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Abstract. The paper shows how NIR spectroscopybeansed to describe water-glucose and
water-fructose interactions that occur in wateusohs. Using the technique of spectra subtraction,
it was possible to identify isosbestic points thegre assigned for glucose and fructose in water
solutions by NIR spectra. Average values of thentsowith their standard deviations were calcu-
lated. A detailed analysis of the difference sgeatade it possible to determine an additional ab-
sorbance extreme of glucoselat 4303 crit which has not been, as yet, described in the world
literature on the subject. The paper also compaatsr bonding forces of both glucose and fructose
and relates the results to the measurements of watiwity. Finally, the results obtained by the
author are compared with the ones available iditdrture.

Keywords: Near-infrared spectroscopy, fructosecgse, carbohydrate solutions, water ac-
tivity, water properties

INTRODUCTION

Water state in food products has always been igatstl by a large number of
research units (Mathlouthi 2003). In spite of emjplg advanced research methods
and modern technological equipment, our knowledigine subject is still incomplete
(Lewicki 2004). Every now and then we learn abaigimal developments or new
details supplementing earlier works on water behanin food (Obsborn and Fearn
1988, Giangiacomo 2006). A substantial group oflfpmioducts studied are carbohy-
drate water solutions, i.e. solutions of glucosectbse and sucrose (Ramietaal.
1997). There are strong interactions which occuwéden water and saccharides
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which, in turn, affect not only the quality of fogmoducts but also the structural
changes of water itself, particularly observablevater concentrations above 30%
(Giangiacomo 2006, Mathloutkt al. 1980, Starzak and Mathlouthi 2003).

To study the structural changes of water in foamtlpcts NIR spectroscopy has
been commonly used (Blanco and Villarroya 2@@2nks 1983, Luck 1974). The
NIR spectra are created by vibrations cased by OH groups. Waésemolecule
vibrations consist mainly of three different types, i.e. sytnim and asymmetric
tensile and bending vibrations (Franks 1983, Czarniak-Matuseawiakz 2005).
NIR water spectra are characterised by four principal maxiraloes that occur
at A, = 970 nm (¢5= 10309 crit), A,= 1190 nm (¢5= 8403 crit) A;= 1450 nm
(1= 6898 cnit) andA, = 1940 nm (¢ = 5154 crit) (Biining-Pfaue 2003). In par-
ticular, there is a high intensity of radiation adption at1, = 1940 nm (Osborn and
Fearn 1988). NIR spectra of carbohydrate wateltisokiare characterised by peak
values occurring, for glucose, at the following elengths: 1587 nmy(~ 6301 crif),
2121 nm ¢ ~ 4715 cnit), 2271 nm ¢ ~ 4403 cnif); and for fructose at 1583 nm
(v = 6317 crif), 2123 nm ¢ =~ 4710 cri), 2271 nm ¢ = 4403cm’™) (Ramblaet al.
1997, Borenstent al. 1997). Considering the above, it should be ndtatithe spec-
tral analysis of the absorbance of NIR carbohydsatier solutions proves to be par-
ticularly effective in the range of D(18002200) nm, which corresponds to wave
number ofvy D(5555 4545) cm’. As a result, in this spectral range it is posstbl
conduct very exact analysis of the changes thatrdache water structure (Czarnik-
Matusewiczet al. 2005; Czarnik-Matusewicz and Pilorz 2006, Giangiac 2006).
The spectral area in the rangelof] (55004700 cm* was used by Czarnik-Matu-
sewiczet al. to investigate the impact of temperature on wstercture (Czarnik-
Matusewiczet al. 2005, Czarnik-Matusewicz and Pilorz 2006).The saamed was
also employed by Giangiacomo to analyse the influefi@arbohydrates on water
structure (Giangiacomo 2006). He found that the higher the incodasegar
concentration in water the more symmetrical the water abstelzeak becomes,
accompanied by its shift and simultaneous lowering of the abserimainémum
value towards greater wavelengths (lower valuesvafe numbers (Giangiacomo
2006). Giangiacomo succeeded in identifying theewtoeme values &, = 1900 nm
and A, = 1960 nm by calculating the differences between pure watetra@nd
the carbohydrate solutions investigated. As a result, he wadabtate that the
spectral changes caused by the increase of sugar concerdiratianalogous to
the drop of water temperature. The above is the effect afarerof the stability
of bound water particles formed by water molecules due to an seciathe
spaces between water molecules (Giangiacomo 2006). By thetskeme he
confirmed a structure-maker effect of carbohydrates on water.

