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Abstract: Buckwheat honey is proven to demonstrate health beneficial properties; however, its
application in the industry is limited due to its high viscosity and syrupy-like consistency. The paper
aimed to investigate process performance and physiochemical properties of carrier-reduced buck-
wheat honey. Honey was spray dried conventionally (inlet/outlet drying temperature: 180 ◦C/80 ◦C)
and at low drying temperature with dehumidified air application (inlet/outlet drying temperature:
80 ◦C/45 ◦C) with maltodextrin as traditional carrier and alternatively with skim milk powder.
The results of this study indicate that lowering the humidity of drying air enabled a decrease in
carrier content of up to 25% (w/w solids), following powder recovery over 87%, which has not
been recorded before for buckwheat honey powders. The results for the physicochemical properties
proved that the application of the dehumidified air and skim milk powder as a carrier ameliorated
their physiochemical properties and the antioxidant activity. Furthermore, the energy consumption
of dehumidified-air-assisted spray drying was investigated as a basis for potential industrial applica-
tion of this innovative method, which has not been studied in the literature before. The industrial
application of this method must be carefully analyzed with regard to its advantages, as the energy
consumption is significantly higher than in conventional spray drying.

Keywords: buckwheat honey; spray drying; dehumidified air; skim milk powder; physiochemical
properties; energy consumption

1. Introduction

Honey is recognized as a traditional medicine and has been applied in many cul-
tures as a treatment for wounds, burns and microbial infections. The health beneficial
properties of honey have been widely studied, and multiple papers have reported on the
anti-inflammatory, antibacterial, radical scavenging and antioxidant properties resulting
from its composition of phenolic acids, carotenoids, flavonoids, ascorbic acid, products
of Maillards’s reactions, catalase and peroxidase [1–6]. Generally, the antioxidant activity
of honey is associated either with its phenolic content or its color—darker honeys tend to
present higher antioxidant potential [2]. The main characteristics of buckwheat honey are
dark brown to black color, specific strong aroma and molasses-like flavor [1]. This type of
honey has been widely investigated over the years and has been proven to demonstrate
multiple health beneficial properties. Jiang et al. (2020) reported that buckwheat honey
positively affects intestinal microbes, which results in the increase in probiotics [7]. Ham-
mond et al. (2016) noted that antibiotic-resistant pathogens were susceptible to buckwheat
honey originating from the USA [8]. Baranowska-Wójcik et al. (2020) investigated 47 differ-
ent honeys as a source for acetyl- and butyrylcholinesterase inhibitors (AChE and BChE),
which are a possible therapeutic strategy in maintaining Alzheimer’s disease [9]. The acetyl-
cholinesterase activity (AChE) can decrease the acetylcholine neurotransmitter, leading
to Alzheimer’s disease. The authors draw attention to the highest capacity of buckwheat
honey for AChE inhibition and accentuate its possible use in medical treatments.
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Due to its favorable organoleptic and health beneficial properties, honey is widely
applied in the food industry. However, its use is limited due to its syrupy-like consistency
and viscosity. In order to solve this problem, honey powder was introduced to broaden
the possibility of its dosing, transportation and storage, as the risk of crystallization and
fermentation decreases the potential use as a dietary supplement and functional food
ingredient [10,11]. Spray drying is a method that enables a production of free-flowing
powder in a single operation and is usually used in honey powder production [11,12].
However, it should be underlined that, as a result of high content of low molecular weight
sugars (fructose and glucose), honey spray drying can be a difficult operation because
of the low glass transition temperature (Tg) of fructose and glucose: 5 ◦C and 31 ◦C,
respectively [13]. Problems associated with spray drying of sugar-rich materials such
as honey are manifested by inter-particle stickiness, particles’ stickiness to the walls of
the drying chamber, or by the material remaining in the form of a syrup. These issues
lower product yield and quality. It is crucial to adjust drying parameters, device design or
material composition with the addition of carriers to prevent the aforementioned problems.
As observed in the literature, the most widely applied carrier in spray dried sugar-rich
materials is maltodextrin. However, consumers are increasingly becoming more aware of
products’ composition, consequently looking for healthier alternatives, as maltodextrin is
characterized by high glycemic index (GI) [14]. The protein-based carriers are attracting
considerable interest due to their skin-forming properties and promising results in sugar-
rich materials spray drying. Suhag and Nanda (2016) noted that whey protein concentrate
(WPC) in honey spray drying led to the highest powder recovery (Rp), the lowest bulk
density and good flowability in comparison to the traditional carriers of maltodextrin and
Arabic gum [15]. Moreover, the authors reported that WPC fully protected vitamin C and
enabled them to obtain more spherical powder particles. Samborska et al. (2015), who
spray dried buckwheat and rapeseed honey with the addition of 1% w/w sodium caseinate
(NaCas) and Arabic gum as carriers, observed higher Rp and better powder flowability [12].
Barańska et al. (2019), who obtained multifloral honey powders, concluded that skim milk
powder as a carrier and milk as a diluent made possible an increase in honey content in the
product of up to 70% [16]. Samborska et al. (2020) reported that it was possible to increase
honey content in honeydew honey powders as a result of skim milk powder application as
a carrier [17]. Furthermore, authors noted very high Rp and powder particles scattered and
of small diameters, which is distinctive for spray drying of non-sticky materials. Apart from
the film-forming properties of proteins present in milk, the presence of lactose is important
as well in relation to the reduction of stickiness during drying when the skim milk powder
is applied as a carrier. Lactose of high Tg (101 ◦C) increases the overall Tg of spray dried
material and prevents problems that may occur during powder preparation [13]. Few
researchers have questioned the application of lactose as a carrier; however, Angel et al.
(2009) analyzed the effectiveness of lactose-maltodextrin blends in passion fruit juice spray
drying [18]. The authors concluded that the low lactose-maltodextrin blends (8:5, 10:5,
12:5% w/v) enabled successful spray drying and prevented stickiness-related problems.

A major disadvantage of honey spray drying is the high amount of carrier (35–50%)
that is added in order to avoid problems of stickiness [10]. The dehumidified air as a drying
medium is increasingly becoming a vital factor in resolving previously mentioned problems
in spray drying. As a result of lowering the air humidity, it is possible to lower drying tem-
perature as a consequence of higher intensity of water evaporation. This phenomenon leads
to successfully avoiding the issues resulting from the material’s low Tg [19]. Several studies,
for instance Jedlińska et al. (2019), Goula and Adamopoulos (2008) and Chasekioglou et al.
(2017) have been carried on dehumidified-air-assisted spray drying [20–22]. Jedlińska et al.
(2019) reported that application of dehumidified air as a drying medium successfully
enabled the lowering of the carrier content to 20% while maintaining above 90% the
powder recovery in rapeseed honey spray drying [20]. As aforementioned, the carrier
content in honey spray drying typically ranges from 35 to 50%; thus the achievement of
Jedlińska et al. (2019) in increasing honey content in powders should be highlighted [20].
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Goula and Adamopoulos (2008) noted product recovery of tomato pulp powders ranging
from 80 to 90%, and these values were significantly higher than results presented in other
studies [21]. Authors underlined that such high Rp values were a result of the low humidity
of drying air. Chasekioglou et al. (2017) spray dried olive mill wastewater and reported
87–94% powder recovery when dehumidified air was used as a drying medium in com-
parison to traditional spray drying with and without carrier and noted Rp was <3% and
1–24%, respectively [22]. It should be pointed out that previous studies did not address the
energy consumption of dehumidified-air-assisted spray drying, and authors focused solely
on process performance and powder properties. This is a major drawback, as it does not
provide information on the economic aspects of this innovative technology that might be
implemented into the industry.

