
applied  
sciences

Article

Quality Assessment of Honey Powders Obtained by High- and
Low-Temperature Spray Drying
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Abstract: The paper aimed to compare the quality of rapeseed and honeydew honey powders,
obtained by two methods of spray drying—traditional at a high temperature (inlet air 180 ◦C) and in-
novative low-temperature spray drying with the use of dehumidified air as a drying medium (inlet
air 75 ◦C). Total polyphenol content, antioxidant activity, and the content and types of aromatic
compounds were determined. In addition, Fourier-transform infrared spectroscopy (FTIR) coupled
with chemometrics analyses was done. Powders obtained by the low-temperature spray drying
method (with dehumidified air) were characterized by a higher content of polyphenols, antioxidant
activity, and aromatic compounds, compared to powders obtained by the traditional method. Hon-
eydew honey compared to rapeseed honey was characterized by a higher content of polyphenols,
antioxidant activity, and composition of aromatic compounds. The results proved that the production
method had a higher impact on the final properties of powders than the type of honey.

Keywords: honey powder; dehumidified air spray drying; antioxidant activity; aromatic compounds;
FTIR; chemometrics

1. Introduction

Honey is a natural raw material produced by Apis mellifera bees from collected flower
nectar or secretions of living parts of plants or excreta of insects sucking the juices of living
parts of plants (honeydew). It has not only the aroma characteristics but can improve the
human health. Honey is not a medicine but, as food, can have a supportive application in
the prevention of diseases [1]. There are many types of honey, their chemical composition
is significantly different, as well as the taste and smell. Honeydew honey contains many
more minerals, polysaccharides, and dextrins than nectar honey. It is also rich in resins
and essential oils and is used against diseases of the upper respiratory tract, asthma,
pneumonia, and tuberculosis. Different types of honey have different susceptibility for
crystallization, depending on the sugar profile. Rape honey contains a higher content of
glucose as compared to fructose, crystallizes very quickly, and obtains a consistency of lard
and white color [2,3].

Honey is added to cakes, biscuits, dietary supplements, and it goes well with milk-
based products such as yogurts [4]. However, the use of honey on an industrial scale is
limited due to its high viscosity, causing sticking of devices and handling problems [5,6].
On the contrary, the powdered form is more convenient, offering many advantages, includ-
ing easy storage, transport, dosing, and combining with other powder products [7–9].
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Spray drying is still the technique most commonly used to obtain a powder forms of
food. The advantages of spray drying are relatively low cost, good availability of equip-
ment, and suitability for sensitive products with high potential of producing powders
characterized by high quality [10,11]. However, during traditional spray drying high tem-
perature (usually above 180 ◦C) is applied. In principle, the decrease in drying temperature
allows the preservation of bioactive compounds and sensory characteristics of dried mate-
rials. Decreasing the inlet temperature of spray drying below 100 ◦C, an innovation, which
was described recently by Jedlińska et al., 2019, Samborska et al., 2019, Samborska et al.,
2019, has not been achieved by other researchers before [12–14]. Drying is the simultaneous
exchange in heat and mass. However, the resistance of mass movement far exceeds the
resistance of heat movement. At the same time, the driving force of the process is the
difference between the water vapor pressure of the dried material and the vapor pressure
of the drying air. Thus, by reducing the humidity of the air, it is possible to evaporate water
from the drying material at a lower temperature [14].

FTIR spectroscopy is currently gaining popularity in the context of analyzing food
products concerning their potential health benefits. Its value stems from the speed, non-
invasiveness, and, above all, reliability of the results.

The aim of the paper was to compare the quality of rapeseed and honeydew honey
powders, after spray drying by two approaches—traditional high temperature spray
drying (inlet air 180 ◦C) and innovative low-temperature spray drying with the use of
dehumidified air as a drying medium (inlet air 75 ◦C). It was assumed that both the type of
honey and the drying temperature could influence the bioactive (polyphenol content and
antioxidant activity) and sensory properties (content and types of aromatic compounds)
of the obtained powders.

2. Materials and Methods
2.1. Materials and Feed Solution Preparation

Both raw materials: rapeseed honey (RH) and honeydew honey (HH) were purchased
from a local market (Pasieka Warmińska, Gietrzwałd, Poland). Moisture content in honey
was measured by refractometry and was 15.2 and 14.4%, RH and HH, respectively. Nutriose
FM06 (Roquette, Lestrem, France), a water-soluble compound produced from partially
hydrolyzed (by heating, in the presence of food-grade acid) maize starch, with recognized
prebiotic properties was used as a carrier material in this study. Nutriose fits well in the
"clean label" trend, contrary to typical carriers such as maltodextrin or gum Arabic, which
are not perceived well by consumers [15–17].

The types of feed solutions (and obtained powders) are presented in Table 1. In all feed
solutions, the same ratio of the honey to the carrier solids (1:1) was utilized. The powders
differed in the concentration of the feed solution. The reduction in the amount of water in
the feed solution (increment of solids concentration from 30 to 60%) was required in the
case of the process performed by dehumidified air, at a reduced temperature (100 ◦C), as it
was observed in the preliminary experiments.

Table 1. Experimental variants during traditional spray drying (SD) and dehumidified air spray
drying (DASD) of rapeseed honey (RH) and honeydew honey (HH).

RH-DASD HH-DASD RH-SD HH-SD

Honey solids
to carrier solids ratio 50:50 50:50 50:50 50:50

Feed solution
concentration (%) 60 60 30 30

Inlet/outlet air
temperature (◦C) 75/50 75/50 180/85 180/85
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2.2. Spray Drying

The spray drying process was performed using a Mobile Minor dryer (GEA, Skander-
borg, Denmark), coupled with an air dehumidification system that consisted of cooling
(TAEevo TECH020, MTA, Italy) and condensation-adsorption device (ML270, Munters,
Sweden). Inlet and outlet temperatures were 75/55 and 180/85 ◦C, during dehumidified
air and traditional process, respectively. The absolute humidity of the air entering the spray
dryer was ≤ 1 g·m−3. The atomizing disk rotated with a speed of 26,000 rpm, and feed
flow was equal to 0.22 mL·s−1. Single drying of took on average of 45 min, the procedure
was repeated twice for each experimental variant.

2.3. Total Phenolic Content

Before analysis, honey samples (5 g) or rehydrated powders (5 g) were diluted in
10 mL of water and made up to 50 mL with ethanol (Avantor Performance Materials,
Radnor, PA, USA). In turn, to prepare an appropriate blank, the carrier (2 g) was dissolved
with 50 mL of water, due to low solubility in alcohol. After such a preparation, mixtures
were shaken at room temperature for 30 min. Afterward, the samples were exposed to
static extraction at 4 ◦C that lasted 24 h and filtered. Such extracts were also used for
antioxidant activity determinations.

Total phenolic content (TPC) was analyzed using the Folin-Ciocalteu assay for an
alkaline environment. Extracts were mixed with distilled water, Folin-Ciocalteu reagent
(Avantor Performance Materials, Radnor, PA, USA), and 20% Na2CO3 solution (Avantor
Performance Materials, Radnor, PA, USA) according to the procedure described previously
by Singleton and Rossi, 1965 [18]. After the incubation, the absorption of samples was
measured spectrophotometrically (UV-mini 1240 spectrophotometer, Shimadzu, Japan)
at 700 nm. The results were expressed as gallic acid equivalents per 100 g of sample solids,
and per 100 g of honey present in sample solids (in the case of powders, results were
corrected for respective carrier blank).

