dnesni dobé standardni méfici techniky umoznuji ve-
lice jednoduché a rychlé ziskavani infraéervenych spekter. Stanoveni
v8ech nize uvedenych parametrd (stfedni a blizka infratervena ob-
last oddélené) Ize realizovat v jednom kroku, z jednoho naméfeného
spektra. Samotna analyza pak trva prdmérné pét minut.

3 SLEDOVANE PARAMETRY V ZAKVASU (ZAPARE)

Ve stfedni infraervené oblasti (FT-IR) byla sledovana moznost sta-
noveni ethanolu, laktatu vapenatého, zbytkové glukosy a fruktosy
a v blizké infracervené oblasti (FT-NIR) pak ethanol, suSina, zbytkova
glukosa a fruktosa. Kalibra¢ni standardy byly ziskany odebiranim jed-
notlivych frakci pfi realném kvasném procesu v zavislosti na ¢ase
z riiznych kvasnych tank(. lhned po odebrani z tanku byla zméfena

Tab. 1 Pouzité primarni metody / Analyzed parameters of mash

In the present case, the chemometric methods selected were part
ofthe TQ Analyst software included with the spectrophotometers used
in the study. For quantitation, Partial Least Squares (PLS) was the
method used.

This statisthical method, developed by Herman Wold in the 1970’s,
was initially used in social sciences. Soon, the chemical, or even
spectral applications of PLS were published. PLS is very often used
in connection with infrared spectroscopy, as this method is able to
compress and describe very extensive matrices of data. The biggest
advantage of this method is the ability to determine several parame-
ters from only one infrared spectrum. The disadvantage of PLS cali-
brations is that several calibration samples are needed and the sta-
tistics behind the chemometrics may not be easily understood by the
user.

The usability of calibration models in FT-IR or FT-NIR spectroscopy
depends on measurement accuracy, infrared spectrometer sensiti-
vity and accuracy of the data from primary analytical methods. The
accuracy of calibrations based on infrared spectra cannot be better
than the accuracy of the primary method originally used to determine
sample concentrations. Usually, though, we can improve the accu-
racy of a model by incorporating additional standards [3,4].

Measurements of infrared spectra of the ethanol starter mash were
carried out in the mid- infrared area (FT-IR) using single bounce at-
tenuated total reflectance (ATR) on a silicon crystal. By contrast, trans-
mission with quartz cuvettes was used for measurements in the near
infrared region (FT-NIR). Both these standard techniques provide qu-
ick and accurate collection of infrared and near infrared spectra.

Determination of the parameters in the starter mash is possible si-
multaneously, by automated interpretation of a single collected spect-
rum. Analysis of all parameters takes approximately 5 minutes.

3 ANALYZED MASH PARAMETERS

The analyzed parameters used in the mid FT-IR region were: et-
hanol, calcium lactate, glucose and fructose. NIR spectroscopy was
used to determine the amount of ethanol, glucose, fructose and dry
matter (Tab. 1). A calcium lactate model was not built in using FT-NIR
due to entire lack of samples.

Calibration standards were acquired by sampling a real fermenta-
tion process at different times of fermentation and from different fer-
mentation tanks. Immediately after sampling, infrared spectra were
measured and samples were analyzed by the primary methods. Fig. 1

Parametr / Parameter

Primarni metoda / Primary method

Ethanol (%)

Ebuliometrie / Ebuliometry

Laktat Ca?*/ Calcium lactate (g/l)

Enzymaticka reakce + spektrofotometre / Enzymatic reaction + spectrophotometry

Glukosa / Glucose (g/l)

Enzymaticka reakce + spektrofotometre / Enzymatic reaction + spectrophotometry

Fruktosa / Fructose (g/l)

Enzymaticka reakce + spekirofotometre / Enzymatic reaction + spectrophotometry

Susina / Dry matter (Brix degrees)

Refraktometrie / Refractometry

Friees

Obr. 1 Infradervena spektra kalibraéni fady zakvasl (zapary) namé-
fend na jednoobrazovém ATR nastavci s Si krystalem / Fig. 1 Infra-
red spectra of calibration samples of mashes, using a single bounce
ATR with a silicon crystal — mid-infrared region

