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Introduction. Studies which established the sorpton
characteristics of sucrose-based fondant candies and fondant
candies based on the combination of tagstose with fructose were
conductad.

Materials and methods. Fondant candies made on the basis
of sucrose and tagatose with the addition of fructose in the ratio of
9:1 were mvestigated on a weight vacumum adsorption device with
spring quartz scales using gravimemc method

Results and discussion. The sorption curves of both samples
of the studied candies were idenncal m nanwe and belonged to
1sotherms of type I which 1s charactenisic of microporous
adsorbants with low energy of adsorbent-adsorbate mteracnon. The
sorption curves were sigmord. with a well-developed hysterssis.
which mdicates a completely rreversibie process of deyydranon.
After the desorption process, a small part of the adsorbed moisture
remams m the samples on sucrose and tagatose with fuctose (0.35
and 0.37%, respacavely).

The coefficients of determunanon of both BET and Friendlich
models used for the analysis were m the range 0f 0 85-0.97, which
mdicates ther swrability for descnibing te isotherms of the smudied
products. Analysis of the comstant charactenzing the adsorpnon
energy showed that in the sample basad on tazatose and fuctose
adsorpuon was 18% higher than in the conmol sample,

The amount of adsorbed moisture m the smdied samples of
candies at low values of 2, had a slight dafference, while i the area
of capillary motsture (a,, = 1.0) this value difiered significantly. the
amount of adsorbed moisture in the congol sample of fondant
candies oo sucrose was 0.6498 cm '/ z. while in the sample based ca
tagatose and fuctose it was 1 5490 cm'/g. The amount of strongly
bound moisture in the sample based on tagatose and fuctose was
greater than in the counwol sample and was 8 33%. while in the
coatrol sample only 5.24%.

Conclusions. The sorption isotherms allow to predict the
behavior of candy samples during their storage at different values
of relaave humudity, The obtamed data can be used for ratonal
selection of packaging matenal and packagmg method to extend
the shelf life of developed fondant candies besed on tagatose.

786 —— Ukrainian Food Journal. 2021. Volume 10. Issue 4 ——



—— Food Technology ——
Introduction

Fondant candies are a complex heterogeneous system. which mes to balance and
mumnuze energy. the reduction of whach 1s possible duming the transinon of the system to a state
of arystallization that may occur due to intensive desorption of products causing an mcrease in
part of solids and size of crystals, and this is reflected m detenoration quality of finished
products in general (Buad et al . 2010: Harel et al. 2011: Ivanov eral 2021).

The previous research aimed to develop fondant candies that would focus on the
requrements of modem consumers, aamely, having high sensonal charactenistics. and low
calonies and glveemic value

To achieve thus goal. it was proposed to use the mnovatve susar tagatose. However. due
t0 the low hysroscopicry of this sugar, it is advisable 1o make confectionery in combimation
with a hygroscopic component. Thus, the possibility of making marmalade fom orange with
complete replacement of sucrose by a combinanon of tazatose with olizofuctose was proposaed
(Rubto-Arraez e 3l [ 2015) With an ncrease of tazatose i the recipe of the product, samples
of marmalade were characterized by the phenomenca of mtense morsture loss dunng storage
With mcreasing dosage of hyzroscopic oligofructose in the recipe of marmalade with tagatose.
the imrensity of moishwe removal was sisnificantdy dowed down. Therefore. it can be assumed
thar in the development of product:s which are prone to hardening durnng storage. basad on
wazarose. It i3 desirable to add addincmal hygroscopic compoment to the recipe, includng
hygroscopic monosacchande fructose.

To expand the range of fondant candies, 2 product recipe was developed m which sucrose
was completely replaced with 2 combinanon of low-zlycemic and low-calone meatose m
combmaton with hyzroscopic low-giveemic monosacchande fructose in a ratio of 9:1.