2.4. Antioxidant Activity

The reducing activity of antioxidants extracted from the material was measured
based on the reduction in Cu(II) to Cu(I). The procedure depended on mixing 1 mL of
CuCl2 solution (Sigma-Aldrich, St. Louis, MO, USA, 10 mmol·L−1), 1 mL of neocuproine
solution (Sigma-Aldrich, St. Louis, MO, USA, 7.5 mmol·L−1), and 1 mL NH4CH3COO
buffer solution (Avantor Performance Materials, Radnor, PA, USA, 1 mol·L−1, pH 7) with
analyzed extracts (0.2–1.1 mL; made up to 1.1 mL with 80% ethanol). The absorbance of
Cu(I)-neocuproine complex was monitored at 450 nm (UV-mini 1240 spectrophotometer,
Shimadzu, Japan) against a reagent blank after incubation that lasted 30 min.

The scavenging activity against 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•, Sigma-
Aldrich, St. Louis, MO, USA) was assessed using the modified method reported previously
by Brand-Williams, Cuvelier, and Berset, 1995 [19]. An appropriate volume of extracts
(1 mL) was mixed with 3 mL of methanol and subsequently 1 mL of 0.5 mol·L−1 DPPH•
solution was added. The absorbance of the mixture was checked after 30 min of incuba-
tion at room temperature at a wavelength of 517 nm (UV-mini 1240 spectrophotometer,
Shimadzu, Japan).

The calibration curves were prepared using Trolox (Sigma-Aldrich, St. Louis, MO,
USA) diluted in the appropriate solvent. The results were calculated as mg of Trolox
equivalents per 100 g of sample solids, and per 100 g of honey present in sample solids
(results were corrected for respective carrier blank). Additionally, the activity introduced
into the powders by the carrier (AC) was also calculated.

2.5. Analysis of Aromatic Compounds

To prepare a sample for headspace extraction feed solution (2 g) and honey pow-
der (1.2 g) were mixed with distilled water (0.8 g) to obtain the same concentration of
solids. Afterward, the mixtures were put into 20 mL vials and incubated in the oven
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at a temperature of 60 ◦C for 5 min. Absorption of volatile aroma compounds was
done by headspace solid-phase microextraction method (HS-SPME) using divinylben-
zene/carboxene/polydimtheylsiloxane (DVB/CAR/PDMS from Supelco (Bellefonte, PA,
USA) fiber. Absorbed volatiles were afterward transferred to a GC-MS injector.

Before the closure of vials, 1 µL of internal standard (1,2-dichlorobenzene, 0.01%
solution in methanol) was added. The injection was done at 250 ◦C for 2 min. GC-MS
device (Shimadzu QP2010S equipped with ZB WAX plus (30 m × 0.25 mm × 0.25 µm)
capillary column Phenomenex (Torrance, CA, USA) was used to obtain chromatograms
of volatile compounds. The flow rate of helium, which was used as a carrier gas, was
equal to 1.59 mL min−1. The following pattern of column temperature was used: starting
temperature 60 ◦C, subsequent increase to 200 ◦C at the rate of 3 ◦C/min, second increase
to 250 ◦C at the rate of 3 ◦C/min. The interface temperature for GC-MS was 230 ◦C. Ion
source temperature was set to 250 ◦C, while ionization energy was equal 70eV. The total
ion monitoring (TIC) was used to detect volatile compounds (m/z ranged from 35 to 500).
The identification of separated compounds was performed based on mass spectral libraries
(NIST 47, NIST 147, and Wiley 175). The internal standard 1,2-dichlorobenzene was used
to semi-quantify volatile compounds. The analysis was done in triplicate for each material.

2.6. FTIR Spectroscopy

The IR(ATR) measurements were done at of the facilities of the University of Life
Sciences in Lublin using a 670-IR spectrometer (Agilent, Santa Clara, CA, USA) equipped
with ZnSe crystal-containing ATR adaptor. The measurement chamber was kept in a
N2 atmosphere. All spectra were recorded with 16 scans with the subsequent software
averaging. All solvents used for cleaning the crystals before each measurement were
ultrapure grade (Sigma-Aldrich, St. Louis, MO, USA) The resolution for spectra recording,
which was performed at 23 ◦C, was set to 1 cm−1, while the utilized range was equal to
4000–500 cm−1. Processing of the recorded spectra was carried out by Grams/AI software
(ThermoGalactic Industries, Waltham, MA, USA).

2.7. Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA)

FTIR spectra recorded within the range of 1850–700 cm−1 were used for PCA and
HCA analysis.

PCA was based on the data array of the fingerprints of FTIR spectra of each considered
samples. The first several scores of the PCA results were used to make a projection plot that
provided a visual determination of the similarity among the fingerprints of FTIR spectra.
HCA is a cluster analysis method that seeks to build a hierarchy of clusters. In this method,
any valid metric can be used as a measure of similarity. The samples in the same clusters
are characterized by many similarities. Samples in different clusters are not similar. In this
study, HCA with Euclidean distance were applied. In order to establish the distance matrix
for samples for cluster analysis the absorbencies were selected as a measurement for the
cluster analysis in the FTIR. The analyses were done using OriginPro software (OriginLab,
Northampton, MA, USA) [20–23].

2.8. Statistical Methods

One-way analysis of variance (ANOVA) and a multiple range test (p < 0.05) were used.
To determine the significance of the differences between the mean values for volatiles in
particular samples, Tukey’s test was used with the significance level of p = 0.05. Statistica
v.13 (Dell Inc., Austin, TX, USA) software was applied to performs the statistical analysis.

3. Results and Discussion
3.1. Total Phenolic Content

The content of phenols (Table 2) in honeydew honey (HH) (122.7 ± 14.8 mg/100 g
honey solids) was higher than in rapeseed honey (86.1 ± 6.4 mg / 100 g honey solids).
Powders obtained from these kinds of honey reached from 16.5 ± 3.7 to 53.3 ± 3.3 mg
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GAE/powder solids. Lower contents (from 16.5 ± 3.7 to 34.1 ± 4.6 mg GAE/powder
solids) were noted for powders dried by traditional spray drying technique (SD). Such con-
tents of phenolics in raw honey samples and after spray drying may be found typical after
comparison with literature data [13–19,24]. The use of a modified technique with dehumid-
ified air application (DASD) in each case resulted in greater retention of these compounds
in the powdered products. Phenolics are often degraded upon thermal processing such as
spray drying [25,26]. The content of phenolic compounds in dried products results both
from the influence of the process (temperature action, oxidation) and from the need to
introduce the carrier into the product. After converting the results to honey solids, changes
in honey-derived phenolic levels could be better compared. Much higher retention of
phenolic compounds in powders obtained by the new drying technique proposed in the
study (80 and 91%, RH and HH, respectively) compared to typical spray drying conditions
(around 41 and 59%, RH and HH, respectively) was confirmed.

Table 2. Total phenolic content (TPC) and antioxidant activity (CUPRAC, DPPH) of rapeseed honey (RH) and honeydew
honey (HH) powders obtained by traditional spray drying (SD) and dehumidified air spray drying (DASD); AC–activity
introduced into the powders by the carrier; in brackets–relative retention in comparison to raw honey. a–f: differences
between mean values followed by different letters in rows were statistically significant (P<0.05).