The spectra of carbohydrate water solutions provide a coded set of infarmati
on the state of water bonds, water structure and carbohydrates foitnd on
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conduct a detailed analysis and to obtain more information on the dttive
phenomenon a number of spectral research methods have been used. Bt simpl
include direct analysis by classifying and comparing the changi® ianalysed
spectra, which makes it possible to identify, for example, esigbpoints (Luck,
1974). An alternative and most commonly used method is an indirebbdnet
which involves calculations of the first and second derivabifv¢he spectrum
(Czarniak-Matusewicet al. 2005, Ramlat al. 1997). Another indirect method
involves spectral subtraction (Giangiacomo 2006). This method aenabldo
identify a specific interaction of some definite componentshefdolution, e.g.
various salts (Frost and Molt 1997, &i al. 2003, Ngrgaarctt al. 2005). Still
another indirect method is the division of the spectrum into iddali compo-
nents characteristic of specific types of vibrationsgtLal. 2003, Czarnik-Matu-
sewicz and Pilorz 2006).

The purpose of this paper is to characterize veatdrcarbohydrates interactions in
water solutions using NIR spectrum analysis inrérege of v (110094000 cm™,
Particular attention is paid to the spectral bands’ 6f(55004300 cm™. The
interactions investigated were concerned with water and monosaeshé.e.
glucose and fructose) in water solutions at concentrations ¢d &6.7%. De-
tailed analysis was focused on the effect of the carbohydrate concentoatithes
changes occurring in the spectra. The results were comparedheitdata ob-
tained by other researchers. Special attention was paice tautfnor’'s original
observations followed by a discussion of the results obtained.

MATERIALS AND RESEARCH METHODOLOGY

In the investigations both crystalline glucose (produced by CheRgpland)
and fructose (produced by Sigma-Aldrich Laborchemikalien GmbHn&sy)
were used. The water used in the investigations was digtiliee. Mass concen-
tration of the carbohydrates (glucose and fructose) in the @wdutias identical
and amounted to 20%, 33.3%, 42.9%, 50%, 55.6%, 60%, 63.6% and 66.7%.
Since the glucose solutions at concentrations above 50% weresatueated,
they were obtained by heating in hermetically sealed glass contaib&r€a

All the measurements were performed at constant tempeodt2€e1°C. The
solution spectra were obtained using a Nexus FT-IR spectror(igtermo
Nicolet Corporation, USA). The device, equipped with helium and nesar la
light source and Michelson interferometer, made it possibtétain continuous
transmittance and absorbance spectra in the range of thenwanerv1(12000;
4000 cm* using the Fourier transform. Both InGaAs detector and XT-KBr beam
splitter were used. The spectroscope was controlled by ONHSIZ 5.1 software
installed on a PC Pentium IlI. In order to obtain a uniform spectrach sample
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was scanned 50 times. The specimens were placed between tvavicgliquartz
cells with a 0.2 mm optical path (thickness of samples).

The spectroscopic measurements were performed at the saveckground
and light intensity. The analysis was carried out within thelesNIR spectrum
range, i.e. within the wave numbelD(12000400(). Special attention was paid
to the following wave numbeWD(5500'430C) cm*.The spectra of pure water,
glucose and fructose water solutions were compasaty the subtraction tech-
nique. In particular, the following wave numbersrevestudied (wavelengths):
v, =5260cm™ (A, = 1900 nm),1, ~ 5102 cn (A~ 1960 nm),v; =~ 5000 cnit
(A= 2000 nm). These are the frequencies that areatbarad by extremes caused
by OH water group vibrations (Czarnik-Matusewétal, 2005; Giangiacomo 2006).