The aim of this study was to investigate the process performance and energy con-
sumption of buckwheat honey spray drying using the traditional method (SD) and with
the application of dehumidified air (DASD) in order to lower the carrier content. Despite
the increasing interest in dehumidified-air-assisted spray drying, no one to the best of
the authors’ knowledge has studied the economic aspects of this technology. Moreover,
previous works have not focused on the application of dehumidified-air-assisted spray
drying with reduced carrier in this type of honey. Skim milk powder (MP) was used as
an alternative carrier and was compared to common maltodextrin (MD). Furthermore,
obtained powders were analyzed to compare their physiochemical properties.

2. Materials and Methods
2.1. Materials

Buckwheat (Fagopyrum esculentum Moench) honey was supplied by Miody Mazurskie
(Tomaszkowo, Poland). The characterization of used buckwheat honey is presented in
Table 1. Maltodextrin DE 15 (MD; Amylon, Přibyslav, Czech Republic) and skim milk
powder (MP; Polsero, Poland) were used as carrier agents. The chemicals that were used
in antioxidant activity analysis were supplied by POCH (Gliwice, Poland).

Table 1. Characterization of raw buckwheat honey.

Parameter Result

Sugar extract [%] 80.9
Sum of fructose and glucose [g·100 g−1] 70.6

Sucrose [g·100 g−1] <0.5
Total sugars [g·100 g−1] 70.6
Free acidity [mval·kg−1] 48.5

Electrical conductivity [mS·cm−1] 4.24
Color Dark brown

Aroma Strong, resembling buckwheat flowers
Flavor Sweet and pungent

2.2. Feed Solutions

Liquid feeds with 50% (w/w) honey and carrier (distilled water was used as a diluent)
were prepared to achieve powders of different composition (Table 2). In order to increase
honey content in feed solutions and honey powders, the content of carrier solids was 50
and 25% (w/w), and the content of honey solids was 50 and 75% (w/w).

Table 2. Variants of spray dried buckwheat honey.

Variant Carrier Type Ratio of Honey to Carrier Solids (w/w) Spray Drying Method Drying Air Temperature (Inlet/Outlet)

SDMD50 * Maltodextrin 50:50 SD 180 ◦C/80 ◦C
DASDMD50 Maltodextrin 50:50 DASD 80 ◦C/45 ◦C
DASDMD75 Maltodextrin 75:25 DASD 80 ◦C/45 ◦C

SDMP50 Milk powder 50:50 SD 180 ◦C/80 ◦C
DASDMP50 Milk powder 50:50 DASD 80 ◦C/45 ◦C
DASDMP75 Milk powder 75:25 DASD 80 ◦C/45 ◦C

* SD—conventional spray drying; DASD—spray drying with the application of dehumidified air.
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2.3. Viscosity Determination

Viscosity was analyzed on rheometer MARS40 Haake (Thermo Fisher Scientific,
Waltham, MA, USA) with coaxial cylinder geometry. Samples were measured at 25 ◦C,
with an operating shear rate of 0 to 100 s−1. Reograms were determined using empirical
models, and the apparent viscosity was then calculated as the relationship of shear stress
and rate.

2.4. Spray Drying

A laboratory spray dryer MOBILE MINOR (GEA, Skanderborg, Denmark), equipped
with rotary atomizer (rotation speed of 26,000 rpm), was used to spray dry buckwheat
honey solutions. Spray drying of 500 g liquid feeds was performed at a drying air tempera-
ture of 180 ◦C/80 ◦C (inlet/outlet) for conventional spray drying (SD) and 80 ◦C/45 ◦C
(inlet/outlet) for spray drying using dehumidified air (DASD) in duplicates for every
variant (under proposed conditions). Thus, each variant was represented by two indi-
vidual samples of the final product, for which the results were averaged. Liquid feeds
were pumped at a feed ratio speed of 0.20 mL·s−1. The application of dehumidified air
was achieved using an air dehumidification system composed of a cooling unit TAEevo
TECH020 (MTA, Codogno, Italy), a condensation unit (SWEGON, Västra Frölunda, Swe-
den) and an adsorption unit ML270 (MUNTERS, Kista, Sweden). The inlet air humidity for
DASD variants was 0.5 g·m−3, while for SD it was 9.0 g·m−3. Each powder sample was
stored at 4 ◦C in the dark in two PET/PE sealed bags before the performed analyses.

2.4.1. Powder Recovery

Powder recovery (Rp) of spray drying was expressed in [%] as the ratio of solids
content in the produced honey powder to the amount of solids in the feed solution prior to
spray drying.

2.4.2. Energy Consumption and Energy Efficiency

The rate of energy consumption Q [kW] was expressed according to Al-Mansour et al.
(2011) by the equation Q = (Ef − Ei)/t, where Ei and Ef [kWh] were the initial and final
values of energy consumption read from the power meter (Pawbol, Andrychów, Poland),
respectively, and t was time of spray drying for each variant [23]. The specific energy con-
sumption (Es) was expressed as the energy used during spray drying per kg of evaporated
water. The energy efficiency (η) was calculated as the ratio of the energy used for water
evaporation to the energy supplied to the spray dryer.

2.5. Powder Characterization
Physiochemical Properties

Analysis of the particle morphology was performed utilizing SEM microscope TM-
3000 (HITACHI, Tokyo, Japan) at 500× magnification. Prior to analysis, samples were
prepared by metalizing the surface of the sample placed on double sticky tape by coating
with a layer of gold using automatic coater Cressington 108auto (EO Elektronen-Optik-
Service GmbH, Dortmund, Germany).

Particle size distribution was carried out using laser diffraction on apparatus 1190
(CILAS, Orléans, France). Powders were suspended in ethanol at the obscuration of 10%.
The results were presented as particle size distribution diagrams and expressed as the
median diameter D50.

Moisture content (MC) was determined using an oven method: approximately 1 g of
powder was dried at 105 ◦C for 4 h.

Water activity (aw) was determined on apparatus Hygro Lab1 (Rotronic, Bassersdorf,
Switzerland) at 24 ± 2 ◦C.

Hygroscopicity (H) was analyzed as a weight gain of 1 g powder samples incubated
at 25 ◦C, 75% RH (saturated NaCl solution) during 144 h. Results were calculated as the
amount of water absorbed per 100 g powder solids and expressed in percent.
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Powder loose bulk density (DL) was determined as the weight of powder that occupied
a 25 mL cylinder. The automatic tapper STAV 2003 (Engelsmann AG, Ludwigshafen,
Germany) was employed to measure tapped bulk density (DT) after 100 taps and determine
the volume occupied by the powder. The Hausner ratio (HR) was calculated to evaluate
powder flowability and was expressed as HR = DT/DL.