RH HH RH-DASD HH-DASD RH-SD HH-SD

TPC
mg GAE/100 g
powder solids − − 32.5 ± 3.0 ab

(37%)
53.3 ± 3.3 c

(43%)
16.5 ± 3.7 a

(19%)
34.1 ± 4.6 b

(28%)
mg GAE/100 g

honey solids 86.1 ± 6.4 d 122.7 ± 14.8 e 68.9 ± 6.4 ab
(80%)

112.2 ± 7.0 c
91%)

35.0 ± 7.8 a
(41%)

71.8 ± 9.8 b
(59%)

CUPRAC
mg Trx/100 g
powder solids − − 31.8 ± 0.9 ab 61.5 ± 1.5 c 13.2 ± 0.2 a 65.7 ± 2.1 c

mg Trx/100 g
honey solids 38.7 ± 0.8 a 274.6 ± 9.7 d 67.4 ± 1.9 b 129.5 ± 3.3 c 28.0 ± 0.4 a 138.2 ± 4.5 c

AC mg Trx/100 g
powder solids − − 2.9 ± 0.1 a 2.9 ± 0.1 a 2.9 ± 0.1 a 2.9 ± 0.1 a

DPPH
mg Trx/100 g
powder solids − − 8.3 ± 0.3 b 21.1 ± 0.4 d 2.9 ± 0.1 a 14.3 ± 0.5 c

mg Trx/100 g
honey solids 12.1 ± 0.2 b 37.7 ± 0.4 e 17.6 ± 0.7 c 44.5 ± 1.0 f 6.1 ± 0.2 a 30.2 ± 1.0 d

AC mg Trx/100 g
powder solids − − 0.2 ± 0.0 a 0.2 ± 0.0 a 0.2 ± 0.0 a 0.2 ± 0.0 a

3.2. Antioxidant Activity

The reducing potential (CUPRAC) of powders obtained in the current work was in the
range from 13.2 ± 0.2 to 65.7 ± 2.1mg Trolox/100g powder solids (Table 2). Lower values
(from 13.2 ± 0.2 to 31.8 ± 0.9 mg Trolox/100g powder solids) were found in powders
obtained for rapeseed honey (RH), which as a raw material was also a lower source of
compounds with a reducing effect (38.7 ± 0.8 mg Trolox/100 g honey solids). The RH
powder obtained by the new spray drying method (DASD) showed twice the reduction
power compared to that obtained by the conventional process (RH-SD). In contrast, drying
of honeydew (HH-274.6 ± 9.7 mg Trolox/100 g honey solids), which was very rich in
compounds with reducing effects, resulted in obtaining powders with similar antioxidant
effects for both drying methods. The activity shown by the carrier was presented, expressed
per 100 g powder solids. It was small (2.9 mg Trolox/100 g), and its variability resulting
from values of raw material dry matter differed only on the 3rd decimal place. However,
due to the unequal activities of the powders, the proportion of carrier in the total powder
activity was different. The presence of the carrier had a small impact (below 5%) on the
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activity of the HH powders, on the contrary to the RH, in which this impact was 9 and
22%, after SD and DASD, respectively. The activity of the honey itself (without taking into
account the carrier) in both HH powders was equal and accounted for about half of the
strong activity of the raw material honey. In the case of weaker performing (38.7 ± 0.8 mg
Trolox/100 g honey solids) rapeseed honey (RH), the proposed new spray drying method
(DASD) showed a significant increase in activity (67.4 ± 1.9 mg Trolox/100 g honey solids).
This was probably due to beneficial changes in antioxidants, including some phenolic
compounds. The method used to determine phenols is sensitive to their composition
(and the possible presence of other reducing compounds reacting under the conditions
of the assay) [27]; hence, the structural changes in the components of phenol mixture
(not necessarily associated with their breakdown to other compounds) may have resulted
in determining their lower content using the Folin-Ciocalteu method. In the case of
rapeseed honey dried by the traditional method, a significantly greater proportion of the
carrier in the reducing potential of the powder (22%) was also noted than in the case of
drying by the dehumidified air spray drying with (9%). The beneficial effect of the use of
dehumidified air on the reducing potential of rapeseed honey during spray drying using
various carriers, including Nutriose®, was also observed in our previous studies [13].

The activity of extracted antioxidants against DPPH radical expressed in Trolox equiv-
alents was lower than their reduction capacity (Table 2). The antiradical activity of each
of the powders (expressed per 100 g of powder solids) was also clearly lower than the
raw material honey used for their production. The activity of powder is a result of raw
material activity, the impact of the process and the presence of the carrier that has a very
low activity (0.2 mg Trolox/100 g). Powders produced with the spray drying method at
low temperatures were again a source of compounds with better activity against DPPH•.
The activity of both honeydew honey (HH) powders was higher than rapeseed honey (RH)
powders. The negative impact of spray drying temperature on antioxidant activity against
DPPH radicals was also observed by Bazaria and Kumar, 2016 on the example of beet
juice [28]. Without taking into account the activity, the source of which was the carrier used
in the research, antiradical activities were obtained, whose source was the dried material
itself. In this experiment, the activity of both kinds of honey dried by the new spray drying
method was higher than the activity of raw materials. This was probably the result of a
very low loss of phenolic compounds (9–20%) as a consequence of spray drying at a lower
temperature with dehumidified air (DASD), as well as favorable transformations of these
compounds under proposed conditions, which has already been observed in the reducing
potential tests. The proportion of the carrier activity in the whole activity of powders
was low (below 3%), except RH-SD of the lowest activity (carrier share in the activity was
almost 7%).

Antioxidant activity against DPPH radicals was positively correlated with the content
of phenolic compounds (r = 0.83; p <0.05). Such a correlation is known and confirmed in
many studies [25,26]. The fact that the correlation obtained in this paper was quite weak
may confirm the concept of beneficial structural changes in some phenolic compounds
in the process of honey spray drying. In the case of such changes, the activity would
not be strongly related to the total content, taking into account the raw material and the
samples processed in a different way. In contrast, no correlation between the reduction
capacity measured by CUPRAC with phenolic compound content or antiradical activity
against DPPH•was noted. The action of bioactive compounds leading to deactivate the
DPPH radicals is based on both basic mechanisms of antioxidant activity, single electron
transfer (i.e., through the reducing potential of the molecule), and hydrogen atom transfer,
although the mechanism is believed to be much more complex [29]. The lack of correlation
in both experiments of antioxidant activity testing indicates the importance of this second
mechanism for the action of antioxidants contained in honey against DPPH radicals.
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3.3. Aroma Compounds

Table 3 presents the results of aroma compounds in reconstituted honey samples feed
solutions. Powders were reconstituted in water to the concentration of the feed solutions.
Analyzed samples were characterized by the occurrence of different volatiles in the aroma.
The overall count of different aroma compounds of rapeseed powders and solution was
101 and in honeydew honey was 109 (Table 3).

Table 3. Aroma compounds content in rapeseed and honeydew honey powders and solutions: SD—traditional spray
drying, DASD—dehumidified air spray drying, RH—rapeseed honey, HH—honeydew honey. a–c: differences between
mean values followed by different letters in rows were statistically significant (p < 0.05).