When developmg new rypes of confecnonery, especially those where the mam component
of the recipe 15 replaced. 1 parncular the replacement of wiute crystal suzar with other suzars.
m addifion to texture and sensory propernes. the stability of the product dunng storage and
selecnion of a ranonal packazing method must be taken mto account The relanonship between
moisture content and water acovity or relative humidity can be desaibed using the mossture
sorption 1sotherm (Andrade et al | 2011). Information on the behatwor of mossture in products
15 & pecessary condinon for the choice of packazing matenal and packamng method. as well as
t0 establish the warranty penod for the preservanon of their quality charactenstcs (Chetana st
al . 2004: Knzmvk et al . 2021: Sokolenko =t al . 2019). For classic fondant candies based co
wiute arvstal suear it was established that desorption processes and their negative anpact on
product quality are the donunant factor dunng their storage (Ozcan et al. 2019). and for
developed fondant candies based on tagatose with the addinon of fructose study of sarption-
desarpuon propernes to pradict the bebavior during storage is quite an urgent task

The aim of the study was to determune the relaconship between the equulibriven modsture
coutent 1n fondant candies, which were made according o the classic recipe based on sucrose
and using a combination of tagatose sugar and fuctose in a rano of 9.1, Analysis of changes in
the hyzroscopacity of the studied product provided a basis for the study of phase oansinons m
the product depending on its carbohyydrate compositnon and moisture content

In all cases. the suitabtlity of several mathematical models for descibing the sorpuon
1sothenms of 3 multicomponent food product with 2 high content of mono- and dsacchanides
was evaluated and those offening the most accurate descrniption were idennfed

Ideanficanon of the sorption modeal, which describes the change mn water content in the
product as dependent on water acuvity in the widest possible range, can be useful for predicnng
changes m product quality dunng storage and to extend its shelf hife, and therefore 1o opumize
producton and mmprove product quakity.
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Materials and methods
Materials

Fondant candies made by boiling sucrose-based fondant syrup (coatrol sample) and
completelv replacing sucrose with a combinanon of tagatose and fructose sugzars in a ratio of
9:1. followed by cooling and whipping to obtain a fine agystalline fondant mass. which was
cast m polymeric forms i the laboratory.

Sorption properties of candies

Determination of the sorption properties of the smdied samples was camed out by
mmnanc method using a sorption vacuum device with spring quarnz scales. (Sylchuk et
al.. 2021).
Data analyas
To select the model that best describes the sorpticn isotherms of sucrose fondant candy
(control sample) and a sample basad on tagatose with fructose. two popular models (BET

and Freindhich) are considered It should be noted that they have a theoretical basis (based on
the theory of adsorption), and their parameters have a physical meanmg

Table1
Equations to describe sorption isotherms
Tnk::: Equation Nomenclature
a —the amoun: of adsorbed moisrure
g a,, - monolayer capacty
3ET a= Pa,,.I\P/P, 7 K - equlibrium constant of
(1-F)0+(®&-1)-5) |polysiayer adsorpton
" < P/P, - relanve aqulibnum water
VEPOT pressure
G - the amount of adsorbed motsture
1 P - riEm  Water  vapor
Fremdhch G=K-P= mmeth 0o
K in — empincal constants
Results and discussion

Sorption properties of fondant candies

Isotherms of adsorption-desorption of water by samples of fondant candies based on
sucrose (control sample) and a combination of tagatose and fructose in the rano 9:1 are shown
m Figure | mn such coordinstes: the amount of adsorbed water - 1its actvity, which is directly
related to the reladve equilibnum vapor presswe 3, = PPs
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Fizure 1. [sotherms of adsorption-desorption of water by samples of fondant candies

Products with high content of sugar such as caramel (Hadjikinova et al | 2003. Newrama;
et al, 2011) and fnnt powders (Rodriguez-Bernal et al, 2015), usually have a J-shapad
isotherm or 1sotherm of type III (Bell et al., 2000). The sorptica isotherms of the tested
samples also correspond to the charactensnc form of food products with high sugar content.
which adsorbs a small amount of water at low values of water acuvity. At the bottom value
of 2. the slope of the curve is smaller, while with increasing a. the slope increases rapidly.
which can be explamed by the mncrease m hygroscopicaty of the smdied sugars (Dorokhovich,
2013).
Sorption 1sotherms for both samples of fondant candies were 1deancal. In the mrerval
of a,, = 0-0.7 the sorption and desorption curves were located close to each other. and in the
meerval of 3, = 0.75-1.0 there was 2 hysteresis loop

The hysteresis loop indicates that during the sorpton m thus period there was a pseudo-
phase ranunon associated with changes m the arystal soucnure of fondant candies. There 15
also 2 noticeable difference in the height of the 1sotherms, which depends on the amount of
adsorbed moisture. Thus. the 1sotherm of the conwol sample was much lowsr compared o0
the 1sotherm of fondant candies based on tagatose and fructose. The increase i the water
absorpticn capacity of the candy sample based on the combinanon of tazatose and fructose
can be explamed by the presence of different sugars with dfferent sorption propernes m the
recipes of candies. The sorption propertaes of the used sugars were studied and it was inserted
that the rate of sorpton of water vapor mcreases siznificantly for sucrose and tagatose by