Apparent density (Dap) was carried out on helium pycnometer Stereopycnometer
(Quantachrome Instruments, Boynton Beach, FL, USA). Loose bulk porosity was calculated
as εL = 1 − (DL/Dap).

The Colorimeter CR-5 (Konica-Minolta, Tokyo, Japan) was applied to determine color
in CIE L*a*b* system.

Antioxidant Activity

Prior to determination of antioxidant activity, the extracts of buckwheat honey and
obtained powders were prepared in duplicate. Samples were diluted in distilled water
and filtrated at ambient temperature using Chemland medium filter papers (125 mm) and
rinsed twice with 10 mL of distilled water. Antioxidant activity was analyzed using an
ABTS•+ (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical cation method with
minor modifications [24]. The ABTS•+ solution was diluted with distilled water, and it was
measured at 734 nm using a spectrophotometer Helios Gamma (Thermo Fischer Scientific,
Waltham, USA) to establish 0.7 ± 0.1 absorbance. A total of 3 mL of ABTS solution was
added to an adequate volume of honey and powder extracts. The samples were stored
in darkness at ambient temperature for 6 min. The absorbance was measured at 734 nm
against distilled water. Each sample was prepared in duplicate. The antioxidant activity
was expressed as EC50 ABTS.

2.6. Statistical Analysis

All of the determinations were performed in triplicate and the results were presented
as average ± standard deviation. The ANOVA and Tukey tests were performed at α = 0.05
in order to determine significant differences between average values of analyzed param-
eters (powder recovery, energy consumption, energy efficiency, viscosity of liquid feeds,
physiochemical properties and antioxidant activity of obtained powders). Moreover, the
Pearson correlation coefficient was determined to assess the correlations between investi-
gated physiochemical properties of obtained powders (MC, aw, H, D50, DL, DT, HR, Dap, εL,
color parameters), Rp and antioxidant activity. Hierarchical cluster analysis (HCA) was
used to present the similarities between the variants of spray dried buckwheat honey as
a dendrogram graph. The statistical analysis was done with software STATISTICA 13.3
(Statsoft, Tulsa, OK, USA).

3. Results
3.1. Buckwheat Honey Characterization

The characterization of raw buckwheat honey is presented in Table 1. Sugar ex-
tract of spray dried honey (80.9%) was similar to the results presented by Dżugan et al.
(2020), who analyzed the physiochemical properties of 23 samples of buckwheat honey
from different beekeepers in Poland [1]. The authors noted the sugar extract varying
from 76.6 ± 0.5 to 82.1 ± 0.2%. The sum of glucose and fructose is in compliance with
the Codex Alimentarius standards and COUNCIL DIRECTIVE 2001/110/EC, which
require a sum higher than 60 g·100 g−1, and is consistent with results of Deng et al.
(2018), who reported the sum of glucose and fructose of analyzed buckwheat honey as
71.2 g·100 g−1 [25–27]. As for the sucrose content, the obtained result is also in complete
agreement with Codex Alimentarius standards, COUNCIL DIRECTIVE 2001/110/EC
(<5%) and in line with the research of Deng et al. (2018) (0.60 ± 0.03 g·100 g−1) and
Kowalski et al. (2013) (0.30 ± 0.2–0.67 ± 0.13 g/100 g) [25–27]. The free acidity of buck-
wheat honey (48.5 mval·kg−1) supports previous findings in the literature. Kowalski et al.
(2013) reported that the free acidity of three commercial buckwheat honeys purchased in
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Poland varied from 46.19 ± 0.54 to 62.61 ± 0.88 mval·kg−1 [28]. Moreover, the authors
noted that the electrical conductivity of commercial honeys ranged from 2.74 ± 0.002 to
4.88 ± 0.002 mS·cm−1, which is in line with analysis done on spray dried buckwheat honey
(4.24 mS·cm−1).

3.2. Viscosity of Feed Solutions

The viscosity was measured, as it is considered to be an important factor affecting
the course of spray drying and thus the properties of obtained powders. It varied from
16.5 ± 0.8 to 51.7 ± 2.6 mPa·s (Table 2). Obtained results point to the significant effect
of the carrier type: the viscosity of liquid feeds with MP was significantly higher than
with MD, comparing the solutions of the same carrier share in solids. Samborska et al.
(2015), who spray dried buckwheat honey powders, noted liquid feed viscosity ranging
from 30.2 ± 1.6 to 34.6 ± 0.8 mPa·s, though different solution concentration (30% w/w),
carrier type and content (Arabic gum at honey:carrier solids ratio 50:50, with additional
1–2% of NaCas) were applied [12]. Moreover, it can be noted in this research that viscosity
decreased with increasing honey share in solids. This is in complete agreement with the
results of Samborska et al. (2015) and Jedlińska et al. (2019), who observed the same
relationship between honey content and viscosity of spray dried liquid feeds [20,29].
Jedlińska et al. (2019) concluded that carriers generally tend to increase viscosity more than
diluted honey [20].

3.3. Powder Recovery

Spray drying performed at laboratory or pilot scale is considered to be successful
when Rp is higher than 50% [13]. Results noted in this research varied from 62.9 ± 2.1
to 96.8 ± 5.2%, indicating successful spray drying of all of the variants (Figure 1). More-
over, in the case of DASD variants, values exceeded 75%. Several studies, i.e., Suhag
and Nanda (2015), Shi et al. (2013), Samborska et al. (2015), Samborska et al. (2020) and
Jedlińska et al. (2019), have been conducted on honey spray drying and process perfor-
mance [12,17,20,30,31]. The Rp of buckwheat honey spray drying was presented only by
Samborska et al. (2015), and the authors observed results ranging from 67.8 ± 2.1% to
75.8 ± 4.9% [12]. However, the authors spray dried honey conventionally with different
carriers and their content than presented in this paper (sodium caseinate and/or Arabic
gum as a carrier, honey solids to carrier solids 50:50).
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Figure 1. Powder recovery (Rp) after conventional spray drying (SD) and dehumidified-air-as-
sisted spray drying (DASD) of buckwheat honey solutions containing 50 and 75% honey solids 
and maltodextrin (MD) or milk powder (MP) as carriers. a–c The differences between mean values 
with the same letter in rows are statistically insignificant (p < 0.05). 

Figure 1. Powder recovery (Rp) after conventional spray drying (SD) and dehumidified-air-assisted
spray drying (DASD) of buckwheat honey solutions containing 50 and 75% honey solids and
maltodextrin (MD) or milk powder (MP) as carriers. a–c The differences between mean values with
the same letter in rows are statistically insignificant (p < 0.05).