Group of
Compounds Compounds RH-SD mg/100 g

Solids
RH-DASD

mg/100 g Solids
Feed Solution

mg/100 g Solids

Acids

4-Hydroxybutanoic acid 0.25 ± 0.08 nd nd

3-(2-amino-1H-imidazol-5-yl)prop-2-enoic
acid nd 2.81 ± 0.43 nd

(E)-hex-2-enoic acid nd 0.46 ± 0.17 nd

2-acetyloxyacetic acid nd 0.56 ± 0.07 nd

3-(Acetylsulfanyl)-2-methylpropanoic acid nd 0.61 ± 0.10 nd

4-oxopentanoic acid nd 2.90 ± 0.43 nd

Acetic acid nd 8.11 ± 0.87 b 2.24 ± 0.23 a

Benzoic acid nd 0.68 ± 0.14 b 0.04 ± 0.02 a

Hexadecanoic acid nd 1.77 ± 1.07 b 0.15 ± 0.02 a

Nonanoic acid nd 0.71 ± 0.10 b 0.25 ± 0.15 a

Octanoic acid nd 0.83 ± 0.07 b 0.20 ± 0.02 a

Heptanoic acid nd nd 0.06 ± 0.01 a

Decanoic acid nd nd 0.06 ± 0.02 a

Tetradecanoic acid nd nd 0.05 ± 0.04 a

N-Hexadecanoic acid nd nd 0.45 ± 0.13 a

9-Octadecenoic acid nd nd 0.71 ± 0.31 a

Oleic acid nd nd 1.53 ± 0.24 a

Formic acid nd 4.23 ± 0.24 nd

3-methylbutanoic acid nd nd 0.19 ± 0.05 a

Total acids 0.25 ± 0.08 a 23.68 ± 0.22 c 6.10 ± 2.64 b
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Table 3. Cont.

Group of
Compounds Compounds RH-SD mg/100 g

Solids
RH-DASD

mg/100 g Solids
Feed Solution

mg/100 g Solids

Aldehydes

Pentanal 15.82 ± 4.67 nd nd

Octanal 0.61 ± 0.34 nd nd

Nonanal 4.95 ± 1.89 c 1.51 ± 0.72 b 0.08 ± 0.02 a

Furfural 0.38 ± 0.05 6.81 ± 1.54 b nd

Decanal 0.82 ± 0.26 nd nd

Benzaldehyde 1.75 ± 0.25 b 1.55 ± 0.23 b 0.62 ± 0.16 a

7-methoxy-3,7-dimethyloctanal 0.27 ± 0.11 nd nd

2,3-dihydroxypropanal nd 18.53 ± 2.21 a nd

4-methylbenzaldehyde nd nd 0.39 ± 0.20

2,5-furandicarboxaldehyde nd nd 0.06 ± 0.04

5-(hydroxymethyl)furan-2-carbaldehyde nd nd 0.40 ± 0.28

2-hexenal nd nd 0.06 ± 0.08

Total aldehydes 24.34 ± 1.89 b 28.72 ± 3.25 b 1.61 ± 0.58 a

Alcohols

2-(2-methoxyethoxy)ethanol 0.17 ± 0.01 nd nd

2-(Vinyloxy)ethanol 6.21 ± 2.11 nd nd

2-ethylhexan-1-ol 0.43 ± 0.20 b nd 0.12 ± 0.03 a

Butane-2,3-diol 0.39 ± 0.03 a nd 0.48 ± 0.01 b

Furan-2-ylmethanol (CAS) 0.19 ± 0.03 nd nd

2-(2-butoxyethoxy)ethanol 0.31 ± 0.20 nd nd

2,2,4-trimethylhex-5-en-3-ol 0.24 ± 0.13 nd nd

2-phenylethanol 0.59 ± 0.05 b nd 0.11 ± 0.01 a

2,6-ditert-butyl-4-methylphenol 0.08 ± 0.01 nd nd

Dodecanol 0.37 ± 0.07 b nd 0.09 ± 0.03 a

6-Methyl-2-pyrazinylmethanol 0.10 ± 0.02 nd nd

3,5-ditert-butylphenol 0.25 ± 0.01 nd nd

2-(Octyloxy)ethanol 0.20 ± 0.03 nd nd

1-(5-Hydroxymethyl-2-furanyl)-1-ethanone nd 1.04 ± 0.67 nd

1,2,3-propanetriol nd 5.98 ± 3.87 nd

Butane-2,3-diol nd 0.96 ± 0.44 nd

Cyclopentane-1,2,3,4-tetrol nd 0.39 ± 0.17 nd

Furan-2-ylmethanol nd 32.15 ± 3.55 nd

5-methyl-2-propan-2-ylcyclohexan-1-ol
(menthol) nd nd 0.08 ± 0.02

Phenylmethanol nd nd 0.04 ± 0.02

Ethanol nd nd 1.52 ± 0.45

3-methylbutan-1-ol nd nd 0.15 ± 0.04

Total alcohols 19.14 ± 5.02 b 33.90 ± 2.86 c 2.79 ± 0.58 a



Appl. Sci. 2021, 11, 224 9 of 21

Table 3. Cont.

Group of
Compounds Compounds RH-SD mg/100 g

Solids
RH-DASD

mg/100 g Solids
Feed Solution

mg/100 g Solids

Esters

2-methylbutyl 2-methylbutanoate 0.09 ± 0.02 b 0.48 ± 0.48 c 0.05 ± 0.01 a

Methyl 9-oxononanoate 1.00 ± 0.19 b nd 0.04 ± 0.00 a

Methyl hexadecanoate 1.53 ± 0.35 c 1.18 ± 0.04 b 0.13 ± 0.01 a

Diisobutyl phthalate 0.17 ± 0.02 a 0.35 ± 0.16 b nd

Methyl (E)-octadec-9-enoate 1.06 ± 0.06 a 2.18 ± 0.03 b nd

[(E)-4-formyloxybut-2-enyl] formate 0.58 ± 0.03 nd nd

3-hydroxy-2,2-dimethylpropanoate 0.48 ± 0.42 nd nd

Pentanoic acid,
2,2,4-trimethyl-3-carboxyisopropyl,

isobutyl ester
0.74 ± 0.40 nd nd

Tridecanoic acid, methyl ester 0.27 ± 0.02 nd nd

Propan-2-yl tetradecanoate 0.30 ± 0.02 nd nd

Methyl 15-methylhexadecanoate 0.49 ± 0.05 nd nd

Decyl 2-chloropropanoate 0.65 ± 0.64 nd nd

Propan-2-yl tetradecanoate nd 0.98 ± 0.12 nd

2,3-dihydroxypropyl acetate nd 1.37 ± 1.02 nd

Butyl hexanoate nd 1.38 ± 1.56 nd

Ethyl 2-nitroacetateethyl 2-nitroacetate nd 1.32 ± 0.13 nd

Ethyl formate nd 5.05 ± 0.82 nd

Hexyl 2-methylbutanoate nd 0.51 ± 0.42 nd

Hexyl hexanoate nd 0.91 ± 0.87 nd

Methyl 2-methylpropanoate nd 10.42 ± 1.19 nd

Methyl acetate nd 2.92 ± 0.86 nd

Methyl acrylate nd 2.85 ± 0.34 nd

Methyl furan-3-carboxylate nd 8.13 ± 5.24 nd

Methyl dodecanoat nd nd 0.05 ± 0.02

Dodecanoic acid, 1-methylethyl ester nd nd 0.12 ± 0.06

Tetradecanoic acid, methyl ester nd nd 0.13 ± 0.07

Propan-2-yl tetradecanoate nd nd 0.10 ± 0.00

Total esters 7.46 ± 0.98 b 40.04 ± 4.43 c 0.72 ± 0.22 a

Hydrocarbons

Dodecane 0.32 ± 0.04 nd

5-ethyl-5-methyltetracosane 0.15 ± 0.11 nd

2-ethoxypropane 2.07 ± 0.40 nd

2-ethoxypropane 8.28 ± 1.70 nd

Total hydrocarbons 0.47 ± 0.15 a 10.35 ± 2.1 b nd
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Table 3. Cont.