RESULTS AND DISCUSSION

Figure 1 shows a set of primary spectra obtainegdoe water an glucose so-
lutions with rising concentrations in the rangesaive numben](12000; 4000).
Analogous results for pure water and fructose watdutions are presented in
Figure 5.
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Fig. 1. Spectra of pure water and glucose water solutibiscoeasing concentration
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The spectra shown in Figure 1 are characterizetivbydistinct peaks with
maxima atv = 6880 andv = 5177 cnit for pure water. These spectra are typical
for radiation absorbance by pure water (Czarniktidaiviczet al. 2005). As the
glucose concentration increases there is a drépeofmaximum value of absorb-
ance of both peaks, accompanied by their narrowimgpither side. A detailed
analysis of the spectral changes in the rang@300;4800) cii makes it possi-
ble to draw similar conclusions to those obtaingd@angiagcomo (Giangia-
como, 2006). An increase of glucose concentratiothis spectral range causes
a decrease of solution absorbance and a shifieaintiximum towards lower val-
ues of the wave number. Figure 2 shows the chaofgle maximum absorbance
value dependent on the glucose concentration ®mp#ak in the spectral range
v(5300;4800) cr. Figure 3 presents the changes of the positiarafiion) of
the maximum value in the function of glucose conegion. As a result of re-
gression analysis, the linear decrease of the mawimbsorbance value and
maximum location was found to be dependent on thatisn concentration in
both figures (Figure 2 and Figure 3).

A=1.245-0.008mg; R?=0.980
1,3

1,2

1,1

1,0

Absorbance

0,9

0,8

0,7

0,6
-10 0 10 20 30 40 50 60 70

Mass concentration of glucose [%)]

Fig. 2. Changes of peak absorbance value in the speatrger](5500;4800)crit depending on
the mass concentration of glucose solution

Figure 4 shows the difference spectra of secondlsprbance resulting from
the subtraction of the spectra of increasing conagon of glucose solutions
from the pure water spectra. The spectra are deaised by maxima close to the
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peaks typical of vibrations of free molecules otexgGiangiacomo 2006, Czarnik-
Matusewicz 2006). This effect shows unequivocdiigt tan increase of glucose
concentration in the solution results, first of &ll a decrease of free water parti-
cles. At the same time the spectra show rangdseofvve number in which the

difference spectra have negative values. This agpehe analysis was not dealt
with by Giangiacomo in his paper (Giangiacomo 200®)ese areas show higher
absorbance values for glucose solutions than paterwA characteristic phe-

nomenon observed here is the change of the abserilsagn that occurs in all the

spectra independently of glucose concentratiomatsingle point called the isos-
bestic point (Luck 1974). There are several sudhtpdor glucose water solu-

tions in the whole NIR range.

v=5180-0.236mg; R?=0.994

5182

5180

5178

5176

5174

5172

5170

Wavenumbers [cm™]

5168

5166

5164

5162
-10 0 10 20 30 40 50 60 70

Mass concentration of glucose [%]

Fig. 3. Changes of maximum absorbance location in thetispaangev O (5500480() cm* de-
pending on the mass concentration of glucose saoluti

It is possible to determine exact values of thgenaumber at which isosbestic
points appear by showing two differences spectafigure: first between water
and glucose spectrum at a given concentrationt@dther a reverse one, i.e. be-
tween the glucose solution at the same conceniratid pure water. Figure 5 pre-
sents two such difference spectra obtained fronptimeary spectra of pure water
and the glucose solution at the concentration 86.680 can be noticed that water
solutions of glucose have four isosbestic pointh@éwhole NIR range at which
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spectra intersect, i.e. faw]{6475;5624;4825;4258}crh Additionally, there are two
characteristic points at which the differences spere equal to zero, i.e. the absorb-
ance values in the pure water spectra and gluamseeitration are constant and
equal to zero, which occurs fofl{4463;4351}cnt. There is also another point
where the zeroing of differences spectra is bluar@tioccurs in a wide range of wave
number{9749;8854}cni. As a result, the range was neglected in our dersi
tion. At all these points the glucose concentratioes not affect the absorbance value
of the solution and is equal to the absorbancesvaiipure water. It is essential to be
able to determine the exact location of these painte it will allow us to analyse the
composition of multi-component solutions (includigigicose as one of the compo-
nents). Using an analogous procedure to the ohenbaled us to obtain the spectra
shown in Figure 5, Table 1 shows the location ef ifosbestic points determined
independently using the spectra of the investiggligmbse concentrations. This made
it possible to calculate both the average valuestewdard deviation of the identified
isosbestic points. Special attention should be fmatwo isosbestic points —jRnd