The results obtained in this paper have confirmed the previous observations made by
Jedlińska et al. (2019) and Samborska et al. (2020): that the application of dehumidified
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air enables the production of honey powders with significantly higher Rp than presented
in previous literature for SD [17,20]. Truong et al. (2005) explained in their work that the
greater difference between material’s Tg and product’s temperature (Tp) leads to greater
stickiness and consequently to lower Rp [32]. As dehumidified air enables lower drying
temperature, the degree of stickiness is smaller because of the smaller Tg and Tp difference,
which was noted in this research as manifested in high Rp in DASD variants.

It is crucial to underline that the highest Rp values (87% and 97%) were obtained at
the lowest carrier content, in variants DASDMD75 and DASDMP75, respectively. This
non-evident relationship can be explained in relation to cyclone efficiency. Dap and D50
are parameters that influence particle separation from drying air in a cyclone [33,34].
Powder particles of bigger Dap and D50 result in more effective particle separation, thus
manifesting in greater Rp. This presumably explains the high Rp of variants DASDMD75
and DASDMP75, which had high D50 and Dap, respectively (Table 3). On the contrary,
SDMD50, which had the highest D50, did not show high Rp, due to increased stickiness at
high temperature SD.

Table 3. Viscosity of feed solutions, physiochemical properties and antioxidant activity expressed as EC50 ABTS of
buckwheat honey and powders containing 50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP)
as carriers by conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

Variant SDMD50 DASDMD50 DASDMD75 SDMP50 DASDMP50 DASDMP75

Viscosity [mPa·s] 37.0 ± 1.2 c 16.5 ± 0.8 a 51.7 ± 2.6 d 24.3 ± 0.2 b

H [%] 16.2 ± 0.5 c 15.5 ± 0.3 c 10.1 ± 0.6 a 20.5 ± 0.4 d 16.0 ± 0.7 c 11.9 ± 0.3 b

D50 [µm] 50.0 ± 2.4 d 25.4 ± 0.1 b 38.1 ± 1.6 c 20.9 ± 0.8 a 21.8 ± 0.4 a 21.2 ± 0.8 a

DL [g·cm−3] 0.51 ± 0.01 a 0.65 ± 0.01 c 0.51 ± 0.02 a 0.58 ± 0.02 b 0.73 ± 0.01 d 0.59 ± 0.02 b

DT [g·cm−3] 0.69 ± 0.01 b 0.76 ± 0.01 c 0.58 ± 0.02 a 0.74 ± 0.02 c 0.87 ± 0.01 d 0.74 ± 0.02 c

HR 1.34 ± 0.02 d 1.20 ± 0.02 ab 1.17 ± 0.02 a 1.26 ± 0.01 c 1.23 ± 0.02 bc 1.23 ± 0.02 bc

Dap [g·cm−3] 1.45 ± 0.02 b 1.50 ± 0.00 c 1.42 ± 0.02 a 1.47 ± 0.00 b 1.46 ± 0.00 b 1.51 ± 0.00 c

εL [%] 63.3 ± 0.8 d 56.6 ± 0.6 b 67.8 ± 0.8 e 59.9 ± 0.8 c 50.5 ± 0.6 a 60.6 ± 1.0 c

EC50 ABTS
[mg solids/mL] 5.14 ± 0.11 c 8.24 ± 0.36 e 5.72 ± 0.04 d 0.27 ± 0.01 a 0.18 ± 0.00 a 0.39 ± 0.02 a

a–e The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

Moreover, obtained results indicate the significance of the carrier used, which can
be observed in the variants with the lowest carrier content. The Rp of buckwheat honey
powder spray dried with MP as a carrier was significantly higher than with MD, though
only for sample DASD75 was the difference statistically significant. As presented before
by Jayasundera et al. (2009), Shi et al. (2013) and Bhusari et al. (2014), obtained results
confirm that carriers containing proteins with film-forming ability prevent inner particles’
sticking and particles sticking to the walls of the drying chamber, which in turn increases
Rp [31,35,36]. Despite the fact that lactose characterizes with significantly lower Tg (101 ◦C)
than MD (100–243 ◦C, depending on dextrose equivalent), due to the additional combina-
tion of film-forming properties of milk proteins, variants with MP as carrier resulted in
higher Rp [13].

3.4. Energy Consumption and Energy Efficiency

Previous works studying dehumidified-air-assisted spray drying have been limited
only to the process characterization, mainly focusing on powder recovery. As this technol-
ogy is leading to increased interest from researchers and industry, it is crucial to address
the economic aspects, which have been never presented in the literature before. The rate
of energy consumption (Q) during spray drying ranged from 3.4 ± 0.0 to 7.3 ± 0.0 kW,
while the specific energy consumption (Es) varied from 22.9 ± 2.6 to 41.8 ± 0.9 MJ/kg H2O
(Table 4). Few researchers have addressed the issue of the Es of traditional spray drying;
however, Bhandari (2008) stated that spray drying consumes 5 MJ/kg H2O in industrial
scale operations [37]. The author highlights that spray drying is not a cost-effective method
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of drying in comparison to other methods, but it enables drying thermolabile materials
and obtaining products of high quality; it is also less energy-consuming than freeze drying.
Baker and McKenzie (2005) reported that the Es for industrial spray dryers usually varies
from 3 to 20 MJ/kg H2O, while for pilot scale spray dryers of lower throughput it can
increase up to five times; this is confirmed as well by this research [38]. The effect of
dehumidified air application can be observed: both Q and Es increased for spray drying in
the case of DASD, which resulted from an extra energy expenditure related to air dehumid-
ification. The Es of spray drying can be improved if a higher feed rate is applied; thus, the
same amount of supplied energy is used for the evaporation of higher amounts of water.
However, as was presented by Jedlińska et al. (2019) and Samborska et al. (2020), during
DASD, especially at an inlet drying temperature as low as 80 ◦C, the feed rate has to be
relatively low to make the evaporation possible [17,20].

Table 4. Rate of energy consumption (Q), specific energy consumption (Es) and energy efficiency (η)
of conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD) of buckwheat
honey solutions containing 50 and 75% honey solids and maltodextrin (MD) or milk powder (MP)
as carriers.

SDMD50 DASDMD50 DASDMD75 SDMP50 DASDMP50 DASDMP75

Q [kW] 3.4 ± 0.0 a 7.3 ± 0.0 c 7.2 ± 0.8 c 3.9 ± 0.4 ab 6.6 ± 0.0 bc 6.9 ± 0.5 c

Es [MJ/kg
H2O] 24.8 ± 0.1 ab 41.8 ± 0.9 c 40.6 ± 2.9 c 22.9 ± 2.6 a 37.6 ± 1.0 bc 39.5 ± 2.6 c

η [%] 9.6 ± 0.0 bc 5.7 ± 0.0 a 5.9 ± 0.4 a 10.5 ± 1.2 c 6.4 ± 0.0 ab 6.1 ± 0.0 a

a–c The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

The energy efficiency (η) of spray drying ranged from 5.7± 0.0 to 10.5± 1.2% (Table 4).
The effect of the drying method can be clearly observed; however, there was no statistically
significant importance of the carrier type and content, which is in good agreement with the
conclusions of Aghbashlo et al. (2012) [39]. The authors spray dried fish oil and reported
that there was no effect of carrier type on the η, as the solvent content in liquid feed
prior to drying was the same. Regarding spray dried buckwheat honey, the difference
in amount of water added to the liquid feeds was negligible. In contradiction to the
findings of Aghbashlo et al. (2012) and Julklang and Golman (2015), the η increased
with an increase in temperature [39,40]. However, previous studies did not include the
drying air dehumidification that affected the η in this research due to additional heat
consumption by the air dehumidification system. Due to such low energy efficiency of
dehumidified-air-assisted spray drying, its application on an industrial scale has to be
carefully deliberated, taking into account the possible benefits (higher content of sugar-rich
material) and disadvantages (low feed rate and energy efficiency).

