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Abstract: Honey’s authenticity is a major concern for producers and consumers, and this prompts
research into reliable methods to determine the source of honey (botanical and geographical). This
study aimed to find the botanical origin of seven samples of monofloral honey (acacia, thyme, tilia,
rape, raspberry, mint and sunflower) based on pollen analysis and identification of the physicochemi-
cal characteristics of these types of honey. For these types of honey, the following parameters were
determined: color, electrical conductivity, free acidity, moisture content, pH, hydroxymethylfurfural
content and sugar content. Alongside pollen analysis, these methods succeeded in classifying the
analyzed samples as monofloral honey. Non-destructive methods of analysis such as Fourier trans-
form infrared spectroscopy, the determination of the rheological behavior of honey in the negative
domain and the determination of the thermal behavior were also employed to characterize the honey
samples. The best differentiation between samples was achieved in the spectral region between 950
and 750 cm−1, which is of interest for carbohydrate analysis in IR spectroscopy. In the negative
interval, the viscous and elastic modules intersected at different temperatures, these temperatures
being influenced both by the moisture of the analyzed samples and the botanical origin.

Keywords: honey; physicochemical parameters; rheological properties; differential scanning
calorimetry

1. Introduction

Honey is a natural product produced by honey bees that has many health benefits,
which make it valuable among consumers. To ensure consumer safety, there must be
standardized methods to identify the origin and quality of this product [1]. Honey con-
tains a high level of carbohydrates, about 80%, most of which constitute glucose and
fructose. Depending on the floral origin, honey contains small amounts of other sugars in
addition to glucose and fructose [2]. Apart from sugars, honey contains about 200 other
constituents such as amino acids, vitamins, minerals, enzymes, organic acids and phenolic
compounds [3]. The quality of honey depends on its sensory, physicochemical and microbi-
ological properties [4]. Sensory analysis can establish the organoleptic profiles of different
types of honey and is an indicator in monitoring the impact of food on consumers [5].
Monofloral honey is often preferred by consumers, being a high-quality product with a
special aroma and a refined, unique taste. Due to its high price and consumer preferences,
honey is often not monofloral, either due to mixing with inferior-quality honey or incorrect
labeling [6]. To confirm the authenticity of honey, its botanical and geographical origins
must be identified. The geographical origin and the botanical source of honey, together with
external conditions such as the methods of processing, packaging and storage, influence the
physicochemical properties of this product [7]. Traditional analytical methods have shown
that determining physicochemical parameters (free acidity, pH, conductivity) has limited
scope for authenticating honey samples [7]. Therefore, there is a demand for alternative
methods of analysis, besides traditional ones, with which to authenticate honey samples.
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Fourier transform infrared spectroscopy (FT-IR) is one of the practical and fast methods
for distinguishing honeys with different floral origins [8]. FT-IR spectroscopy can provide
information about the chemical compounds in honey as it is a highly sensitive method of
analysis, which obtains results that identify the product’s botanical origin.

The aim of this study was to authenticate seven honey samples from Romania us-
ing destructive methods (analysis of physicochemical parameters) and non-destructive
methods including determination of the FT-IR spectra, determination of the rheological
properties of authentic honey in the negative domain and analysis of the thermal behaviors
of these types of honey.

2. Materials and Methods
2.1. Honey Samples

Acacia (Robinia pseudoacacia), thyme (Thymus spp.), sunflower (Helianthus spp.), rape
(Brassica spp.), tilia (Tilia europaea), mint (Mentha piperita) and raspberry (Rubus idaeus) honey
samples were collected from Romania and analyzed in this study. The honey samples were
from 2018 and 2019 production and were collected from the northeast region of Romania.
The harvesting period was chosen according to the flowering period of the botanical sources
used by the bees. Honey samples were kept away from sunlight at room temperature prior
to the analysis.

2.2. Melissopalynological Analysis

To identify their botanical origins, the seven honey samples were subjected to melisopa-
lynological analysis using the method recommended by the International Commission for
Bee Botany [9].