Group of
Compounds Compounds RH-SD mg/100 g

Solids
RH-DASD

mg/100 g Solids
Feed Solution

mg/100 g Solids

Ketones

Tridecan-3-one 0.39 ± 0.35 nd nd

(1S,5R)-6,8-dioxabicyclo[3,2,1]oct-2-en-4-
one 0.31 ± 0.14 nd nd

2-pentadecanone 0.10 ± 0.01 nd nd

2,3-diacetyloxypropyl acetate 0.12 ± 0.06 nd nd

1-nitropropan-2-one nd 2.00 ± 0.18 nd

3,4-dihydroxyoxolan-2-one nd 1.11 ± 0.04 nd

3-hydroxy-2-methylpyran-4-one nd 4.27 ± 0.64 nd

4,5-dimethyl-1,3-dioxol-2-on nd 1.36 ± 0.16 nd

5-(hydroxymethyl)oxolan-2-one nd 0.46 ± 0.07 nd

5-[hydroxy-[methoxy-(5-oxooxolan-2-
yl)methoxy]methyl]oxolan-2-one nd 1.59 ± 0.44 nd

5-heptyloxolan-2-one nd 0.24 ± 0.34 nd

5-hydroxy-3,4-dimethyl-3H-furan-2-one nd 1.05 ± 0.54 nd

Butan-2-one nd 0.75 ± 0.08 nd

Cyclohexane-1,2-dione nd 0.17 ± 1.67 nd

1-hydroxypropan-2-one nd 2.73 ± 0.89 nd

4-hydroxy-2,5-dimethylfuran-3-one nd 0.52 ± 0.04 nd

(5E)-6,10-dimethylundeca-5,9-dien-2-one nd nd 0.09 ± 0.01

Total ketones 0.91 ± 0.27 b 19.99 ± 1.96 c 0.09 ± 0.01 a

Total 52.12 ± 1.96 b 156.68 ± 5.70 c 11.31 ± 4.43 a

Group of
compounds Compounds HH-SD mg/100g

solids
HH-DASD

mg/100 solids
Feed solution

mg/100g solids

Acids

Pentanoic acid, 4-methyl- 1.30 ± 0.20 nd nd

Acetic acid nd 69.58 ± 15.66 b 11.26 ± 1.43 a

Formic acid 4.02 ± 0.42

2-methylpropanoic acid 0.53 ± 0.03 a 2.40 ± 0.52 b 0.66 ± 0.28 a

Butanoic acid nd 4.46 ± 1.03 nd

3-methylbutanoic acid nd 5.63 ± 1.44 b 1.91 ± 0.44 a

3-methylpentanoic acid 1.18 ± 0.41 a nd 1.05 ± 0.39 a

Pentanoic acid, 3-methyl- nd 2.88 ± 0.79 nd

Hexanoic acid nd 3.12 ± 0.81 nd

Heptanoic acid nd 1.33 ± 0.30 nd

Octanoic Acid 1.27 ± 0.26 a 4.49 ± 0.18 b 1.27 ± 0.27 a

Nonanoic acid 0.55 ± 0.09 a 15.63 ± 3.30 c 1.60 ± 0.38 b

Decanoic acid nd 5.42 ± 0.24 nd

Undecanoic acid nd 3.81 ± 0.33 b 0.51 ± 0.06 a

Benzoic acid nd 1.88 ± 0.27 nd

Dodecanoic acid nd 23.47 ± 0.5 nd

Tridecanoic acid nd 1.92 ± 0.02 a 2.74 ± 0.20 b

Tetradecanoic acid nd 7.01 ± 0.83 nd

Hexadecanoic acid nd 25.15 ± 2.45 b 0.79 ± 0.03 s

Total acids 4.82 ± 0.80 a 182.19 ± 23.68 c 21.80 ± 0.16 b
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Table 3. Cont.

Group of
Compounds Compounds HH-SD mg/100 g

Solids
HH-DASD

mg/100 g Solids
Feed Solution

mg/100 g Solids

Aldehydes

Octanal 2.40 ± 0.04 c 1.41 ± 0.29 b 0.24 ± 0.03 a

Nonanal 15.68 ± 0.17 b 13.78 ± 3.12 b 1.45 ± 0.29 a

Furfural 1.00 ± 0.01 a nd 3.28 ± 0.90 b

Decanal 3.46 ± 0.82 nd nd

Benzeneacetaldehyde 1.49 ± 0.07 a 14.69 ± 2.13 c 3.62 ± 0.28 b

2-Formylhistamine 78.08 ± 1.44 nd nd

Tetradecanal nd 2.35 ± 0.35 b 0.22 ± 0.03 a

Undecanal nd 4.48 ± 1.03 nd

2-Decenal nd nd 0.29 ± 0.02

4-methylbenzaldehyde nd nd 2.20 ± 0.10

2,5-Furandicarbaldehyde nd nd 0.53 ± 0.10

Total aldehydes 102.10 ± 2.55 c 36.71 ± 6.92 b 12.14 ± 1.84 a

Alcohols

Nonadecanol 0.23 ± 0.04 nd nd

furan-2-ylmethanol 0.74 ± 0.13 nd nd

butane-2,3-diol 1.20 ± 0.24 a 11.10 ± 3.36 c 3.36 ± 0.10 b

6-Methyl-2-pyrazinylmethanol 3.94 ± 0.43 nd nd

3,5-ditert-butylphenol 0.48 ± 0.16 nd nd

2-ethylhexan-1-ol 4.10 ± 0.43 a 4.94 ± 0.88 a nd

2-Heptanol, 3-methyl- Nd 2.09 ± 0.35 b 0.51 ± 0.03 a

2-hexoxyethanol Nd 2.14 ± 0.43 b 0.72 ± 0.04 a

1-Dodecanol 1.94 ± 0.73 b 2.71 ± 0.19 b 0.64 ± 0.18 a

2-(2-ethoxyethoxy)ethanol 0.33 ± 0.08 a 1.04 ± 0.25 b 0.32 ± 0.03 a

2-chloro-4-methylpentan-3-ol 0.52 ± 0.11 nd nd

2,6-ditert-butyl-4-methylphenol 0.60 ± 0.26 a 0.85 ± 0.27 a nd

2,5-dimethylhexa-1,5-diene-3,4-diol 0.27 ± 0.15 a 0.56 ± 0.05 b nd

2-(2-butoxyethoxy)ethanol 1.67 ± 0.10 nd nd

1-Hexanol 2.36 ± 0.24 a 3.80 ± 0.75 b nd

2-phenylethanol Nd 2.05 ± 0.58 b 0.62 ± 0.03 a

5-methylbenzene-1,3-diol Nd 1.12 ± 0.18 nd

1-Dodecanol Nd 2.71 ± 0.19 nd

1-Tetradecanol Nd 1.95 ± 0.25 nd

Ethanol, 2-(dodecyloxy)- Nd 5.12 ± 0.87 nd

Phenol, 4-(1,1-dimethylpropyl)- Nd 1.10 ± 0.14 nd

hexane-1,2,3,5,6-pentol Nd 1.29 ± 0.10 nd

3-Buten-1-ol, 3-methyl- Nd nd 0.81 ± 0.25

2-Decen-1-ol, Nd nd 1.42 ± 0.41

1-Octanol Nd nd 0.46 ± 0.07

Octadecane Nd nd 0.42 ± 0.04

Menthol Nd nd 0.29 ± 0.03

Hexadecanol Nd nd 0.24 ± 0.05

Total alcohols 18.39 ± 2.11 b 33.12 ± 6.73 c 7.58 ± 0.31 a
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Table 3. Cont.