Obr. 2 Vyrez infraervenych spekter kalibraéni fady zakvasu (zapary)
namérenych v kiemenné kyveté v blizké infraCervené oblasti. / Fig.
2 Part of infrared spectra of calibration samples of mashes, trans-
mission measurement in quartz cuvette — near-infrared region
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Tab. 2 Zakladni parametry vyslednych kalibraénich modeld ve stfedni infracervené oblasti, kde R je korelaéni koeficient, RMSEC je primérna
chyba kalibrace, Cross-validation je korelaéni koeficient kfizové validace a RMSECYV je primérna chyba kfizové validace / Parameters of the
chemometric models obtained in middle infrared area (R — correlation coefficient, RMSEC — root mean square error of calibration, CV — cor-
relation coefficient of cross validation and RMSECYV — root mean square error of cross validation)

Parametr / Parameter R RMSEC KFizova va!idas:el RMSECV Kali_braépl’ ir!tervall Pocet faktort
Cross-validation Calibration interval | Factors
Ethanol 1 (%) 0.9902 0.19 0.9892 0.19 2.59-9.68 2
Laktat Ca?* / Ca®* lactate (g/l) 0.9908 0.004 0.8614 0.013 0.001-0.123 6
Glukosa / Glucose (g/l) 0.8489 2.50 0.8145 2.69 0.01-17.60 2
Fruktosa / Fructose (g/l) 0.8020 7.66 0.7234 8.88 0.01-56.40 3
Ethanol 2 / Ethanol 2 (%) 0.9995 0.007 0.9991 0.09 3.0-10.0 2

Tab. 3 Zakladni parametry vyslednych kalibraénich modell v blizké infradervené oblasti, kde R je korelaéni koeficient, RMSEC je primérna
chyba kalibrace, Cross-validation je korela¢ni koeficient kfizové validace a RMSECV je priimérna chyba kfizové validace / Parameters of mo-
dels obtained in near infrared region (R — correlation coefficient, RMSEC — root mean square error of calibration, CV — correlation coeffici-
ent of cross validation and RMSECYV — root mean square error of cross validation)

n [ musee | o e | [ o= ativaan moret| s pamons”
Ethanol (%) 0.9936 0.13 0.9818 0.21 6.55-10.80 8
(Sd‘::';fi)((g)s/ag’r‘;ﬁz‘t’té : ?grg(rgz;';‘;)s ) | 09956 | o0.12 0.9816 0.24 5.0-9.5 9
Glukosa / Glucose (g/l) 0.9481 0.72 0.9052 0.97 0.00-7.16 5
Fruktosa / Fructose (g/l) 0.9597 2.33 0.9193 3.28 0.00-23.10 6

infradervena spektra vSech vzorkd, které byly poté neprodlené ana-
lyzovany klasickymi metodami. Tab. 1 struéné popisuje klasické pou-
Zité metody.

Pribéh infracervenych spekter ve stfedni infracervené oblasti je
zobrazen na obr.1 a v blizké infratervené oblasti na obr. 2.

V tab. 2 jsou uvedeny zakladni parametry ziskanych kalibracnich
modelu z infracervenych spekter namérenych ve stfedni infracervené
oblasti.

Pro zjisténi kvality ziskaného modelu byla v pfipadé stanoveni et-
hanolu provedena jesté jedna modelova kalibraéni sada, ktera byla
pfipravena pomoci fedéni vodou nebo pfidavanim ethanolu dvou re-
alnych vzorkl zakvasu (zapary), které byly zpétné analyzovany. Vy-
sledky této kalibrace jsou v tab. 1 (parametr ethanol 2). Ovéreni to-
hoto modelu bylo provedeno pomoci externi validace na nékolika
vzorcich. Uréena chyba se pohybovala v intervalu od 0,02 do 0,24 %.

V tab. 3 jsou uvedeny zakladni parametry ziskanych kalibraénich
modelll z infracervenych spekter namérenych v blizké infracervené
oblasti.