2.3. Physicochemical Analysis
2.3.1. Electrical Conductivity, Moisture Content, pH, Free Acidity and
Hydroxymethylfurfural (HMF) Content

The physicochemical parameters of honey were determined using the methods pro-
posed by Bogdanov et al. [10,11]. The devices used in this study were: HQ14d portable
conductometer (Hach, Loveland, CO, USA) (electrical conductivity), Leica Mark II Abbé
refractometer (Leica, Austin, TX, USA) (moisture content), Titroline easy device (Schott
Instruments, Mainz, Germany) (free acidity), Mettler Toledo FiveGo pH meter (Mettler
Toledo, Columbus, OH, USA) (pH) and Schimadzu UV-3600 UV-VIS-NIR spectrophotome-
ter (Schimadzu Corporation, Tokyo, Japan) (HMF content).

2.3.2. Color

Two devices were used to determine the color of the honey samples, namely: CR-400
portable chroma meter (Konica Minolta, Tokyo, Japan) and Pfund HI portable photocol-
orimeter (Hanna instruments, Woonsocket, RI, USA). Color was analyzed with a CR-400
colorimeter using the CIEL*a*b* color space. The color examination was performed on a
white background. This measures the color parameters L* (brightness) with values rang-
ing from 0 (indicates black) to 100 (indicates white), a* (negative values indicate green
and positive values indicate red) and b * (negative values indicate blue and positive ones
indicate yellow). Brightness, chroma (relative saturation) and hue angle are the chromatic-
ity attributes used by this technique to describe the color of honey [12]. The Pfund HI
96785 photometer was also used to determine the color of the samples, and for this device,
the measured value was indicated on the Pfund scale. The Pfund photometer measures the
intensity of the color of the honey samples, and the degrees of color are expressed in mm
Pfund compared to a glycerol standard of analytical quality.

2.3.3. Determination of Sugar Composition

The sugar content was determined using 5 g of each honey sample. After weighing,
5 g honey was mixed with 40 mL water and stirred until dissolved, and then the solution
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was transferred to a 100-mL volumetric flask containing 25 mL methanol. The solution
was then brought to volume using distilled water. The apparatus used for this analysis
was an HPLC instrument (Schimadzu, Kyoto, Japan), which was described along with the
working method in the study by Pauliuc et al. [13].

2.4. FT-IR Analysis

The FT-IR analysis of honey samples was made in the mid-infrared region of
4000–650 cm−1. This analysis was made with a resolution of 4 cm−1 using a Nicolet
iS-20 spectrometer (Thermo Scientific, Karlsruhe, Dieselstraße, Germany). The temperature
at which the spectra were collected was 25 ◦C. For each of the seven samples that were
placed on the ATR surface, the spectrum was collected using OMNIC software (version 32,
Thermo Scientific).

2.5. Rheological Properties

The rheological properties of honey samples in the negative domain were determined
using a Mars 40 rheometer (Thermo Haake, Karlsruhe, Germany). Ethanol (96%, v/v) was
used as a recirculation solution for rapid cooling. A parallel plate system of 40 mm diameter
was used at a gap of 1 mm. The temperature range in which measurements were made was
−15 to −40 ◦C and the aim was to determine the point of intersection between the viscous
and elastic moduli.

2.6. Differential Scanning Calorimetry

This thermal analysis method was performed with a TA Q100 differential scanning
calorimeter (DSC) (TA Instruments, Newcastle, DE, USA). The temperature range between
−60 ◦C and 100 ◦C was set to perform DSC measurements, using nitrogen as the purge
gas at a flow rate of 20 mL/min. The heating rate was 10 ◦C/min and the analysis was
performed as follows: after the samples were weighed in aluminum pans with a hole in
the lid, they were hermetically sealed (1.5–1.8 mg) and left to balance at 25 ◦C. DSC runs
were carried out to determine a range of thermal and thermodynamic parameters (Tg, ∆Cp,
mid-point glass transition temperature).