789

—— Ukrainian Food Journal. 2021. Volume 10. Issue 4



——Food Technology ——

PPs 0.8 and for fructose at lower presswre values 062, which indicates higher
hygroscopiciry of this sugar (Dorokhovich, 2013; Han 2021). Due to the different rate of
sorption, sugars are able to arach daferent amounts of modsnue at the maximum possible
adsorbent pressure (P Ps =1 0) Among the used sugars, sucrose has the lowes: conrent, whule
fructose has the highest content of moisture, and tagatose has an mrermediate value, which
13 consistant with obtained data for candies usmg these sugars.

The influence of prescripticn components on the formanon of sorpnon properties of the
finished product is also svidenced by the results of previous smdies. The sorption propertes
of carame! made fom polyols (1somalatel and sorbitol) were considerad. The sample based
on 1somalintol had 2 lower water absorption capaary than the sample on sorbitol due to the

Zreater hydropbobicity of this sugar substirute (Hadjikinova et al ., 2011).
Analysis of sorption models

The rate of chemucal reacnions i food 15 highly dependent cn the water contenr Itis
assumed that the maximum amount of moisture at which most reacnons have a low rate,
corresponds 10 the water content in the monolayer, The monolayer can be determined usng
theorencal models. where 1t 15 one of the constants of the equanon describmg the physical
propermes of the matenal Two-parameter BET and Freundlich models were considered m
the search for the best fit of the sorptica 1sothenm model to the experimensal data The BET
mode! (Figure 2) was usad for a, range from 0.02t0 0 25
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Figure 2. Graphic representation of the BET equation for samples of fondant candies
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At higher values of a,, the research results did not form a sxaight line which made it
1mpossible to calculate the parameters of the equation, because m perallel with the adsorpticn
in this zone there is dissolunon of the crystal stucture. Similar results were demonstrated in
the salection of the BET mode! for powdered sugar According to the presented zraph. it was
noted that this equation was valid in the range a, from 0.0 to 0.3 (Clément et 2l 2018). In
practce, to describe the phenomena of adsorption i such complex systems, it 15 more
appropnate to use the empmcal Fremdhich equanon. which 15 well valid for medmm
humudity. The division of adsorption curves into 3 zones 1s more clearly observed and in
each zone the expenimental results are quite accurately described by soraight lmes (Figure 3).
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Figure 3. Graphic representation of the Friendlich equation

Table 2 shows the calculated model paramesers and the coefficient of determunation R

The values of the capacity of monolayer of the adsorbed moisture obtamed using the
BET model were significanty lower for sucrose-based fondant candies compared to the
sample on tagatose and fructose, which can be explamed by the presence of hygroscopic
fructose. which begins to absorb moismure at lower values than sucrose. It was explored that
the water content 1 the monolayer tended to mcrease with decreasmg sucrose content m the
studied samples of candied orange (Witczak T. et al.. 2016). Regarding the analysis of the
constant K. which charactenzes the energy of adsorption, in the sample based on tagatose
and fructose it was 18% higher than in the conmol sample.
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Table 2
Parameter: of BET and Friendlich model: for samples of fondant candies
Sample
Model Parameter | Candies based | Candies based on a combination of
00 SUCTO5e tagatose and fructose

iy 0.0682 02500
BET K 02660 0.3250

B 0.960 0.841

o 04230 0.5211
Friendlich K 2 08046 0.6005

B! 0930 0925

The studied sorption curves were sizmoid, with a well-developad hysteresis and can be
divided mio three zopes: the first zone, corespondmg to a. =025, which refers o the
adsorpdon of monomolecular film of water: the second zone correspondmg to the adsorption
of addinonal layers over thus monolayer at a., = 0.26-0.75 and the third zone for a.= 0.76
corresponds to the condensation of water in the pores of the sample with subsequent
dissolution of the soluble material (Mathlouthi. 2001).

Smee there were condinionally idennfied three zomes on the sorpoon 13otherm the
moisnze content of the adsorption zones was determined to characterize the amount of water

adsorbed by the samples The resulrs are shown in Table 3.