T Con Cost: 0BISES FMSEC 250

Calcussted
n N &

Obr. 3 Kalibraéni graf zavislosti zbytkové glukosy v zédkvasu (zapare)
se zhorSujici pfesnosti analyzy pro vy$Si koncentrace / Fig. 3 Cali-
bration curve for glucose amount in mash. Accuracy of model is
slightly worse at higher amounts of glucose

and Fig. 2 show spectra of samples in middle infrared area and in
near infrared regions, respectively.

We also prepared another calibration for ethanol (parameter etha-
nol 2 in Tab 2). In this case, we simply prepared a set of calibration
samples by diluting real samples in water, or adding ethanol to real
samples of mash. These artificial samples were analyzed by the pri-
mary methods. The utility of this ethanol model was tested by exter-
nal validation. The error rate of this model was between 0.02-0.24 %.

Tab. 3 shows the basic parameters of the obtained calibration mo-
dels. These models were built based on the near infrared spectra col-
lected using transmission measurements in quartz cuvettes.

4 CONCLUSION

The results show the utility of using infrared spectroscopy to mo-
nitor ethanol production (mash parameters) either with an ATR cry-
stal in the mid-infrared region or with a cuvette in transmission mode
in the near-infrared region.

Comparison of the chemometric model built up using both real and
artificially prepared samples, with a help of external validation, shows
that the determined error rate is approximately 0.2 %. The calcium
lactate error is shown to be better than 0.02 % with the given stan-
dards. It is possible to successfully increase the accuracy of the cal-
cium lactate model in the mid-infrared region by incorporating more
calibration standards. Models for glucose and fructose in the sam-
ples show an increase in error rate for higher concentrations of su-
gars (see Fig.3). This is likely caused by lower accuracy of the pri-
mary method in determining these sugar concentrations. Higher
accuracy of glucose and fructose models can be probably obtained
by using more calibration standards and more accurate primary met-
hods.

The accuracy of the NIR model appears to be slightly better then
for models in the mid-infrared region (see Tab 2 and Tab 3). Unfor-
tunately, calibration PLS model for calcium lactate in NIR spectra was
not built. There was entire lack of standards. Determination of dry
matter (Brix Degrees) with NIR spectroscopy shows excellent accu-
racy results, which is fully acceptable for ethanol process manufac-
turing control (see Tab. 3).
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4 DISKUSE

Z prezentovanych vysledkU je zifejmé, Ze analyzu hlavnich para-
metrd v zdkvasu (zapare) je mozné provadét pomoci infracervené
spektroskopie ve stfedni resp. blizké infraéervené oblasti.

Srovnanim obou kalibraénich modell a vysledkl externi validace
pro stanoveni ethanolu ve stfedni infraervené oblasti Ize konstato-
vat, Ze realna chyba stanoveni se pohybuje okolo 0,2 %. Pfesnost
stanoveni laktatu Ca?* ve stfedni infraervené oblasti by bylo prav-
dépodobné jesté mozno zvysit rozsifenim kalibra¢niho modelu o dalsi
kalibraéni standardy. V pfipadé stanoveni zbytkovych cukrii (glukosa
a fruktosa) Ize poukazat na skute¢nost, ze u kalibraénich i validac-
nich grafi ziskanych modell se projevuje tendence vétsiho rozptylu
vysledkl pro vy$si obsahy téchto cukr(l (obr.3). Pokud je to zpUso-
beno mensi pfesnosti klasického (primarniho) stanoveni pfi vysSich
koncentracich cukrt, bylo by mozno dosahnout vétsi presnosti sta-
noveni doplnénim kalibra¢nich modell o presnéjsi vstupni data.

V pfipadé presnosti kalibra¢nich modell v blizké infratervené ob-
lasti Ize konstatovat, Ze pfesnost stanoveni je trochu lepsi nez vyse
popsané kalibraéni zavislosti ve stfedni infracervené oblasti. Bohuzel
kalibra¢ni model obsahu laktatu Ca2* pro infradervena spektra v blizké
infraervené oblasti nebylo mozné vybudovat z diivodu malého po-
¢tu vzorku. Presnost stanoveni susiny v blizké infraéervené oblasti je,
jak je patrné z tab. 2, pfi kontrole vyroby bioethanolu pIné akcepto-
vatelna.
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