IPs — at which all the spectra intersect and the stahdeviations of the wave number
values assume the smallest value.
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Fig. 4. Difference spectra resulting from the subtractiéglucose spectra from pure water spectra
at increasing glucose mass concentration
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Fig. 5. Two difference spectra obtained from primary spedf pure water and glucose water
solution at the concentration of 60%

Table 1. Wave number values with isosbestic points (IP)edeent on glucose mass concentration

maschl(l)Jri(c):ﬁtration 1P IP2 IPs IPs IPs 'Ps

No in the(ozc))lutlon (e

1 20 6536 5520 4835 4461 4351 4265
2 33,3 6516 5538 4829 4461 4351 4272
3 42,9 6503 5561 4830 4463 4351 4265
4 50 6493 5591 4827 4472 4355 4270
5 55,6 6498 5569 4829 4467 4350 4266
6 60 6498 5571 4827 4466 4351 4268
7 63,6 6471 5618 4823 4472 4354 4272
8 66,7 6471 5622 4826 4469 4349 4269

Average Value 6498.3 5573.8 4828.3 4466.4 4351.5684R2

Standard Deviation 21.6 35.7 35 4.5 2.0 2.9
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Using Figure 5 we can also identify the rangewa¥e number values where
glucose is responsible for the absorbance radiatiovater solutions. The global
extreme for glucose absorbance occursifar 4715cm*, and the local extreme
for v O {6300; 4400; 4303} cm. Disregarding some minor errors, these values
are in good agreement with the data availableténaiure (Ramblat al. 1997).
The last peak a¥ = 4303cm’*, existence of which was impossible to identify in
literature, constitutes an exception. The peak lwaristinctly identified in the
differences spectra obtained by Giangiacomo. Howetevas not analysed by
the author (Giangiacomo 2006).

Further parts of the paper present the resuliredd for fructose water solu-
tions at the same concentration values and usialpgous procedures as for glu-
cose. Figure 6 shows primary spectra of fructosetisas and pure water. The
fructose spectral patterns are very close to theogke ones, so it is difficult to
assess the differences between these two monosadesha

Figure 7 shows the results of subtracting the stigated fructose solutions
from pure water spectra. The difference spectrainéd in this way show, when
compared to the analogous glucose spectra, botititgtise and qualitative differ-
ences. Apart from the ranges typical of radiatiosogption by water, the main quali-
tative differences can be observed, first of althie range o [ (4480;4250) cm
There is only one single peak and a local minimum=a4403 crit. The minimum,
similarly to the one occurring at= 6317 crit and the global a = 4715 crit, ex-
actly overlap with the values for fructose desctilveliterature (Ramblat al.,1997).
Fructose is also characterized by some other vafusssbestic points except for one
point IRat v= 4830cn.

Using an analogous procedure to determine isoshesints as earlier for glu-
cose, Table 2 presents the coordinates of thegpdétermined for each concentra-
tion separately. It also gives their average valuitis standard deviations. Addi-
tionally, to highlight glucose and fructose diffeces concerning the isosbestic
points, Figure 8 shows difference spectra of pusgervcompared with 60% fruc-
tose concentrations and inverse to it. It canléarly observed that in the range of
v 0 (7500;4000) cificmi™ there are only four isosbestic points, unlikehia ¢ase of
glucose that has six such points. The last twotpa@how a relatively small devia-
tion of the wave number. Thus it can be assumedlika location is very stable,
similarly to the maxima related to the radiatios@iption by fructose.

The differences in the “strength” of water bondsveen glucose and fructose are
particularly visible in the range of 1(5300;4800 cm®. This phenomenon is illus-
trated in Figure 9 which shows the qualitative ¢eanof radiation between both glu-
cose and fructose spectra at the same concent@torb0%. Fructose produces
stronger bonds, especially of free water particiésch can be seen in higher values
of the extreme in the difference spectraat 5174 cm’. The results of the absorb-
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ance dependence at this wave number in the funofitime concentration of the
investigated monosaccharide solutions are showigimre 10.
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Fig. 6. Primary spectra of pure water and fructose saistio
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Fig. 7. Difference spectra of fructose solutions at cotregions of 20%; 33.3%; 42.9%; 50%;
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Fig. 8. Two difference spectra obtained from the primgrgctra of pure water and fructose water
solutions at the concentration of 60%

Table 2. Wave number values with isosbestic points (IP)dejng on fructose concentrations

