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Abstract: The study aimed at the evaluation of the physical properties of apple juice powders mixed
with different concentration of maltodextrin obtained by freeze-, vacuum and spray drying methods.
Due to the chemical composition of apple juice there was a possibility to obtain apple juice powders
by freeze-, spray and vacuum drying, excluding vacuum drying at 40 ◦C when 15% and 20% of
maltodextrin were added. The moisture content of powders was more dependent on the drying
method than on the quantity of maltodextrin added. The spray drying process in the context of
an increase in maltodextrin quantity resulted in a decrease in the water activity of apple powders,
whereas low temperature processes increased its values. Lower values of true density were observed
after spray drying in comparison to freeze- and vacuum drying processes. The application of selected
drying methods resulted in the formation of different particles’ size of apple powders influencing the
bulk density of the products. The highest values of bulk density were indicated for powders obtained
by vacuum drying due to the bigger size of the particles (crystalized structure). The porosity of apple
juice powders was strictly related to the bulk density. Colour parameters of powders were more
influenced by drying techniques than the quantity of maltodextrin (15% up to 35%) added.
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1. Introduction

Apples rank second after bananas in terms of production volume worldwide. In 2014, the highest
apple production was noted for China, followed by United States and Poland [1]. The global
average percentage of apples marked fresh is estimated at approx. 82%, whereas the remaining
18% is processed [2]. Apple juice is one of the most popular products obtained after apple
processing. Distribution of this beverage worldwide might be expensive due to the high transportation
costs. Thus, fruit juice powders could be a more practical form than their liquid counterpart.
Fruit juice powders, by virtue of their reduced weight and volume, are easier to handle, diminish the
transportation costs and prolong the shelf life of the juice products [3]. The transformation of juice into
powders has gained special attention due to the complexity of the process. The chemical composition
of fruit juices, mainly due to the low glass transition temperature of the main juice components, that
is, organic acids and low molecular weight sugars, make it almost impossible to obtain powders
without carriers that are added in a relatively huge quantities [4–6]. What is more, different types of
carrier agents might be applied, namely, maltodextrins, gum arabic, waxy starch, inulin and cellulose,
among which the most popular are maltodextrins [7]. Taking into account the application of carriers
before drying process of fruit juices, the quality of the final products considered in terms of chemical
properties is significantly altered [6,8,9]. The influence of the quantity of the carrier added into the fruit
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juices has an influence on the final product properties [9,10]. Those properties of fruit powders also
strongly depended on the drying methods and the parameters applied for their dehydration [11–15].
According to Chopda and Barret [16], the recommended methods for fruit juice production are, for
example, freeze-drying, foam mat drying and spray drying, however, the economic aspect should be
taken into account. The production of fruit powders requires a thorough examination of the mixture
composition (carrier and juice) as, in general, a higher bulk density and a lower moisture content are
desirable parameters for food powders. To date, there is no information available about the quantity
of carrier added in terms of physical properties of apple juice powders and whether there are any
relationships between the addition of carrier and moisture content, water activity, true and bulk density,
porosity and the colour parameters. Thus, taking above into consideration, the aim of the study was to
examine the possibility of apple juice powders preparation with the addition of carrier and to explore
the physical properties of products obtained.

2. Materials and Methods

2.1. Materials

Apples cv. Champion (20 kg) were purchased from the local market in 2015. The fruits were washed,
cut and pressed by a hydraulic press (SRSE, Warsaw, Poland). The juice obtained was centrifuged
(5000× g, 15 min, room temperature) and portioned. Each part (12.9 ± 0.1◦ Brix) was mixed with 15%,
20%, 25%, 30% and 35% (w/w) commercial maltodextrin (the ratio of juice solids to carrier was: 1:1.38;
1:1.95; 1:2.60; 1:3.35; 1:4.21, respectively) with dextrose equivalent of dextrose equivalent (DE) 20–30.
Apple juice with selected addition of maltodextrin was subjected to different drying techniques.