Group of
Compounds Compounds HH-SD mg/100 g

Solids
HH-DASD

mg/100 g Solids
Feed Solution

mg/100 g Solids

Esters

propan-2-yl tetradecanoate 0.83 ± 0.16 b 2.20 ± 0.07 c 0.31 ± 0.18 a

methyl 9-oxononanoate 0.71 ± 0.08 a 2.31 ± 0.50 c nd

Isopropyl Palmitate 0.44 ± 0.02 nd nd

methyl hexadecanoate 0.47 ± 0.12 a 14.47 ± 3.12 c 1.25 ± 0.55 a

Dodecanoic acid,
2-(acetyloxy)-1-[(acetyloxy)methyl]ethyl

ester
1.31 ± 0.11 nd nd

Dodecanoic acid, 1-methylethyl ester 0.81 ± 0.16 nd nd

Acetic acid, heptyl ester 0.89 ± 0.25 a 3.51 ± 0.37 b nd

2-methylpropanoic acid,
3-hydroxy-2,4,4-trimethylpentyl ester 0.47 ± 0.16 nd nd

[(E)-4-formyloxybut-2-enyl] formate 2.90 ± 0.37 nd nd

butyl hexanoate nd 1.72 ± 0.22 nd

Glycine, N-[4-[(trimethylsilyl)oxy]benzoyl]-,
methyl ester nd 1.41 ± 0.37 b 0.67 ± 0.05 a

Tridecanoic acid, 4,8,12-trimethyl-, methyl
ester nd 1.64 ± 0.25 nd

methyl dodecanoate nd 7.08 ± 0.13 b 0.66 ± 0.33 a

[2,2,4-trimethyl-3-(2-
methylpropanoyloxy)pentyl]

2-methylpropanoate
nd 1.02 ± 0.11 nd

Tetradecanoic acid, methyl ester nd 8.47 ± 1.68 b 0.75 ± 0.37 a

Pentadecanoic acid, methyl ester nd 0.98 ± 0.07 nd

14-Pentadecynoic acid, methyl ester nd 0.98 ± 0.07 b 0.27 ± 0.08 a

Octadecanoic acid, methyl ester nd 2.73 ± 0.45 nd

methyl (E)-octadec-9-enoate nd 5.33 ± 1.00 b 0.31 ± 0.06 a

Diisobutyl phthalate nd 6.04 ± 0.15 nd

Nonanedioic acid, dimethyl ester nd 7.84 ± 2.52 nd

methyl dodecanoate nd nd 1.13 ± 1.23

Pentanoic acid, 2-hydroxy-, methyl ester nd nd 0.33 ± 0.09

Total esters 4.94 ± 0.34 a 63.41 ± 4.82 c 35.94 ± 5.28 b

Hydrocarbons

Tetradecane 0.60 ± 0.10 nd nd

Hexatriacontane 1.62 ± 0.25 nd nd

[(E)-3,3-dimethoxyprop-1-enyl]benzene nd 0.89 ± 0.05 nd

1,1,6,6-tetramethylcyclodecane nd 3.06 ± 0.78 nd

1-butyl-2-pentylcyclopropane nd 1.59 ± 0.25 nd

Heneicosane nd 1.92 ± 0.33 nd

Tricosane nd 1.85 ± 0.20 nd

Eicosane nd Nd 0.16 ± 0.03 a

Total hydrocarbons 2.22 ± 0.35 b 9.31 ± 1.62 c 0.16 ± 0.03 a
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Table 3. Cont.

Group of
Compounds Compounds HH-SD mg/100 g

Solids
HH-DASD

mg/100 g Solids
Feed Solution

mg/100 g Solids

Ketones

tridecan-3-one 0.44 ± 0.09 nd nd

6-Methyl-5-hepten-2-one 1.51 ± 0.15 nd nd

3,4-dimethylhexan-2-one 4.42 ± 1.64 nd nd

3-(6,6-Dimethyl-5-oxohept-2-enyl)-
cycloheptanone 0.88 ± 0.20 nd nd

2,5-Dimethylbenzophenone 3.93 ± 0.11 nd nd

2(3H)-Furanone, dihydro- 0.43 ± 0.05 nd nd

1,5,6,7-
tetrahydrocyclopenta[d][1,3]oxazine-2,4-

dione
0.32 ± 0.07 nd nd

(5E)-6,10-dimethylundeca-5,9-dien-2-one 3.31 ± 0.10 c 1.43 ± 0.18 b 0.81 ± 0.12 a

(1S,5R)-6,8-dioxabicyclo[3,2,1]oct-2-en-4-
one 1.64 ± 0.28 nd nd

Total ketones 16.88 ± 1.35 c 1.43 ± 0.18 b 0.81 ± 0.12 a

Other

ether, heptyl hexyl 1.32 ± 0.14 nd nd

1-iodotridecane 1.22 ± 0.17 a 1.10 ± 0.14 a nd

diethylene glycol monododecyl ether nd 2.97 ± 0.27 nd

oxime-, methoxy-phenyl- 1.12 ± 0.08 a 6.10 ± 1.61 c 4.08 ± 0.24 b

dibutyl phthalate 0.44 ± 0.01 a 3.32 ± 0.03 b nd

2-formylhistamine 27.80 ± 1.77 nd nd

ethane, 1,1’-oxybis[2-ethoxy-] nd nd 0.50 ± 0.21

2,4-pentadienenitrile nd nd 0.38 ± 0.20

d-limonene nd nd 2.07 ± 0.53

linalool oxide nd nd 0.36 ± 0.07

bicyclo[2,2,1]heptan-2-ol, 1,7,7-trimethyl-,
exo- nd nd 0.26 ± 0.02

Total others 31.90 ± 1.40 c 13.49 ± 2.06 b 7.16 ± 0.41 a

Total 181.25 ± 20.78 b 339.88 ± 49.08 b 85.59 ± 2.80 a

In all analyzed rapeseed samples, the following four compounds were detected:
nonanal, bezaldehyde, 2-methylbutyl 2-methylbutanoate, and methyl hexadecanoate
(Table 3). Nonanal is known as an aroma compound found in kinds of honey, which
gives citrus, fatty, floral green, and spiny odor [30]. Another volatile component of rape-
seed honey aroma as benzaldehyde, which contributes to the formation of sweetness and
almond aroma of the honey [30]. In our previous studies, we discussed the aroma profile
of reconstituted rapeseed honey powders obtained due to low-temperature spray drying
with dehumidified air [13]. The most abundant aroma compounds in those profiles were
also nonanal, benzaldehyde, furfural, acetic acid, phenylmethanol. Plutowska et al., 2011
described the aroma compounds present in rapeseed honey and other kinds of honey [31].
It was reported that the highest peak belonged to benzoic acid and benzoic alcohol (phenyl-
methanol) [31]. These components were also found in our studies; benzoic acid was found
in RH-DASD and feed solution samples and phenylmethanol only in the feed solution.