2.7. Statistical Analysis

The results were submitted to analysis of variance (ANOVA) using Statgraphics
Centurion XIX software (trial version, Statgraphics Technologies, Inc., The Plains, VA, USA).
Fisher’s least significant difference (LSD) procedure was used at the 95% confidence level.

3. Results and Discussion
3.1. Pollen Analysis

A honey sample must contain 45% pollen granules to be classified as authentic, with a
known botanical source [14]. Pollen analysis was proposed by the International Commis-
sion on Bee Botany (IBBC) in 1970 and revised in 1978 [9]. This method is used to identify
monofloral honey, the honey type that is preferred by consumers for its special properties.
In this study, the highest percentage of pollen grains was identified in sunflower honey
(90%), followed by acacia honey with a percentage of Rubus pollen (78%). The rape honey
also had a high content of pollen grains (75%), followed by mint honey (68%). The lowest
percentage of pollen grains was identified in thyme honey (35%; in the case of thyme honey,
the minimum percentage of pollen grains allowed for its classification is 18%) [15].

3.2. Moisture Content

A 20% moisture content is the maximum value that Codex Alimentarius allows for
honey [16]. Moisture affects the quality of honey because the amount of water present
determines its stability. Moisture depends on the season, environmental conditions and
way of harvesting, and it influences the shelf life of honey. A high moisture content leads
to the fermentation of honey and a low content affects the viscosity and crystallization [17].
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In this study, the moisture varied between 15.25 and 17.31%, as shown in Table 1. These
values were in agreement with those obtained for honey samples from Serbia (14.2 and
20.2%), with an average of 16.5 ± 1.01% [18]. Albu et al. [19], meanwhile, reported values
between 16.20 and 20.52% for acacia honey from Romania.

Table 1. Physicochemical parameters of seven types of honey (acacia, mint, raspberry, rape, sunflower,
thyme and tilia).

Parameter
Honey Type

F Value
Acacia Mint Rape Raspberry Sunflower Thyme Tilia

L* 44.01(0.39) e 42.50(0.39) d 36.44(0.39) b 38.39(0.39) c 33.60(0.39) a 35.23(0.39) b 37.76(0.39) c 95.41 ***
h*ab 84.48(0.83) c 78.24(0.83) b 92.87(0.83) d 74.19(0.83) a 82.37(0.83) c 81.07(0.83) c 83.21(0.83) c 47.50 ***
C*ab 24.99(0.25) d 21.08(0.25) b 18.33(0.25) a 25.19(0.25) d 23.09(0.25) c 26.95(0.25) e 29.04(0.25) f 215.22 ***
Pfund, mm
Pfund 12.87(0.44) a 63.86(0.44) e 36.14(0.44) c 63.36(0.44) e 33.66(0.44) b 39.60(0.44) d 35.64(0.44) c 1623.21 ***

pH 4.31(0.04) b 4.52(0.04) c 4.11(0.04) a 4.27(0.04) b 4.04(0.04) a 4.03(0.04) a 4.05(0.04) a 19.17 **
Free Acidity,
meq/kg 3.86(0.21) a 33.17(0.21) g 17.33(0.21) c 24.06(0.21) f 18.32(0.21) d 19.31(0.21) e 14.55(0.21) b 1874.80 ***

Electrical
conductivity,
µS/cm

122.27(3.70) a 601.92(3.70) g 146.67(3.70) b 518.76(3.70) f 314.82(3.70) d 242.55(3.70) c 333.63(0.70) e 2368.37 ***