2.2. Methods

2.2.1. Drying Processes

The freeze-drying (FD) process of apple juice with a different quantity of maltodextrin (100 mL)
was made in OE-950 freeze dryer (Labor, MIM, Budapest, Hungary) at a reduced pressure of 65 Pa for
24 h with the temperature in the drying chamber −60 ◦C and 30 ◦C of the heating plate. Freeze drying
process for each sample was performed in triplicate (n = 3).

Spray drying (SD) of the apple juice with a selected quantity of maltodextrin (100 mL) was
performed by Mini Buchi Spray-dryer (Buchi, Flawil, Switzerland). The juice temperature before
loading on spray dryer was 23 ◦C and the rate of feeding was 40 mL min−1. The spray dryer was
operated at an inlet temperature of 180 ◦C. The process was made in triplicate.

Vacuum drying at 40 ◦C, 60 ◦C and 80 ◦C of apple juice (200 mL) was made in a vacuum dryer
(SPT-200, ZEAMiL, Horyzont, Kraków, Poland) at a pressure of 1 kPa for, respectively, 72 h, 48 h and
24 h. The process was made in duplicate.

2.2.2. Moisture Content (Mc)

The moisture content of powders obtained was made at 80 ◦C for 72 h at the pressure of 100 Pa
performed in a vacuum oven (SPT-200, ZEAMiL, Horyzont, Kraków, Poland). The measurements were
done in triplicate.

2.2.3. Water Activity

The water activity (aw) was done using water activity meter AquaLab DewPoint 4Te
(Decagon Devices Inc., Pullman, WA, USA) at 25 ◦C ± 0.5. Three readings were made for each sample.

2.2.4. True Density, Bulk Density and Porosity

True density ρt was determined by calculating the ratio of the mass of the dry solids (m) to the total
volume (Vs) of the sample, excluding the air pores according to Equation (1), and was expressed as g cm−3:
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ρt =
m
Vs

(1)

The apple powders were weighed with an analytical balance (XA 60/220/X Radwag, Radom,
Poland), while the total volume excluding the air (Vs) was measured with an HumiPyc™/model 2 Gas
Pycnometer (InstruQuest Inc., Coconut Creek, FL, USA).

Bulk density ρb of the apple powders was calculated by the ratio of their mass (m) to their bulk
volume (Vb), and was expressed as g cm−3:

ρb =
m
Vb

(2)

The apple powders were weighed with an analytical balance with an accuracy of 0.0001 g
(XA 60/220/X Radwag, Radom, Poland), while the bulk volume (Vb) was measured with a 10 ± 0.5 mL
graduated cylinder. The container was filled with the samples and then gently shaken to obtain the
smallest volume of the samples. The measurements were done in duplicate.

Porosity of the powders was calculated using the relationship between the bulk (ρb) and the true
density (ρt) of the powder as in Equation (3) [17]:

ε =

(
1 − ρb

ρt

)
(3)

2.2.5. Statistical Analysis

Statistical analyses were done using STATISTICA 10 (Statsoft, CA, USA). One-way analysis of
variance ANOVA and the least significance test HSD Tukey was carried out to compare the samples
and the significance was defined at p < 0.05. Table Curve 2D v 5.01 (Systat Software, San Jose, CA,
USA) enabled fitting the mathematical model to experimental points with the highest possible values
of the determination coefficient R2 and the lowest values of root mean square error (RMSE).

3. Results and Discussion

Drying methods applied in the current study, that is, freeze-drying (FD), vacuum drying (VD)
and spray drying (SD), allowed to obtained powders, excluding VD at 40 ◦C when 15% and 20% of
maltodextrin was used. The chemical composition of apple juice mainly the presence of organic acids and
sugars [4], made it almost impossible to perform drying processes as the glass transition temperature of
those constituents is lower than the operating temperature of the drying methods applied. Thus, addition
of carriers into the apple juice is necessary to perform those processes [4]. Nevertheless, when preparing
the apple juice powders not only the drying parameters should be taken into account but also the
quantity of the carrier added as relatively low temperature during vacuum drying (40 ◦C) enable to
perform the process only when addition above 25% (w/w) of maltodextrin was done.