Fructose concentration IP; IP, IP3 1P,
No in the solution N
% cm
1 20 6507 5638 4839 4309
2 33.3 6502 5614 4830 4314
3 42.9 6442 5703 4827 4324
4 50 6450 5692 4827 4321
5 55.6 6475 5667 4834 4311
6 60 6462 5683 4834 4313
7 63.6 6470 5676 4836 4303
8 66.7 6482 5656 4836 4298
Average Value 6473.8 5666.1 4832.9 4311.6

Standard Deviation 23.0 29.3 4.4 8.6
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Fig. 9. Difference spectra of pure water and glucose swiuthin spectrum) and fructose solution
(bold spectrum) at the concentration of 50%
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Fig. 10. Absorbance changes of water solutions of thesiinyated monosaccharidas € glucose
and a — fructose) av = 5174 crit in the function of their mass concentration
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Comparing the results shown in Figure 10 with thanges of water activity
under the influence of glucose and fructose comatons, we can state that the
dependence patterns, as far as the quality is owedteare similar (Gaidet al.
2006). Fructose tends to produce stronger watedsahconcentrations of 50%,
which can be clearly observed both in water agtimieasurements (Gaid al.
2006) as well as at absorbance valuevfer 5174 crit. However, there are, so
far, no full quantitative representations of th@eledence between water activity
and absorbance value on monosaccharide concentratio

CONCLUSSIONS

The analyses carried out in the work made it péess$ib

» verify the correctness of the results by referringm to the literature re-
ports,

» identify the location of the isosbestic points tbatur in the glucose and
fructose water solution spectra,

« determine the absorbance maximum for glucose=a#303 crit by using
the difference spectra. The maximum does not appdanctose water so-
lutions and its existence has not been mentionétérature,

» indicate the difference between the bonding fonckath glucose and fruc-
tose solutions by making comparisons of the abswdaalues in the range
of v (5300 4800 cm*.

A specific effect of the investigations has beemxarct identification of isosbestic
points for both glucose and fructose water solstionNIR spectra. One of these
points occurs for glucose at the average wave nuvathee ofv,, = 4828.4 cri and
is characterized by standard deviation SD = 3%5ant, respectively, for fructose
Va, = 4832.9 crit and SD = 4.4 cih In both cases these points practically over-
lap. So it can be concluded that by making uséefdata together it is possible
to determine both the concentration of the carbodigd in the solution and the
glucose content in multi-component solutions. Audially, the identified
absorbance differences existing between glucose famdose in the range
Y D(SSOQ 480() cm™ allow us to analyse the phenomenon of water banthiat
takes place between these two monosaccharides. vdopwsme more investi-
gations are needed to describe the phenomena el .
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WYKORZYSTANIE SPEKTROSKOPII W BLISKIEJ PODCZERWIENI
DO ANALIZY ODDZIALYWA N POMIEDZY WODA | WEGLOWODANAMI
W ROZTWORACH WODNYCH

Stawomir Bakier
Katedra Maszyn i Ueddlzer Przemystu Spiywczego, Politechnika Biatostocka

ul. Wiejska 45C, 15-351 Biatystok
e-mail: miodek@pb.bialystok.pl

Streszczenie. W pracy wykorzystano spektroskepbliskiej podczerwieni do charaktery-
styki oddzialywa zachodzcych pomédzy wody a glukoza oraz wod i fruktoza w roztworach
wodnych. Opieraj sic na analizie polegagej gtéwnie na odejmowaniu widm zidentyfikowano
w oryginalny sposéb punkty izobestyczne, wpsface w roztworach wodnych fruktozy i glukozy
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na widmach NIR. Obliczondrednie wartéci liczb falowych, przy ktérych one wygiuja wraz
z ich odchyleniem standardowym. Szczegétowa analigm r&znicowych umdliwita identyfika-
cje dodatkowego ekstremum absorbancji glukozy przy4303 crif, na temat, ktérego nie istrigj
doniesienia w literaturzéwiatowej. Poréwnano réwniesite wiazania wody przez glukez frukto-
z¢ oraz odniesiono uzyskane wyniki do pomiaréw akigéen wody. Otrzymane rezultaty baila
skonfrontowano z dogbnymi w literaturze przedmiotu.

Stowa kluczowe: spektroskopia NIR, fruktoza, gle&proztwory wglowodanowe, aktyw-
nos¢ wodna