Moisture, % 15.96(0.17) b 16.24(0.17) b c 17.31(0.17) d 17.27(0.17) d 16.95(0.17) d 15.25(0.17) a 16.75(0.17) c d 20.45 ***
HMF, mg/kg 18.97(0.14) e 10.52(0.14) c 9.48(0.14) b 6.51(0.14) a 10.96(0.14) c 19.12(0.14) e 13.34(0.14) d 1239.39 ***
Fructose, % 37.19(0.36) c 34.20(0.36) a b 35.23(0.36) b 34.62(0.36) a b 34.53(0.36) a b 38.97(0.36) d 33.65(0.36) a 28.20 ***
Glucose, % 25.93(0.28) b c 24.41(0.28) a 36.09(0.28) e 25.79(0.28) b c 26.15(0.28) c 25.17(0.28) a b 30.61(0.28) d 219.29 ***
Sucrose, % 0.45(0.006) e 0.30(0.006) d ND 0.13(0.006) b 1.37(0.006) f 0.17(0.006) c ND 7125.60 ***
Turanose, % 0.17(0.002) d 0.07(0.002) a 0.29(0.002) f 0.11(0.002) b 0.12(0.002) c 0.20(0.002) e 0.36(0.002) g 2270.48 ***
Maltose, % 2.19(0.02) e 2.25(0.02) f 0.94(0.02) a 1.84(0.02) c 1.99(0.02) d 2.34(0.02) g 1.15(0.12) b 849.50 ***
Trehalose, % 1.15(0.02) b 2.62(0.02) e 0.99(0.02) a 2.31(0.02) d 3.17(0.02) f 2.63(0.02) e 1.45(0.02) c 1452.81 ***
Melezitose, % 1.32((0.01) e 1.46(0.01) f 0.63(0.01) a 1.24(0.01) d 0.98(0.01) c 1.63(0.01) g 0.75(0.01) b 941.37 ***
Raffinose, % 0.51(0.005) e 0.62(0.005) f 0.11(0.005) a 0.44(0.005) d 0.42(0.005) c 0.73(0.005) g 0.18(0.005) b 2111.83 ***
F/G 1.42(0.01) d 1.39(0.01) d 0.97(0.01) a 1.33(0.01) c 1.31(0.01) c 1.53(0.01) e 1.09(0.01) b 223.58 ***

Mean values and standard deviation in brackets, ND—not detected, **—p < 0.01, ***—p < 0.001, a–g—different
letters in the same row indicate significant differences between samples (p < 0.001).

3.3. pH

Honey contains a certain level of microorganisms [20], and an indicator of possible
microbial growth is its pH. Honey is an acidic product but a pH greater than 7 is favorable
for microorganisms’ growth. A normal pH value for honey is between 3.2 and 4.5 [21].
However, this value depends on many factors, primarily on the chemical composition
of honey. The physicochemical properties of honey depend on the botanical source and
geographical origin; for instance, the pH of honey may depend on the pH of plant nectar
visited by bees in different geographical regions, as well as soil pH [22]. In this study,
the pH values of the honey samples ranged from 4.03 (thyme honey) to 4.52 (mint honey)
(Table 1). Krishnasree and Ukkuru [23] reported values between 3.73 and 3.83 for Indian
honey, while Ciulu et al. [24] reported a mean value of 4 for 40 samples of strawberry
tree honey and Ciursă et al. [25] reported a mean value of 4.4 for authentic honey from
Romania.

3.4. Free Acidity

The freshness of honey samples can be determined by analyzing the acidity, which is
influenced by the organic acid content [1]. An increase in free acidity can occur over time
with the deterioration of honey by fermenting carbohydrates, resulting in organic acids [26].
A value of free acidity above the limit allowed by law (50 meq/kg) may also occur in the
case of honey fermentation, when in the presence of honey yeasts, acetic acid is produced
from ethyl alcohol [16]. From the results presented in Table 1, it can be observed that all the
honey samples were fresh, with values of free acidity below the limit of 50 meq/kg. Similar
values, ranging from 12 to 24 meq/kg, were previously reported for acacia, clover, rape,
linden and sunflower honey [27].
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3.5. Electrical Conductivity