3.1. The Physical Properties of Apple Juice Powders

The moisture content (Mc) of apple juice powders ranged from 1.1% up to 5.6% and was within
the range obtained by Boonyai et al. [4]. In the current study, the moisture content was dependent on
the parameters of drying methods as well as on the percentage of the maltodextrin added into the apple
juice. In general, the highest average value of Mc was noticed after freeze drying process (Table 1),
whereas the lowest was indicated after SD during which the highest temperature among the drying
methods was used. The differences between Mc in powders analysed might result also from their
different sorption capacity. The experimental part aimed at gaining the powdered form of apple juice;
however, in order to obtain fine powders the different times of drying were used. Thus, the samples
may differ in terms of the moisture content. Similar observation was made in case of powders gained
from yacon juice drying where the Mc was dependent of the drying conditions [18].
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The determination of water activity (aw) in food powders is an important issue as this parameter
influences their stability—both chemical and microbial. Both factors are connected with the quality of
the dried products as the rate of its decrease begins above 0.3 for some chemical reactions [19]. In the
current study, the water activity (aw) of all apple juice powders was below 0.4, indicating the possible
inhibition of microbial growth in the samples obtained [20]. When the selected drying methods were
concerned, the lowest average values of water activity were noted after spray drying, whereas the
highest average values of aw were indicated when freeze drying process was applied, regardless of
the quantity of maltodextrin added. This may be connected with the different structure of powders
obtained by selected methods. In the case of the freeze-drying process, a more porous structure was
formed, which resulted in higher moisture content and water activity values [19]. It was observed that
the water activity was strongly correlated with the moisture content (r = 0.861) (Table 1). A similar
relation was observed in case of orange juice powder [14] and carrot powder [21].

The values of true density were not statistically significantly different between the apple juice
powders, excluding those obtained by spray drying (Table 1). The application of this drying method
significantly reduced the true density of apple powders. During the SD process a relatively high
temperature was used, thus it could cause a degradation of selected components or it could lead to the
formation of a new compounds [10], which might have a relatively lower values of true density.

The values of bulk density of apple juice powders are presented in Table 1. In general, the highest
values of bulk density were noted after vacuum drying when compared to freeze and spray drying
processes. The bulk density was influenced by the powders’ grain state that differed due to the
structure obtained by different drying methods applied. The more crystalized structure obtained after
vacuum drying resulted in lower values of the bulk density as it has lower volume contrary to more
powdered form obtained after spray and freeze-drying. This was due to the fact that the crystalized
structure contain bigger particles [22].

The porosity of the apple juice powders was indicated in Table 1. Among processes applied, the
highest porosity of powders was observed after spray drying. It was strongly correlated with the bulk
density (r= −0.947); however, no influence of the true density was noticed as this parameter was at the
comparable level among all the samples, except for spray drying (Table 1).

The differences between the colour attributes of the apple juice powders gained after different
drying processes were presented in Table 2. In general, lower values of coordinate L* were noted
when vacuum drying was applied, regardless of the temperature used when compared to freeze- and
spray-dried samples. In general, the FD and SD processes resulted in lighter products than those
obtained by VD. Similar observation was made in case of chokeberry powders [12], pointing out
that the selection of drying method had a strong impact of the final colour of the powders obtained.
Among all powders analysed, the lowest values of attribute a* were noted when the freeze-drying
process was applied, indicating the tendency to greenish colour. A strong influence of the drying
method and the addition of maltodextrin was noted in case of colour attribute b*. Among the powders
analysed, the strongest yellowness was noted when VD at 80 ◦C was applied, whereas the lowest
values of coordinate b* were noted after the SD process. The increase of the temperature from 40 ◦C
up to 80 ◦C during vacuum drying resulted in an increase in coordinate b* values, pointing to the
probable presence of newly formed compounds [23]. Chroma (C*) indicate the colour intensity of the
samples [23] and the highest values were noted for powders obtained after vacuum drying at 80 ◦C
(Table 2), whereas the lowest were obtained when the SD process was applied. The C* values were
strongly correlated with the coordinate b* (r = 0.999), pointing to the dominant yellow colour of the
samples. The hue angle (h*) is used to described the differences of a certain colour [23], and the values
obtained in the current study are in agreement with the observations that an angel of approx. 90◦