3.5. Physiochemical Properties of Powders
3.5.1. Particle Morphology and Size

Particles of obtained buckwheat honey powders (Figure 2) were mostly spherical,
with the exception of SDMD50, which had more irregular particles that were bigger in size
(the highest D50). Spray drying at higher drying temperatures, as in the case of SDMD50,
leads to early structure formation of rigid particles, which results in greater D50. Samborska
et al. (2020) stated that an increase in particle size is usually observed when the stickiness
related to low Tg, increases [17]. This implies that variant SDMD50 was more difficult to
spray dry than other variants, which was confirmed previously by the lowest Rp and can
be observed as well on cumulated particle size distribution curves (Figure 3). Moreover,
particles were usually scattered, except for DASDMD75, in which clusters were formed.
The cluster-type morphology is also characteristic of materials difficult to spray dry due to
a stickiness; thus the variant DASDMD75, with high honey content, can be classified as
problematic as well based on morphology analysis. Moreover, difficulties in spray drying
of this variant can also be seen on cumulated particle size distribution curves (Figure 3).
However, this was not confirmed by Rp, presumably due to the increased size of created
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clusters that can be observed in high D50 (Table 3), which promoted the effective powder
separation in a cyclone. Smaller bridges between particles were also present in SDMP50
and DASDMP75 variants, with SDMP50 having the lowest Rp. However, DASDMP75 had
the highest Rp even though the morphology indicated that it could have been a variant that
caused problems during spray drying, as particles were visibly more piled up together as a
result of the high honey content. This lends support to previous findings in the literature
by Samborska et al. (2017), who noted the same results when carrier content in honey
spray drying was decreased from 50 to 25% [41]. As discussed before, Rp is a factor that
can also be dependent on other properties like Dap due to the impact on cyclone efficiency.
DASDMD50 and DASDMP50 had small, scattered particles, indicating easy drying at low
temperature and with a high content of carrier.
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Figure 2. Scanning electron microphotographs (SEMs) of buckwheat honey powders containing
50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP) as carriers by
conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

Variants where MP was used as a carrier (DASDMP50, DASDMP75) in comparison to
variants with the same carrier content where MD was applied (DASDMD50, DASDMD75)
were more spherical, smooth, uniform, less conglomerated and had particles that were less
scattered. These results validate the usefulness of MP as a carrier with regard to particle
morphology and prove its skin-forming properties. These findings are in good agreement
with Suhag and Nanda (2016), who traditionally spray dried honey with a protein-based
carrier (WPC) and observed particles with a smooth surface that were less susceptible to
cracking [15]. Samborska et al. (2020), who spray dried honey conventionally and with the
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application of dehumidified air, observed the same relationship when MP was used as a
carrier [17].
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Figure 3. Particle size distribution and cumulated particle size distribution of buckwheat honey
powders containing 50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP)
as carriers by conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

Generally speaking, if the powders were characterized solely based on the particle
morphology, the most problematic drying would be reported for SDMD50 and DASDMD75
variants, SDMP50 and DASDMP75 would be less problematic, and DASDMD50 and
DASDMP50 would be considered as having issue-free processes. These findings highlight
an important role of the application of dehumidified air in the powder production of
particles that are more spherical and smaller in size and that have smooth surfaces.

Particle size distribution and cumulated particle size distribution figures (Figure 3)
confirm the above-presented differences between variants. Particle diameters of variants
with MD as a carrier ranged up to 150 µm, whereas variants with MP as a carrier ranged up
to 90 µm. Powders with MP as a carrier (SDMP50, DASDMP50, DASDMP75) had uniform
particle size distribution, while for powders with MD as a carrier (SDMD50, DASDMD50,
DASDMD75), the distribution varied depending on the drying parameters and carrier
content. Obtained results would seem to suggest that MP might be a better carrier to pro-
duce buckwheat honey powders with uniform particle size distribution—regardless of the
given parameters—than MD, as was confirmed as well by particle morphology. Moreover,
a variant spray dried at lower drying temperatures with MD as a carrier (DASDMD50)
was distinguished with bimodal particle size distribution, which presumably was an effect
of many smaller particles filling the space between bigger particles; this can be observed
as well on SEM photographs (Figure 2). Values of median diameter D50 are presented in
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Table 3, and obtained results revealed that particles of powders where MP was used as
a carrier (SDMP50, DASDMP50, DASDMP75) were characterized with the smallest D50,
and there was no statistically significant difference between variants, regardless of the
parameters and carrier content. This is in good agreement with Shi et al. (2013), who noted
a decrease in D50 (from 66.8 to 16.5 µm) when MD was replaced with protein carrier in a
solution containing 60% honey solids [31]. Samborska et al. (2015) observed a decrease as
well after addition of 2% sodium caseinate to honey and gum Arabic solutions [12].

There was no reported relationship between the feed’s viscosity and D50, as generally
it can be observed that the greater the viscosity, the larger the powder’s particles [42]. It has
been suggested by Samborska et al. (2015) that, in honey spray drying, viscosity does not
influence particles size as it is more affected by feed solution composition (carrier/honey
content) [29]. The same observation was noted in more recent research by Jedlińska et al.
(2019) [20].

The Pearson correlation coefficient was determined to confirm correlations between
investigated physiochemical parameters (Table A1), and it showed that D50 was highly
correlated with MC. MC decreased with an increase in drying temperature when both
carriers were applied and was affected by carrier type. At the same time, D50 increased
with an increase in drying temperature, and it was significantly influenced by carrier type.

3.5.2. Moisture Content and Water Activity

The MC of obtained buckwheat honey powders did not exceed 5% (0.9 ± 0.2–5.0 ± 0.4%),
which in combination with water activity (aw) well below 0.3 (0.088 ± 0.005–0.190 ± 0.005)
(Figure 4), indicates good storage stability due to low free water availability for potential
microbial growth and biochemical reactions [31,43]. It can be observed that the MC of
powders spray dried with MD as a carrier was significantly lower than powders with
MP as a carrier, and aw was higher. This phenomenon was related to proteins’ ability to
hold water in the amorphous matrix, resulting from the formation of a film on the particle
surface; this was noted as well by Bhusari et al. (2014), who spray dried tamarind pulp
powder with whey protein concentrate (WPC) as a carrier [36]. Suhag and Nanda (2016)
studied honey powders with different carrier agents, including MD and WPC, noting
significantly higher moisture content when WPC was used a carrier than when MD was
applied [15].