Electrical conductivity (EC) is a parameter that correlates with the pollen content
of monofloral honey [28] and is often used in determining the botanical origin [29]. The
electrical conductivity of honey is related to its botanical origin, acidity and mineral con-
tent [30]. According to an EU Council Directive [31], flower honey, with some excep-
tions, must have values ≤0.800 mS/cm, while chestnut honey and honeydew honey must
have values >0.800 mS/cm. The specific electrical conductivity range for mixed honey is
0.5–0.8 mS/cm, while a value less than 0.5 mS/cm indicates a pure floral honey [32]. As
can be seen in Table 1, the analyzed honey samples had an electrical conductivity that
varied between 122.27 (acacia honey) and 601.92 µS/cm (mint honey). The findings showed
that light-colored honey has a lower electrical conductivity than dark honey. In the liter-
ature, Chirsanova et al. [33] reported values for electrical conductivity between 161 and
775 µS/cm for honey samples from the Republic of Moldova, while Alygizou et al. [34]
reported an electrical conductivity of 480 µS/cm for thyme honey and 260 µS/cm for
orange honey from Greece.

3.6. Color

The visual impact that food has on consumers is very important, and therefore, the
color of monofloral honey is a decisive parameter in establishing its quality [5]. Honey
color presents variations depending on the contents of beta-carotene, chlorophyll and
its derivatives, xanthophyll pigments, flavonoids and anthocyanins, and thus there is a
correspondence between color and the total phenolic content and antioxidant activity. The
color of honey depends on its botanical source [35,36], with dark honey richer in pollen,
pigments, phenolics and minerals [37]. A brightness value (L*) of less than 50 indicates a
dark honey, while honey with an L* value of more than 50 is considered lighter [38]. In
this study, the lowest value of L* was identified in the case of sunflower honey (33.60)
and the highest value with acacia honey (44.01) (Table 1). Kanbur et al. [39] reported that
in chestnut honey samples, the L* values were between 38.39 and 47.03, and in highland
honey, these varied between 65.58 and 80.37, while for sunflower honey, the L* value
was 33.60. The color of honey samples varied between extra-white (acacia honey), white
(sunflower honey), extra-light amber (tilia honey, thyme and rape) and light amber (mint
and raspberry honey). In a study of 85 samples of honey from Spain, Manzanares et al. [40]
reported values between 24 (white) and 140 mm Pfund (dark amber).

3.7. HMF

5-Hydroxymethyl-2-furaldehyde, or hydroxymethylfurfural (HMF), is a cyclic alde-
hyde produced by the acidic decomposition of monosaccharides that occurs naturally in
products where water coexists with acidic monosaccharides. Another way in which it can
form naturally is by condensing carbohydrates that have free amino groups, according
to Maillard reactions. These reactions destroy amino acids, which form products without
nutritional activity, sometimes with a toxic action [41]. HMF and its compounds occur
in foods that contain carbohydrates either by acid-catalyzed dehydration of hexoses or
by Maillard-type reactions (non-enzymatic browning reaction) [42]. The hydroxymethyl-
furfural content is the most known indicator of the quality and freshness of honey. The
formation of this compound is due to a high temperature that causes the breakdown of
reducing sugars in honey. When combined with an acid, fructose disintegrates and HMF is
formed. This component forms slowly during honey storage, but forms very quickly if the
honey is heated [43]. Hydroxymethylfurfural is closely related to the chemical properties
of honey, such as the mineral content, pH and total acidity [44].

As can be seen in Table 1, the HMF content of the samples was between 6.51 (raspberry
honey) and 19.12 mg/kg (thyme honey). This parameter was significantly influenced
(p < 0.001) by the botanical source. For all samples analyzed in this study, the HMF content
was within the limit (40 mg/kg) allowed by European legislation [31]. In the Greek thyme
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honey studied by Alygizou et al. [34], the HMF content was between 2.4 and 13.9 mg/kg,
and in orange honey, between 7.8 and 36.9 mg/kg.

3.8. Sugars

Honey contains large quantities of sugars, where the main monosaccharides represent
about 75% of the sugar content and disaccharides 10–15%. Honey sugars result from the
activity of various enzymes in nectar, and the predominant ones are glucose and fructose,
but in addition to these, there are at least other 22 different sugars [45]. The content and
composition of honey sugars are influenced by the botanical source, geographical origin,
processing and storage conditions and also the climate [7]. Sugars influence the energy
value and viscosity of honey. Honey sucrose is an indicator of honey’s maturity but also of
its adulteration [1]. A high concentration of sucrose may be the result of an early harvest,
where the sucrose has not been completely converted to glucose and fructose, or it may
indicate the feeding of bees with sucrose syrup for a long time [1,38].