Table 3
Amount of adsorbed moisture by the mvestigated samples of fondant candses
_ Amount of adsorbed moisture. cm’/g .
ufl First zome Second zone Third zone
a. = 0.02-0.15 1. = 0.26-0.75 1. =0.76=10

Camgis Sorption | Desorption | Sorption | Desorption | Sorption | Desorption
Conool 0.0005- 01226~ 0.0040— 02540 0.0341- 0 6408
sample 0.0036 0.0874 0.0340 0.1220 06498 0.2552

Sampls

:‘::: 00005- | 01207- | 0o00ss- | o04001- | 01308 | 15408
ana 0.0057 0.1138 0.12901 0.1219 15400 0.4138
fructose

The first zone corresponds to the hydraton of the most active adsorption centers. which
include bydrophilic -OH groups of sugars. It is represented by the adsorpdom of the
mopomolecular laver Since adsorpticn occurs oo the surface of the adsorbens. the larger the
surface, the higher its adsorption capacity. But adsorption can occur anly in certain areas of
the adsorbent — active centers: corners, ribs of crystals which have a greater excess surface
energy comparad to the total surface area (Clament et al., 2018). Despite the fact that fondant
candies have a fine oystalline stuchare, which 1s filled with acove centers, in this area of
pressure sorpdon is almost non-existent This can be explained by the fact that in samples
with a aysalline soucnre, molsnre can mreract only through hydrogen bondmg on the
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crystal surface. becsuse the location of a dense crystal lattice excludes foreizn molecules
such as water (Bell et al., 2000), Thus, the moisture content remams low and almos: constant
unnl the a, value becomes high enough to cause the crystal surface dissolution at the pomt
of contact. Above this relatve humidiry, water is able to dissolve the crystals, and the content
of adsorbed moisnure mncreases rapidly (Ergun et al . 2010: Sokolenko et al.. 2020)

The amount of adsorbed moisture m the stucied samples of candies at low values of 3,
had a shight difference This can be explained by the fact that sucrose and tagatose form a
dense suriace which minimizes the permeability of water 1o the cenwal layers of candies.

The next stagze of hydranon of candies (zone II) 15 mamfested m the appearance of 3
small nse of the adsorption curve m the range of activities a, = 0.25-0.75. This 1s due to the
gradual dissolution of the outer crystals of fondant with the gradual penetranion of water
molecule: into the cental layers of candy. The mcrease in the sorption propernes of
confectionery m this zone is due to the fact that the dissolunion of mgars begms, similar
paremns were observed in detemuning the sorpon propertes of rahat-lukum (Gostms et al.,
1998). It 1s known that for pure crystalline sucrose the mmcrease m moisture 1s very small as
long as the value of a, does not exceed 0.8, and below this value water 15 connected by
hydrogen boads with groups -OH, which are on the crystal surface (Labuza et al.. 2008). No
sumntlar results were found for mzatose.

It can be assumed that the faster the process of dissolving sugar gysials. the faster the
maoistire will be able to penetrate into the cental layers of fondant samples. In this zone the
lowest amount of adsorbed moisture was in the control sample of fondant candies on sucrose
~ 00340 an’ g, comparad to the sample based on tagatose and fuctose -~ 01201 am’'g. Thus
15 due to the higher solubility of fructose compared to other studied sugars and its ability to
absorb motsture at 2,=0.45-0.50.

In zome IO there i3 a process of active absorption of moisture by samples of candies.
The amount of water adsorbed in the third zone was 91 67 - 94 76%; of the total amount of
moishre (at a, = 1.00). The difference between the mdicators of adsorbed motstre m the
samples ata,, = 0.76.. 1.0had a pronounced value. which can be explained by the different
chenucal composition of the sudied samples of candies Thus, m the developed sample the
sorption capacity was higher than m the control sample due to the higher hygroscopicity of
aot only fructose bur also tagatose in this mossture range. Thus. in the zone of capillary
moishre (3, = 1.0) the lowest amount of adsorbed moisture was m the conrol sample of
fondant candies on sucrose — 0.6498 cm’'g. compared to the sample based on tagatose and
fructose - 1.5499 cm’/g.

Table 4 shows the rano of less bound and swongzly bound water m the smucied samples
of candies. Free water has an enthalpy of vaporization almost the same as pure water, it
freezes and 1s & solvent.