represents yellow [24]. Among the drying methods applied, the lowest h* values were noted for
powders obtained after freeze-drying process, whereas the lowest were after vacuum drying at 40 ◦C,
suggesting a strong influence on the drying techniques on the colour of the apple juice powders.
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Table 1. Physical properties of apple juice powders (n = 3; average ± SD).

Drying Method M Mc
(%)

Water Activity
(-)

True Density
(g cm−3)

Bulk Density
(g cm−3)

Porosity
(-)

Freeze-drying 15% 2.08 ± 0.2 d,e,f 0.2742 ± 0.0016 d,e 1.548 ± 0.019 e,f,g 0.53 ± 0.012 a,b,c,d,e 0.658 ± 0.007 i,j

20% 5.65 ± 0.23 i 0.3518 ± 0.0015 f,g,h 1.541 ± 0.018 e,f,g 0.629 ± 0.072 c,d,e,f,g,h 0.592 ± 0.038 f,g,h

25% 4.93 ± 0.17 h 0.3858 ± 0.0004 h 1.531 ± 0.015 e,f,g 0.616 ± 0.062 c,d,e,f,g 0.598 ± 0.033 f,g,h

30% 4.87 ± 0.26 h 0.3742 ± 0.001g h 1.541 ± 0.014 e,f,g 0.59 ± 0.02 a,b,c,d,e,f 0.617 ± 0.011 g,h,i

35% 4.89 ± 0.26 h 0.3901 ± 0.0003 i 1.532 ± 0.013 e,f,g 0.606 ± 0 b,c,d,e,f,g 0.604 ± 0.003 f,g,h

Vacuum drying 40 ◦C - - - - - -
- - - - -

25% 4.81 ± 0.15 h 0.3452 ± 0.0015 f,g,h 1.51 ± 0.02 c,d,e,f,g 0.702 ± 0.008 f,g,h,i,j 0.535 ± 0.007 b,c,d

30% 4.82 ± 0.16 h 0.3401 ± 0.0021 f,g,h 1.422 ± 0.015 b 0.763 ± 0.005 h,i,j 0.463 ± 0.005 a

35% 4.51 ± 0.23g h 0.3608 ± 0.0018 f,g 1.437 ± 0.027 b,c,d 0.715 ± 0.021 f,g,h,i,j 0.502 ± 0.014 a,b

Vacuum drying 60 ◦C 15% 2.32 ± 0.22 e,f 0.1932 ± 0.0081 b,c 1.469 ± 0.02 b,c,d,e 0.644 ± 0.031 d,e,f,g 0.562 ± 0.018 c,d,e,f

20% 1.1 ± 0.1 a 0.2067 ± 0.0317 c 1.513 ± 0.046 d,e,f,g 0.648 ± 0.002 e,f,g,h,i 0.572 ± 0.011 d,e,f,g

25% 1.81 ± 0.17 b,c,d,e 0.2048 ± 0.0469 c 1.571 ± 0.015 g 0.728 ± 0.009 g,h,i,j 0.536 ± 0.006 b,c,d

30% 2.3 ± 0.22 e,f 0.273 ± 0.0381 d,e 1.556 ± 0.019 f,g 0.719 ± 0.005 f,g,h,i,j 0.538 ± 0.005 b,c,d,e