The fructose and glucose concentrations, as well as the F/G ratio, are used to classify
honey by botanical origin. Fructose is the carbohydrate with the highest concentration in
honey, but in the case of rape and dandelion honey, which crystallize faster, the concentra-
tion of glucose is higher than that of fructose [1]. Thyme honey has the highest fructose
content, as can be seen in Table 1 (38.97%), followed by acacia honey (37.19%). The lowest
fructose content was identified in tilia honey (33.65%), and rape honey had the highest
glucose content (36.09%). The analyzed honey samples had a small percentage of sucrose
(maximum 1.37%), which was below the 5% limit specified by Codex Alimentarius [16].
Turanose, maltose, trehalose, melezitose and raffinose were identified in all types of honey
in small quantities. Anjos et al. [46] reported 37.96% fructose and 29.30% glucose contents
for sunflower honey in Protogalia, along with 31.87% and 19.98% for thyme honey, respec-
tively. Small amounts of turanose, maltose, trehalose, melezitose and raffinose were also
identified in their study.

3.9. FT-IR Analysis

Medium infrared spectroscopy is a non-destructive analysis method by which, based
on molecular vibrations, samples with different compositions or concentrations can be
distinguished. The region between 4000 and 650 cm−1 is important in medium infrared
spectroscopy because it provides information about the physical and chemical properties
of the analyzed sample. IR radiation passes through the sample to be analyzed; part of the
radiation is absorbed by it and another part is transmitted, resulting in a unique spectrum
also known as the “molecular footprint” of the sample. Thus, this technique is useful for
a wide range of analyses because no sample to be analyzed produces the same infrared
spectrum [47]. The FT-IR spectra collected for the honey samples analyzed in this study
are presented in Figure 1. Overall, the Romanian honey samples showed relatively similar
spectra with small differences depending on the botanic origin. In the region of 3700 and
3000 cm−1, the absorption bands were due to the vibrations of the O–H functional group
from the carbohydrates present in honey [48]. Between 3300 and 2800 cm−1, the spectra
showed characteristic peaks at 3297 cm−1, which indicates the presence of water in the
honey samples. Gok et al. [49] also identified in their study the presence of these peaks in
the FT-IR spectrum of honey. The absorption peaks at 3000–2700 cm−1 corresponded to
vibration of the C–H bonds that constitute the chemical backbone of the sugars. The peaks
between 2400 and 2200 cm−1 that were recorded for the samples of rape and raspberry
honey were attributed to changes in the amino group. The best differentiation between
samples can be achieved in the spectral region of 1800–750 cm−1 because this region
includes the bands between 950 and 750 cm−1, which are of interest for the analysis of
carbohydrates in IR spectroscopy. Anjos et al. [46] and Gok et al. [49] reported that the
peak between 1700 and 1600 cm−1 was present due to the bending vibrations of O–H
in water, and the stretching vibrations of the functional groups C=O of fructose and the
aldehyde H–C=O of glucose. Furthermore, the vibrations specific to the chemical structure
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of carbohydrates (stretching vibrations of C–O, C–C and C–H and bending vibrations of
C–H) were attributed to peaks between 1470 and 700 cm−1. The peak at 1148 cm−1 was
specific to sucrose, 1087 and 1043 cm−1 were correlated with both glucose and fructose and
the peaks at 983 and 965 cm−1 were specific to fructose [50].
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Figure 1. FT-IR spectra of honey samples of different botanical origins: raspberry, mint, rape,
sunflower, thyme, acacia and tilia.