Variants SDMD50 and SDMP50, which were spray dried at high drying temperatures,
had lower MC than corresponding DASD variants due to higher heat transfer. The MC
values of spray dried buckwheat honey powders were in compliance with results noted by
other authors. Shi et al. (2013) reported an MC of honey powders spray dried traditionally at
150 ◦C with MD and whey protein isolate as carriers (WPI) (honey solids to MD solids and
WPI solids was 40:60 and 70:30, respectively) that ranged from 3.1± 0.5% to 5.0 ± 0.9% [31].
Samborska et al. (2015) recorded an MC of rapeseed and buckwheat honey spray dried
at 180 ◦C with sodium caseinate and/or Arabic gum as a carrier (honey solids to carrier
solids 50:50) varying from 3.7 ± 0.1% to 5.8 ± 0.3% [12]. However, it should be highlighted
that in this work the drying temperature and carrier content were lower than in the
present literature. Nevertheless, it was possible to obtain stable honey powders that were
characterized with a WC below 5% as a result of the application of dehumidified air.

Obtained results for aw are also consistent with the literature, i.e., the results of
Jedlińska et al. (2019), who spray dried rapeseed and honeydew honey with the appli-
cation of dehumidified air and NUTRIOSE® as a carrier agent and noted aw values from
0.074 ± 0.003 to 0.178± 0.006 [20]. Powders where MP was used as a carrier and its content
was the highest (SDMP50 and DASDMP50) were characterized with lower aw than variants
where MD was applied. This phenomenon might be the result of the high water capacity
of protein-based carriers in an amorphous state, which in turn lowers the aw of obtained
powders [44]. Moreover, it can be observed that powders spray dried with MP had the
lowest aw, but at the same time the highest MC (thus, there was no significant Pearson
correlation between these two parameters, as presented in Table A1). This phenomenon
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points to the likelihood that water present in the powder was bound in the structure, being
unavailable for microbial growth and thus ensuring stability. Furthermore, milk proteins
form a protective membrane on the particles’ surface, which lowers water availability and
results in lower aw. There was no statistically significant difference observed for powders
with the lowest carrier content (DASDMD75 and DASDMP75). Obtained results point
to the usefulness of MP as a carrier for buckwheat honey spray drying with regard to aw,
which results in better storage stability.
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Figure 4. Moisture content (MC) and water activity (aw) of buckwheat honey powders containing
50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP) as carriers by
conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

3.5.3. Hygroscopicity

Honey powders have shown to be highly hygroscopic due to their high sugar con-
tent, and fructose has been proven to exhibit a high capacity for absorbing moisture [30].
Nurhadi et al. (2012) presented that powders with H higher than 20% are considered
to be very hygroscopic [45]. The H of obtained buckwheat honey powders ranged from
10.1 ± 0.6 to 20.5 ± 0.4 (Table 3), whereas Suhag and Nanda (2015), Jedlińska et al. (2019),
and Samborska et al. (2020) noted H values of different honey powders varying from
20.11% to 27.28%, from 20.1 to 27.4% and from 23.9 to 31.4%, respectively [17,20,30]. The
results presented in this research thus offer evidence that it is possible to obtain honey
powders that are less hygroscopic, in contrast to previous studies. It is interesting to note
that the variants with the highest honey content (DASDMD75 and DASDMP75) were char-
acterized with the lowest H, in contradiction with findings by Shi et al. (2013), Jedlińska
et al. (2019) and Samborska et al. (2020) [17,20,31]. Shi et al. (2013), who traditionally
spray dried capilano natural Australian honey (blend of Australian eucalyptus and ground
flora honeys) also found that H increased with an increase in honey content, comparing
variants with 40, 60 and 70% of total soluble honey solids and using MD and WPI as carrier
agents [31]. Jedlińska et al. (2019) noted the same relationship when spray drying honey
powders with the application of dehumidified air and using NUTRIOSE® as the carrier;
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H content decreased up to 20% [20]. Samborska et al. (2020) chose the same approach as
in this research, spray drying honeydew honey with the application of dehumidified air
(inlet/outlet temperature of 75/50 ◦C) and using MP as a carrier; H content decreased
up to 25% [17]. The authors observed the same relationship as in previous studies—H
increased with a decrease in carrier content. It is worth highlighting that the aforemen-
tioned literature describes the properties of different honey types, with the exception of
Samborska et al. (2015), who also spray dried buckwheat honey powder, though using
different methods and drying parameters [12]. The authors described the H of two honey
types (buckwheat and rapeseed honey) and noted the honey variety’s effect. Moreover, this
study supports the previous findings of Bringas-Lantingua et al. (2016), who traditionally
spray dried multifloral honey powders and observed that H decreased with a decrease in
drying temperature [46].

3.5.4. Bulk Density and Flowability

The loose bulk density (DL) of obtained buckwheat honey powders varied from
0.51 ± 0.02 to 0.73 ± 0.01 g/cm3 (Table 3). Obtained results differed to some extent from
those of Samborska et al. (2015), Bringas-Lantingua et al. (2016) and Leyva-Moguel et al.
(2019) [12,46,47]. Samborska et al. (2015), who traditionally spray dried rapeseed and
buckwheat honey powders, with gum Arabic as a carrier and with the addition of 1–2%
of w/w NaCas, noted DL from 0.43 ± 0.01 to 0.61 ± 0.01 g/cm3 [12]. Bringas-Lantigua
et al. (2016) observed DL values of multifloral honey powders with maltodextrin as a
carrier ranging from 0.42 to 0.59 g/cm3 [46]. Leyva-Moguel et al. (2019), who spray dried
honey powder of stingless bee Scaptotrigona pectoralis, reported a DL of 0.33 g/cm3 [47].
However, it should be highlighted that authors spray dried honey powders traditionally,
using different carriers and different content and drying parameters than presented in this
study. Moreover, the effect of carrier type can be noted: powders with MP had higher DL
than variants with MD. Generally speaking, high DL indicates that there are fewer spaces
filled with air between particles, which in turn lowers the risk of oxidative degradation
of health beneficial compounds during powder storage. This implies that MP might be a
better carrier than MD with regard to compound degradation during storage, regardless of
carrier content and drying parameters. Normally, the DL decreases with increasing particle
size [48]. Contrary to expectations, obtained results did not confirm this relationship
entirely, except for variants SDMD50 and DASDMD75. It should be noted that these
variants had the biggest particle size (Table 3) as well as the most visible particle stickiness
and agglomeration (Figure 2), which in turn led to the lowest DL. Interestingly, there was
no statistically significant difference between variants spray dried traditionally with higher
carrier content and variants spray dried at lower drying temperatures with lower carrier
content, with both MD and MP applied as carriers (compare SDMD50 with DASDMD75,
SDMP50 with DASDMP75).