Table 4
Amount and ratio of bound and free moisture in the samples of fondant candies

Amount of strongly bound and less bound moisture,
cm’h_/ ratio %
Sample Zone I and zone IT, Zonme ITI, Total amount of
strongly bound lez: bound sorbed moi:ture
moisture moisture
Contol sample 0.03405 24 0.615894.76 06498100
Sample based on St —
| tazatose and fructose 0.1201833 1.42079167 1.5490.100.0
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Comparanve analyus of the obtamed 1sotherms (Figure 1) shows that the 1sotherms of
desorption (drving) m all samples were simated above the 1sotherms of sorpnon
(humidification) The hysteresis loop covers the entire range of equulibrium vapor pressures.
This mdicates that the dehvdration process is completely irreversible. After the desorption
process. a small part of the adsorbed moisture remams in the samples (0.55 and 0.37%)
Obeained data may suggest that some part of the adsorbed modsture binds to the sample with
very soong bonds. most likely chemical Thus moisture is not removed undes these desorption
conditions.

With the help of sorprion analysis it 1s also possible to establish the equbbrnum
bhumudity of the smdied samples of unglazed fondant candies with different carbohydrate
composition It 1s known that dwring storage of fondant candies on sucrose. they will give off
moisture to the environmen: unnl the establishment of equilibnium hwmdity (Opris et al.
2020). Table 5 shows the values of equilibrum bumidity of samples of fondant candies at
values of relative hunudity, which are in the range 0of §5-80%s. This range of values of relative
hmmdity 1s due to the fact that there are recommendatons for storage of most finished
confectionery products with a relanve humudity of 70-75% (Sweets. General technical
conditions, 2015). However, storage conditons may be such that the relative humidiry may
be lower or higher than the standard so the range of relative hunndiry values was expanded
from 65 to 80%.

Table 5
Value of equilibrinm humidity of samples of fondant candies dependmng on the relative
et

Value of the equlibrium humidity of samples of
1 J candies %
3 . e e at relative humudity, %
70 75 80
Fondant candies ” 2 o
v 10.0 023 340 432
Fondant candies
based on tagatose 105 910 12.90 3410
and fructose

Analyzing the data in table 5. it should be noted that the sample of fondant candies on
sucrose had an equuilibrium moisture content below the mass fraction of motsture when stored
within a relative bhunudary of 70-80%, so the phenomenon of desorption will be active m it
But m the sample of candies based on tagatose with fructose, the phenomenon of desorption
will be observed at a relaave humdity of 70%: and below, and at a relanve hunudiry above
75% there will be a phenomenon of sorption of motsture from the enviroament It can be
assumed that this 15 due to the hygroscopic properties of the sugars, as 1t 1s known that sucrose
and tagatose at 3, = 0 75 do not absorb mosture. Fructose begms to absorb moisnwre ata, =
0.45-0.55 and at a,, = 0.75 absorbs 1t up to 36.3% by weight of sugar (Polumbrik, 2011).

To ensure the stability of fondant candies based on tagatose during storage. one of the
effective ways can be a ratnonal selecton of packagme and packazing matenal, the use of
which wall avoid contact with unstable environmental characterisucs and prevent undesrable
sorpnon and desorpnon of unglazed fondant candies.
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Conclusion

1 Sorpnoa propernes of fondant candies based on sucrose and on low-glycemuc sugars of
tagatose and Juctose were smudied by analyzing thetr sorpnon-desorption isotherms
The parameters of BET and Fniendlich models were determuined and 1t was found that
the coefficients of determinaton of both models were in the range of 0.8 -1.0. which
indicates their swabiliry for descaibeng the 1sotherms of the studied products. The value
of the coefficient of determinanon R* indicates that the obtamed experimental values of
samples based on sucrose are descnbed with greater accuracy by the comsidered
equations comparad to samples basaed on tagatose and fructose.

The adsorbad motsture was dismbuted by zones and the rano of less bound and more

bound mozsture mn the studied candies was established. whuch shows an mcrease m the

amount of more bound moisture in candies based on tagatose and fructose.

4 The equbibrmum humidsry of candies at different values of relanve hunudity of ambient
arr was determined It was found that the control sample on sucrose 15 charactenized by
the phenomenon of desorpuon. even when stored at relanve hunudiry of 80%.. wiule for
the sample of candies based on tagatose and fuctose desorpuon 15 observed to relanve
bunudity of 70-72%%:. and with mcreasmg of this indicator the phenomenon of sorpaon
will occur,

'
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