3.10. Rheological Properties

Ciursă and Oroian [51] and Nguzen et al. [52] investigated the viscoelastic behavior
of honey at temperatures in the negative range. Both studies had comparable results,
and the authors identified an increase of G′ (elastic modulus) and G” (viscous modulus).
The temperature at which the viscous component dominates the elastic component is
called the glass transition temperature. Glass transition is a reversible state that occurs
within a certain temperature range. The viscous and the elastic moduli intersected at
different temperatures depending on the moisture of the analyzed samples but also on the
botanical origin. Following the intersection of the two moduli, a dominant elastic behavior
was identified, the glassy state being characterized by a reduction of physicochemical
reactions [52] because molecular movements were limited to rotations and vibrations,
resulting in solid characteristics of the material [53]. Roos [54] observed that in the glass
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transition state, changes were identified in terms of elastic and viscous moduli, volume,
thermal expansion and dielectric properties. As can be seen in Figure 2, the glass transition
temperature varied depending on the botanical origin of the analyzed honey sample but
also on the moisture content. Thus, for acacia honey, the glass transition temperature was
−19.8 ◦C, for tilia honey −23.2 ◦C, for rape honey −22.82 ◦C, for thyme honey −22.89 ◦C,
for raspberry honey −22.16 ◦C, for mint honey −24.5 ◦C and for sunflower honey −31.38
◦C. It can also be observed that, with the decrease of the applied temperature, there was an
increase in the moduli from 103 to 109 Pa.
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3.11. Differential Scanning Calorimetry (DSC)

From the thermoanalytic curves of honey, two thermal phenomena can be observed.
The first phenomenon takes place in the temperature range from −44 to −36 ◦C and is
represented by a deviation of the baseline. This deviation is due to the change in heating
capacity. It is a glass transition characterized by a glass transition temperature (Tg) taken at
the beginning of the thermal effect. The second (relatively weak) endothermic phenomenon
occurs in the temperature range from 40 to 90 ◦C and is called transition 2 [55]. Tg values
are mainly determined by the levels of glucose and fructose in honey [56]; the ratio of
sugar depends on the floral source of honey and environmental conditions [56]. While the
glass transition temperature is greatly influenced by the carbohydrate content, proteins
and fats have minimal effects on Tg [57]. The glass transition is related to the relaxation
effect, the amplitude of which depends on the thermal history of the samples. When a
substance does not crystallize, glassy transition is observed at low temperatures. The
endothermic phenomenon that can occur in the temperature range of 40–90 ◦C may be due
to melting of the water/sugars/starch complex or could be caused by a polymorphic form
of sugars. This phenomenon disappears systematically after a heating/cooling/heating
sequence [55]. As the temperature rises above Tg, some of the physical properties change:
the free molecular volume increases, the heat capacity (Cp) increases, the thermal expansion
coefficient increases, the dielectric coefficient increases, and the viscoelastic properties
change [58].

In our work, Tg values ranged from −38.54 ◦C (raspberry honey) to −45.82 ◦C (sun-
flower honey) (Table 2). By comparison, Nguyen et al. [52] reported in their study values
for Tg between −47 and −51 ◦C for four types of honey (Tulsi, Alfalfa and two varieties of
Manuka honey derived from medicinal plants). Kim and Yoo [59], meanwhile, reported
for Korean acacia honey a Tg variation between −42.7 and −50.0 ◦C for a moisture con-
tent between 18.3 and 20.1%. The Tg value is influenced by the moisture content of the
honey due to the plasticizing effect of the water. As a result, Tg generally decreases with
increasing moisture content. Transition 2 took place in the temperature range between
43.14 (mint honey) and 47.14 ◦C (sunflower honey). Acacia honey does not show transition
2 due to the highly uneven ratio of fructose to glucose in this type of honey and the low
crystallization rate (Figure 3). ∆Cp is a measure that characterizes amorphous material in
terms of its fragility (or sensitivity) to thermal changes, and the moisture content influences
this value [60]. Thus, strong liquids, which are not susceptible to thermal changes, have a
low value for ∆Cp, as opposed to fragile liquids, which are characterized by a high value.
In this study, the lowest value for ∆Cp was in mint honey (0.27 J/(g·◦C)) and the highest
in thyme honey (0.70 J/(g·◦C)). In the literature, Kim and Yoo [59] studied nine honey
samples and reported values for ∆Cp between 0.52 and 0.66 J/(g·◦C).