The Hausner ratio (HR) is a parameter used to describe powder flowability, which
indicates its quality. According to Geldart et al. (1984), obtained buckwheat honey powders
showed good (<1.2) and average (1.2–1.4) flowability [49]. The results reported in this paper
are consistent with previous studies on honey powder spray drying. The authors reported
an HR of honey powders ranging from 1.30± 0.04 to 1.38± 0.02, from 1.27 to 1.36 and from
1.20 to 1.49 [17,41,46]. Broadly speaking, particle size diameter affects powder flowability;
with increasing particle size diameter, flowability ameliorates, which is confirmed in this
paper (excluding variant SDMD50, which presented significant stickiness) [49]. Powder
of the best flowability (<1.2 HR) and greater D50 was noted for variant spray dried at
low drying temperature and with the lowest carrier content (DASDMD75); this was an
effect of particles’ agglomeration (Figure 2), which ameliorated overall flowability despite
high honey content. Shishir et al. (2014), who spray dried pink guava (Psidium guajava)
powder, also observed that flowability deteriorated with increased drying temperature and
MD concentration [50]. It should be highlighted that powders where MP was used as a
carrier did not differ with regard to flowability. Samborska et al. (2020) reported as well
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that there was no effect of drying temperature (traditional spray drying and spray drying
with the application of dehumidified air) on the flowability of honeydew honey when
MP was used as a carrier, which was an effect of similar particle size in MP variants [17].
Obtained results point to the probability that MP might be a better carrier than MD in
buckwheat honey spray drying, ensuring its uniform flowability regardless of carrier
content and drying parameters. This might be a result of protein-based carriers’ ability
to form film on the surface of the particles, which prevents their stickiness and ensures
uniform flowability, as mentioned before. Moreover, the significant effect of carrier content
and drying parameters can be noted in variants with MD. The variant with the highest
carrier content spray dried at higher temperature (SDMD50) showed the poorest flowability
of all of the obtained buckwheat honey powders. According to Santhalakshmy et al. (2015),
flowability is correlated to a powder’s moisture content; however, this relationship was
not observed in this paper (Pearson correlation was not significant; see Table A1), as the
variant with the lowest MC (0.9%) had the poorest flowability (SDMD50) [51].

3.5.5. Apparent Density and Loose Bed Porosity

The apparent density (Dap) of obtained buckwheat honey powders ranged from
1.42 ± 0.02 to 1.51 ± 0.00 g/cm3 (Table 3). Generally speaking, the values are consistent
with previous results presented in the literature concerning honey powders. Barańska et al.
(2019) noted Dap of multifloral honey powders spray dried at 180 and 80 ◦C with MD and
MP as carrier agents ranging from 1.44 ± 0.00 to 1.54 ± 0.00 g/cm3 [16]. Jedlińska et al.
(2019) reported Dap of honeydew and rapeseed honey powders spray dried traditionally
and with the application of dehumidified air and with NUTRIOSE® as a carrier varying
from 1.49 ± 0.01 to 1.56 ± 0.01 g/cm3 [20]. Presented results revealed that there was a
statistically significant effect of drying temperature and carrier content in variants where
MD was applied. However, the influence of drying temperature could not be observed
for variants where MP was used as a carrier, though the effect of the carrier content could
be noted. Moreover, a statistically significant difference could be observed as well when
comparing variants with the same carrier content but different carrier type, with the
exception of variants spray dried traditionally at high drying temperatures (SDMD50 and
SDMP50). In contrast to the earlier findings of Jedlińska et al. (2019), who noted higher
values of Dap in variants spray dried traditionally than in variants spray dried with the
application of dehumidified air, a similar relationship was not observed in this paper [20].
It would seem to appear that a higher drying temperature increased the rate of evaporation,
which in turn resulted in lower Dap and more porous powders.

The loose bed porosity (εL) of produced buckwheat honey powders varied from
50.5 ± 0.6 to 67.8 ± 0.8% (Table 5). Bed porosity is an important parameter in terms of a
product’s stability and its storage, as it describes the relative share of free spaces between
particles that are filled with air. As a result, at higher porosity the compounds that are
susceptible to oxidation are more likely to degrade [52]. The greatest εL was noted for
variant DASDMD75, which was due to the lowest DL and highly conglomerated particles,
as observed on SEM photographs (Figure 2). The Pearson negative correlation between εL
and DL was observed: powders with higher DL had lower εL (Table A1).

The results found in this study are lesser with respect to those reported in the literature.
Samborska et al. (2020) produced honey powders of porosity ranging from 58.2 ± 1.1 to
70.5 ± 3.4%, using traditional spray drying and with the application of dehumidified air
and decreasing carrier content, as presented in this paper [17]. Jedlińska et al. (2019), who
applied the same spray drying methods to obtain honey powders, noted porosity varying
from 63.3 ± 0.7 to 72.5 ± 0.92% [20]. In comparison to previous values, it seems likely
that the type of a carrier and honey lowered εL. The statistically significant difference
between variants both with MD and MP with the same carrier content but spray dried at
different drying temperatures could be observed (SDMD50 and DASDMD50, SDMP50 and
DADMP50). Lowering drying temperature as a result of the application of dehumidified air
significantly lowered εL. Moreover, variants where MP was used as a carrier in comparison
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with variants with MD were characterized by lower εL. The utility of the application of
dehumidified air and MP in buckwheat honey spray drying is thus proven with regard to
powder porosity.

Table 5. Color parameters L*a*b* of buckwheat honey powders obtained by high temperature tradi-
tional spray drying (SD) and low temperature spray drying with the application of dehumidified air
(DASD) with maltodextrin (MD) and milk powder (MP) as a carrier, containing 50–75% honey solids.

Variant L* a* b*

SDMD50 83.7 ± 0.3 c +0.6 ± 0.1 e 13.7 ± 0.3 b

DASDMD50 86.7 ± 0.5 f 0.0 ± 0.0 b 10.4 ± 0.4 a

DASDMD75 84.3 ± 0.4 d +0.4 ± 0.0 d 14.3 ± 0.2 c

SDMP50 79.8 ± 0.1 a +0.6 ± 0.1 e 23.8 ± 0.9 f

DASDMP50 84.9 ± 0.3 e −0.5 ± 0.1 a 15.8 ± 0.4 d

DASDMP75 83.1 ± 0.3 b +0.2 ± 0.1 c 17.3 ± 0.3 e

a–f the differences between mean values with the same letter are statistically insignificant (p < 0.05).

3.5.6. Color

The lightness of obtained buckwheat honey powders, expressed as L* parameter,
ranged from 79.8 ± 0.1 to 86.7 ± 0.5 (Table 5). Reported results revealed that powders
where MP was used as a carrier were darker than powders with MD. This is in good
agreement with Samborska et al. (2015), who noted a decrease in lightness when NaCas
was applied to honey powders as a carrier, which is a consequence of proteins’ ability to
form brown complexes with polyphenols, which decreases lightness [12].