In all analyzed honeydew honey samples, the following twelve compounds were
detected: octanoic acid, nonanoic acid, 2-methylpropanoic aid, octanal, nonanal, ben-
zeneacetaldehyde, butane-2,3-diol, 1-dodecanol, 2-(2-ethoxyethoxy)ethanol, propan-2-yl
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tetradecanoate, methyl hexadecanoate, and oxime-methoxy-phenyl (Table 4). Jánošková
et al., 2014, characterized Slovakian honeydew honey aroma compounds and listed acetic
acid, butane-2,3-diol, 3-hydroxy-2-butanone, and methyl ester of 2-hydrobenzoic acid
as markers of honeydew honey samples [32]. In our investigation, acetic acid was also
identified but only in feed solution samples and in reconstituted honeydew honey sam-
ples dehumidified with air spray drying (HH-DASD). Moreover, butane-2,3-diol was also
reported in all samples of honeydew honey reconstituted from powders. Escriche et al.,
2009, also described the volatile components of the honeydew honey aroma and some of
them were identified in our honeydew samples, mostly in the feed solution; these were:
3-methyl-3-buten-1-ol, acetic acid, 2-methylpropanoic acid, 1-hexanol, butane-2,3-diol,
phenylethanol, and D-limonene, linalool oxide [33]. Karabagias et al., 2019, investigated
the aroma profile of honeydew honey. In the group of aldehydes, they identified: octanal,
nonanal, and decanal, and their content was 0.032, 0.14, and 0.19 mg/100 g of solids,
respectively. Additionally, Karabagias et al., 2019, showed that the content of furfural in
honeydew honey samples was 0.04 mg/100 g solids [34], while in our study, it was about
1.00 ± 0.01mg/100 g in samples, which were reconstituted from spray-dried samples in the
traditional way (HH-SD). Soria, Gonz, de Lorenzo, and Martínez-Castro, 2005, performed
the GC-MS analyses of 20 nectar and honeydew kinds of honey [35]. They reported that the
most abundant volatiles of kinds of honey aroma was as follows: 3-methyl-3-buten-1-ol,
acetic acid, furfural, benzyl alcohol, and 2-phenylethanol. Moreover, Soria et al, 2005,
pointed out that one of the most characteristic aroma compounds of honeydew honey
was butane-2,3-diol [35]. Our studies also indicate the major presence of butane-2,3-diol
in reconstituted honeydew honey (HH) samples. The highest concentration of butane-
2,3-diol was reported in reconstituted honeydew honey spray-dried with dehumidified
air HH-DASD (11.10 ± 3.36 mg/100 g solids) and the lowest content in reconstituted
samples, which were spray-dried by traditional method HH-SD (1.20±0.24 mg/100 g
solids). These observations may suggest that spray drying with dehumidified air (HH-
DASD) better preserve aroma compounds found in honeydew honey than traditional spray
drying (HH-SD).

Table 4. The location of the maxima of absorption bands FTIR with the arrangement of appropriate vibration for selected
for sampling: RH-SD, RH-DASD, HH-SD, HH-DASD made in terms of spectral 3750–690 cm−1.

Position of Bands (cm−1)
Type and Origin of Vibrations

RH-SD RH-DASD HH-SD HH-DASD

3333 3333 3337 3329 ν (O-H) in H2O

2976 2973 2969 2976
ν (C-H) in CH2 and CH3 group or/and ν (NH3) of free amino acids2930 2926 2930 2930

2890 2883 2894 2886

1641 1645 1647 1645 δ (O-H) in H2O

1456 1454 1450 1452 δ (-O-CH) and δ (-C-C-H)

1414 1415 1414 1412 δ (O-H) in C-OH group + δ (C-H) in the alkenes

1364 − 1366 1360
δ (-OH) in C-OH group

1341 1341 1343 1341

1263 1263 1267 1263
ν (C–H) in carbohydrates or/and ν (C–O) in carbohydrates1240 1238 − 1222

1202 1188 1200 −
1144 1140 1150 1140 ν (C–H) in carbohydrates

1100 1102 1104 1102 ν (C-O) in C-O-C group

1079 1077 1079 1073
ν (C-O) in C-OH group or ν (C-C) in the carbohydrate structure, δ

(C–H)
1033 1035 1037/1024 1041
993 995 989 988
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Table 4. Cont.

Position of Bands (cm−1)
Type and Origin of Vibrations

RH-SD RH-DASD HH-SD HH-DASD

917 925 921 926 ν (C-C) in the carbohydrate structure, δ (C–H)

867 867 863 871

anomeric region of carbohydrates or δ (C–H) (mainly in the
structure of sugar)

821 816 816 819
781 779 779 776
762 766 758 731
741 724 − −

ν—stretching vibrations, δ—deformation vibrations.

Comparing the total content of aroma compounds found in reconstituted samples of
rapeseed (RH) and honeydew honey (HH), and feed solutions, it can be observed that the
total concentration of aroma compounds in feed solutions was significantly lower than in
reconstituted samples. Probably during the drying, new compounds were formed, and the
macromolecular compounds were broken down into small, more volatile compounds,
which were easier to determine with the use of the SPME method. Vincenzentti et al., 2018,
also reported the increase in aroma compounds in spray-dried donkey milk compared to
fresh milk [36]. They described that the volatile’s profile of the reconstituted spray-dried
donkey milk was the most complex and probably because of some irreversible changes,
e.g., the Maillard-type reactions, which probably have occurred also in honey samples
investigated in our study. Rapeseed feed solution contained 11.31 ± 4.43 mg of volatiles in
100 g solids and honeydew honey 85.59 ± 2.80 mg/100 g of solids, respectively. The most
intensive aroma profile was observed in reconstituted samples prepared from powders
obtained with the use of dehumidified air spray drying (DASD). In rapeseed honey recon-
stituted samples, the total content of volatiles was estimated for 156.68 ± 5.70 mg/100 g
solids and in honeydew honey for 339.88 ± 49.08mg/100 g of solids. It shows that the
aroma profile of honeydew honey was abundant in volatile compounds. Additionally,
Plutowska et al., 2011, found that the rape honey aroma profile was not as rich in dif-
ferent volatile compounds as the honeydew honey aroma profile [31]. The lower total
content of volatiles was investigated in reconstituted samples of rapeseed honey (RH-SD)
and honeydew honey (HH-SD), which were traditionally spray-dried. The total content of
volatiles identified in rapeseed honey (RH-SD) samples was 51.12 ± 1.96 mg/100 g solids,
and in honeydew honey (HH-SD) samples, was 31.90 ± 1.40 mg/100 g solids (Table 3).
The higher content of aromatic compounds found in reconstituted samples from powders
obtained by the new method (DASD) at a lower temperature (75 ◦C), compared to powders
prepared using the traditional method at temperature 180 ◦C (SD), can be explained by the
evaporation of aromatic compounds at higher drying temperature. For instance, the total
concentration of aroma compounds founds in reconstituted rapeseed honey samples was
52.12 ± 1.96 mg/100 g of solids, and in honeydew honey samples, was almost three-fold
higher and was accounted for 181.25 ± 20.78 mg/100g solids. The above-mentioned results
have proven, on the one hand, that the most intensive aroma had samples prepared with
powders obtained with the use of dehumidified air spray drying both kinds of honey,
and on the other hand, it was observed that feed solution and samples made of traditional
spray drying powders were characterized by scanty aroma profiles. This observation
proves that the new method of honey powder preparation is very effective and can also
be used also in the case of samples, whose aroma profile is very rich and intensive like
honeydew honey.