Table 2. Thermal characteristics of honey samples.

Honey
Type

Transition 1 Transition 2

T
Onset

x
(◦C)

Heat
Flow
(W/g)
Onset

y

T End
x

(◦C)

Heat
Flow
(W/g)
End y

T Mid-
point
(◦C)

∆Cp
(J/(g·◦C)) ∆H J/g

T
Onset
x(◦C)

Heat
Flow
(W/g)
Onset

y

T End
x

(◦C)

Heat
Flow
(W/g)
End y

T Mid-
point
(◦C)

∆Cp
J/(g.◦C) ∆H J/g

Sunflower −45.82 −0.24 −40.48 −0.32 −43.13 0.47 1.06 41.98 −0.47 52.31 −0.56 47.14 0.58 4.38
Raspberry −38.54 −0.18 −33.18 −0.25 −35.86 0.41 3.46 40.39 −0.39 48.89 −0.45 44.58 0.35 3.06
Mint −41.03 −0.17 −38.35 −0.22 −39.66 0.27 1.88 40.98 −0.37 45.38 −0.48 43.14 0.65 5.20
Thyme −41.11 −0.23 −35.18 −0.35 −38.16 0.70 0.90 40.66 −0.44 48.79 −0.62 44.72 1.06 10.16
Rape −43.24 −0.17 −39.81 −0.23 −41.52 0.34 1.92 40.67 −0.36 47.80 −0.44 44.22 0.50 4.74
Acacia −41.74 −0.18 −38.31 −0.28 −40.08 0.60 4.07 - - - - - - -
Tilia −43.14 −0.23 −39.30 −0.29 −41.22 0.32 1.53 39.84 −0.40 49.40 −0.51 44.62 0.66 5.03

Onset—start temperature with phenomena of glass transition, melting. Midpoint—temperature measured
according to international graphical norm with phenomenon of glass transition. ∆H—value of absorbed or
emitted energy by phenomenon, characterized by phenomena of melting, crystallization and gelatinization.
∆Cp—measure of baseline deviation of curve due to physical and chemical property modifications, characterized
by phenomenon of glass transition [55].
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Figure 3. Typical thermograms for thyme, sunflower, mint, rape, acacia, tilia and raspberry honey
samples, showing glass transition temperatures.

4. Conclusions

The analysis of pollen, together with the results obtained for the physicochemical
parameters of the samples of tilia, raspberry, acacia, mint, sunflower, thyme and rape
honey from Romania, classified the honey samples according to their botanical origin,
as follows: the percentages of pollen grains above the limit of 45%, and of 35% in the
case of thyme honey, confirmed that the samples were of monofloral honey. The color
parameters, meanwhile, were in line with the botanical origin of the honey. The electrical
conductivity below 0.5 mS/cm was an indicator of pure floral honey, while the content
and composition of honey sugars corroborated the values reported by other authors for
honeys of the same botanical source. Thus, the usefulness of determining physicochemical
parameters, along with the sugar content, when classifying honey according to its botanical
origin, was demonstrated. For all seven types of honey, the values determined for the
physicochemical parameters were in accordance with the European standards for honey.

The characterization of the seven monofloral honey types was also completed by
an investigation of the rheological and thermal properties, along with an analysis of the
chemical composition by FT-IR. The analyzed honey samples showed relatively similar
spectra with small differences depending on the botanic origin. The main sugars were
identified in the region between 1470 and 700 cm−1. In terms of rheological properties, the
glass transition temperature varied depending on the botanical origin and the moisture
content of the analyzed honey sample. DSC analysis also confirmed that Tg is influenced
by the moisture content of honey. Furthermore, this thermal analysis method showed that
in the case of acacia honey, there is no transition 2, probably due to the highly uneven ratio
of fructose to glucose and the low crystallization rate.
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