In comparison with study of Samborska et al. (2015), who observed buckwheat
and rapeseed honey powders’ lightness after spray drying varying from 33.5 ± 0.2 to
38.1 ± 0.3, the powders obtained in this study were considerably lighter [12]. It is worth
highlighting that powders spray dried with the application of dehumidified air were
significantly lighter than powders spray dried traditionally, which underlines the validity
of this innovative method in honey spray drying. The a* parameter indicates the green/red
color, and reported results point to the effect of drying temperature, carrier content and
type. It can be noted that increasing carrier content in honey powders spray dried at lower
drying temperature (DASDMD50 and DASDMP50) decreased their redness. It is worth
highlighting that for traditional spray drying there was no effect of the carrier type. The b*
parameter, which signifies the yellowness, was considerably higher for variants where MP
was applied as a carrier. This observation, along with that for the L* parameter, according
to Cui et al. (2008), suggests a higher degree of browning that occurred during spray drying
with MP than for variants with MD as a carrier; this correlation was confirmed by the
Pearson correlation coefficient (Table A1) [53].

3.6. Antioxidant Activity

The antioxidant activity of raw buckwheat honey and spray dried powders, ex-
pressed as EC50 ABTS—a material’s ability of scavenging 50% of free radicals in ABTS
solution—was 2.69 ± 0.00 mg solids·ml−1 for raw honey, and for powders it ranged from
0.18 ± 0.00 to 8.24 ± 0.36 mg solids·ml−1 (Table 3) [54]. Obtained results point to the
significant effect of carrier type in all variants and drying parameters for variants where
MD was used as a carrier. The highest antioxidant activity was noted for variants where
MP was applied as a carrier, which further strengthened the authors confidence in MP’s
validity in buckwheat honey spray drying. Samborska et al. (2020) reported the same effect
of MP in dehumidified-air-assisted spray drying of honey [17]. The authors noted better
results in powders’ antioxidant activity in comparison to other carriers (maltodextrin, klep-
tose, NUTRIOSE®). It should be emphasized as well that higher antioxidant activity was
observed for powdered honey in the case of MP variants (in contrast to MD variants) than
for raw buckwheat honey. Samborska et al. (2019) underlined that a concentration of milk
present in the honey powder as a carrier should be considered in antioxidant activity as-
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sessment, as milk itself manifests antioxidant activity due to its composition [55]. However,
the presented results do not seem to confirm this observation, as carrier concentration did
not affect powders’ antioxidant activity with regard to MP variants. It should be outlined as
well that the formation of products of Maillard reaction could have affected the antioxidant
activity of MP variants in comparison to MD variants. The color analysis (Table 5) indicated
that MP variants were more susceptible to browning than MD variants, suggesting greater
formation of Maillard reaction products in the powder and consequently ameliorating
the antioxidant activity of final product. However, this correlation was not assessed by
the Pearson coefficient (Table A1). Nevertheless, the findings of this research likely imply
the protective effect of MP on buckwheat honey spray drying. Moreover, there was no
statistically significant effect of drying parameters on antioxidant activity with regard to
powders spray dried with MP as a carrier. Generally speaking, high drying temperatures
deteriorate antioxidant activity [55]. However, in this research this relationship was not
observed. As can be noted, MD variants manifested lower antioxidant activity than MP
variants, and variants spray dried at lower drying temperature and with high carrier
content (DASDMD50) can be considered as the worst variants to scavenge free radicals.
However, obtained results would seem to suggest that smaller particles in variant DAS-
DMD50 consequently increased the particle surface exposed to the heat, which resulted in
greater compound degradation and lower antioxidant activity than in high temperature
variant SDMD50.

3.7. Hierarchical Cluster Analysis

The HCA analysis (Figure 5) supported previous findings that variants SDMD50 and
DASDMD75 are considered as the most problematic during spray drying, as they create one
cluster. This was especially manifest in particle morphology, Rp and on cumulated particle
size distribution curves. Variants DASDMD50, DASDMP50, SDMP50 and DASDMP75
were grouped in two other clusters; however, they also created one cluster, confirming that
these variants were less problematic to spray dry, as was explained before.
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4. Conclusions

This study investigated the possibility of low temperature spray drying of buckwheat
honey with the application of dehumidified air and its properties in comparison to tradi-
tional spray drying, which has not been done before for this type of honey. The findings
of this study indicate the successful spray drying of all of the variants. The production of
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honey powders with high Rp (87% and 97% for variants DASDMD75 and DASDMP75,
respectively) and, at the same time, with low carrier content (25%) was accomplished.
This paper also describes the energy consumption analysis of dehumidified-air-assisted
spray drying, which has not been presented in the literature before. This provides practical
information for a possible implementation of this innovative technique in industry.

Obtained results point to the statistically significant differences in the physiochem-
ical properties of powders spray dried conventionally and at low drying temperatures.
Powders produced with the application of dehumidified air showed smaller and more
spherical particles with smooth surfaces in comparison to variants spray dried traditionally.
Moreover, variants with skim milk powder as a carrier, in comparison to maltodextrin,
were more spherical and less conglomerated and had particles that were less scattered. All
of the buckwheat honey powders had low moisture content and water activity, below 5%
and 0.3, respectively, which ensured their stability. It is worth underlining that powders
with skim milk powder as a carrier had lower aw, which highlights the usefulness of MP
as a carrier in buckwheat honey spray drying as it points to its better storage stability. It
should also be emphasized that powders with skim milk powder as a carrier exhibited the
highest antioxidant activity. The results presented in this paper provide further evidence
of the validity of dehumidified-air-assisted spray drying and of skim milk powder as a
carrier of buckwheat honey as an example material.
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Appendix A

Table A1. Pearson correlation coefficients of between powder recovery (Rp) and physiochemical properties of buckwheat honey
powders obtained by high temperature traditional spray drying (SD) and low temperature spray drying with the application of
dehumidified air (DASD) with maltodextrin (MD) and milk powder (MP) as a carrier, containing 50–75% honey solids.

MC aw H D50 DL DT HR Dap εL L* a* b* EC50 ABTS

Rp 0.593 −0.142 −0.721 −0.495 0.178 −0.046 −0.720 0.314 0.025 0.188 −0.360 −0.050 −0.215

MC −0.271 0.034 −0.886
* −0.705 0.718 −0.355 0.510 −0.700 −0.054 −0.700 0.335 −0.704

aw −0.294 0.456 0.184 0.130 0.105 0.012 −0.201 0.884 * −0.406 −0.929
* 0.616

H −0.224 0.265 0.502 0.539 0.169 −0.445 −0.474 0.117 0.503 −0.282
D50 −0.705 −0.616 0.459 −0.616 0.619 0.161 0.504 −0.427 0.539

DL 0.910 * −0.256 0.431 −0.966
* 0.347 −0.909

* −0.062 −0.305

DT 0.145 0.523 −0.978
* 0.113 −0.732 0.113 −0.475

HR −0.002 0.003 −0.366 0.399 0.195 −0.179
Dap −0.452 0.064 −0.241 0.021 −0.163
εL −0.249 0.821 * 0.000 0.353

L* −0.596 −0.949
* 0.650

a* 0.329 0.163
b* −0.796

* Values with significant correlation for p < 0.05.
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