3.4. FTIR Spectroscopy

The first series of clearly visible bands are present in all samples, at 3650–3000 cm−1,
and are consistent with the findings of Anjos et al., 2015, Kozłowicz et al., 2020, and Svečn-
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jak et al., 2015 [37–39]. This region is characteristic of –OH stretching, which may originate
from carbohydrates, organic acids, or water. Moreover, the NH3 stretching band of free
amino acids may also be present in this range. The region of 3000–2800 cm−1 is domi-
nated by a series of bands that may be assigned to stretching vibrations of sugar C–H
skeleton. The band, with its maximum at ~3332 cm−1, represents carboxylic acids, whose
irregular absorption enhances the stretching vibrations of C–H groups. Additionally,
the strong hydrogen bonding of carboxylic acid dimers broadens the ν (–OH) vibrations
band [37]. The fingerprint region starts with a moderate intensity band with the maxi-
mum at ~1715 cm−1, which most likely originates from the stretching of carbonyl C=O
functionalities present in fructose (ketone) and glucose (aldehyde) [39,40].

Another characteristic series of bands occurs at lower wavenumbers, namely in the
range of 1480–700 cm−1. This part of the fingerprint region is characteristic of C-O, C-C,
and C-H stretching vibrations, as well as the bending vibrations of C-H present in the
chemical structure of carbohydrates [35]. In some cases, these bands may also originate
from organic acids and carotenes. The most prominent bands in this region are present at
1453, 1412, and 1338–1264 cm−1. These signals most likely originate from the deformative
vibrations of O-CH and C-C-H groups in carbohydrate, as well as from bending of -
OH groups of the C-OH structure. Other significant bands within the range from 1245 to
940 cm−1 are assigned to the stretching vibrations of C-H groups or (C-O) in carbohydrates.
The vibrations of C-O groups in C-O-C are represented by the bands at 1145 and 1030 cm−1,
while the C-OH group or C-C stretching in the carbohydrate structure generate bands
between 1030–940 cm−1 and below 900 cm−1 [38,40–43].

Finally, the region of 900–700 cm−1 reflects the vibrations of the anomeric region in
carbohydrates or C–H and C-C deformation [42,44]. Changes in this range often evidence
relatively strong modifications of sugar fraction bonds. It is also noteworthy that the con-
siderable differences between bands observed at 1200–940 cm−1 point towards differences
between powders obtained using traditional methods and those obtained with the use
of dehumidified air. This in turn suggests a strong impact of the modifications on the
vibrations of the carbohydrate structure and bonds existing between said groups in the
sugar skeleton. Further differences between samples in the analyzed context are evidenced
in the spectral range of 3600–3000 cm−1 (Figure 1). To recap this part of FTIR studies,
it should be underlined that primary differences in terms of the obtained spectral bands are
observed in the regions of approx.: 3600–3000, 1440–1250, and 1140–980 cm−1 (Figure 1).
The regions primarily reflect the content of polyphenols and antioxidative components.
Differences in terms of water content may also be a factor, but these are mainly related to
the method of sample preparation.
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Figure 1. ATR-FTIR absorption spectra of the analyzed samples RH-SD, RH-DASD, HH-SD, HH-DASD in the spectra range
730–3750 cm−1.

3.5. Cluster Analysis of FTIR Fingerprint of Honey Samples

Figure 2A presents the classification of results for honey samples using FTIR spec-
troscopy done by chemometrics. The obtained results are presented in the dendrogram
structure. Considering the cut-off of 0.005 dissimilarity units, two clusters could be dis-
tinguished. The first cluster (Group I) is the cluster aggregated on the far-right arm of
the dendrogram. This cluster is formed by powder samples obtained by spray drying
using dehumidified air (DASD powders). The second cluster (Group II) is composed of
honey powders obtained after the traditional spray drying method. It could be noticed that
powders after the traditional spray drying process (SD powders, Group 2) were charac-
terized by more similar chemical properties than others. Thus, a more significant impact
of the production method than the type of honey on the chemical properties of powders
was found.
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Figure 2. (A)—Hierarchical cluster dendrogram constructed from the FTIR data for powders. (B)—The scores plot of PCA
(PC1xPC2) based on FTIR spectra of powders. (C)—Spider web plot of the main type and origin of vibrations FTIR spectra
in the terms of principal components PC1, PC2, PC3 for powders. (D)—The loading factors of PCA. RH-SD, RH-DASD,
HH-SD, HH-DASD powders.

3.6. PCA of FTIR Spectra

Figure 2B shows that PC1 and PC2 represented 78.8 and 18.2% of the total variance,
respectively. Therefore, PC1 and PC2 were characterized by high values, the score plot
of the two first PCs provided sufficient information to reveal the relationship between
samples. The score plot of PC1 versus PC2 (Figure 2A) shows that samples were grouped
into two different clusters related to hierarchical cluster dendrogram (Figure 2A). Created
groups were differentiated by the drying method, not the type of honey. Figure 2B,
similarly to Figure 2A, also confirms that powders after traditional drying had more
common characteristics (HH-SD and RH-SD points are closer together) than powders after
drying with dehumidified air. This relationship was also observed when the content of
polyphenols and antioxidant activity was discussed.

3.7. Loading Analysis of FTIR Fingerprint of Honey Samples

The loadings or weighted factors indicate the presence or absence of functional groups
found in the datasets and show the spectral differences that are responsible for grouping
within the selected PC. In other words, the loading analysis shows which functional groups
have the greatest impact on PC separation [45]. PC1 was characterized by the smallest
share of the band ~1641 cm−1, corresponding to deformation vibrations of OH groups
(Figure 2C and 2D). The peak with the lowest range in PC2 included ~720–~860 cm−1.
This peak was closely related to the anomeric carbohydrate region, δ (C-H), (mainly in the
sugar structure). The peak with the highest share in PC3 (~1641 cm−1, corresponding to
deformation vibrations of OH groups) is the peak with a smaller share in PC1.
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4. Conclusions

The article describes a significant impact of the type of drying method (traditional
spray drying or spray drying with dehumidified air) on the quality characteristics of the
obtained honey powders. Powders obtained by the low-temperature spray drying method
(with dehumidified air) were characterized by a higher content of polyphenols, aromatic
compounds, and antioxidant activity, compared to powders obtained by the traditional
method.

A significant impact of the type of honey on the quality characteristics of honey
powders was found. Honeydew honey compared to rapeseed honey was characterized by
a higher content of polyphenols, antioxidant activity, and aromatic compounds. HCA and
PCA analysis divided the powders into two groups, according to the method of preparation.
Thus, a more significant impact of the production method than the type of honey on the
chemical properties of powders was found.
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