35% 1.93 ± 0.18 c,d,e,f 0.2765 ± 0.0139 d,e 1.551 ± 0.032 e,f,g 0.753 ± 0.006 h,i,j 0.514 ± 0.009 a,b,c

Vacuum drying 80 ◦C 15% 1.9 ± 0.2 b,c,d,e 0.2717 ± 0.0022 d,e 1.536 ± 0.014 e,f,g 0.631 ± 0.002 c,d,e,f,g,h,i 0.589 ± 0.003 e,f,g,h

20% 1.93 ± 0.18 d,e,f 0.2981 ± 0.0008 e,f 1.534 ± 0.018 e,f,g 0.64 ± 0.003 e,f,g,h,i 0.583 ± 0.004 d,e,f,g

25% 2.52 ± 0.24 f 0.3151 ± 0.0054 e,f,g 1.529 ± 0.004 e,f,g 0.773 ± 0.001 i,j 0.495 ± 0.001 a,b

30% 4.63 ± 0.24 g,h 0.3289 ± 0.0025 e,f,g,h 1.528 ± 0.022 e,f,g 0.8 ± 0.016 j 0.477 ± 0.011 a

35% 4.17 ± 0.19 g 0.3422 ± 0.0054 f,g,h 1.528 ± 0.013 e,f,g 0.771 ± 0.008 i,j 0.496 ± 0.005 a,b

Spray drying 15% 1.32 ± 0.13 a,b 0.2280 ± 0.0028 c,d 1.405 ± 0.015 b 0.608 ± 0.043 c,d,e,f,g 0.567 ± 0.025 d,e,f,g

20% 1.61± 0.15 a,b,c,d 0.1978 ± 0.0007 b,c 1.473 ± 0.029 b,c,d,e,f 0.473 ± 0.002 a,b 0.679 ± 0.005 j

25% 1.6 ± 0.15 a,b,c,d 0.1674 ± 0.0116 a,b,c 1.478 ± 0.032 b,c,d,e,f,g 0.506 ± 0.016 a,b,c 0.658 ± 0.011 i,j

30% 1.33 ± 0.13 a,b,c 0.1401 ± 0.0028 a,b 1.424 ± 0.012 b,c 0.511 ± 0.09 a,b,c,d 0.641 ± 0.052 h,i,j

35% 1.18 ± 0.11 a 0.1087 ± 0.0028 a 1.206 ± 0.004 a 0.471 ± 0.06 a 0.61 ± 0.041 f,g,h,i

M—maltodextrin; Mc—moisture content; a,b,c,d,e,f,g,h,i,j —average values (±SD) with the same superscript letter within a column are not statistically different (p ≤ 0.05; Tukey HSD test).
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Table 2. The colour parameters (CIE L* a* b*, C* and h*) of apple juice powders (n = 5; average ± SD).

Drying Method M
Colour

L* (D65) a* (D65) b* (D65) C* h*

Freeze-drying 15% 88.658 ± 0.022 f,g,h,i,j −1.094 ± 0.001 d 15.422 ± 0.011 l 15.458 ± 0.013 m 94.052 ± 0.033 l

20% 90.07 ± 0.014 i,j,k −1.264 ± 0.011 c 12.448 ± 0.018 i 12.512 ± 0.019 j 95.790 ± 0.037 o

25% 90.542 ± 0.004 j,k,l −1.354 ± 0.013 a 11.820 ± 0.012 g 11.894 ± 0.011 h 96.532 ± 0.053 p

30% 91.048 ± 0.008 k,l,m −1.284 ± 0.015 b,c 10.944 ± 0.017 e 11.018 ± 0.016 f 96.684 ± 0.079 p

35% 89.822 ± 0.008 h,i,j,k −1.336 ± 0.015 a,b 10.662 ± 0.031 e 10.746 ± 0.031 f 97.152 ± 0.059 r

Vacuum drying 40 ◦C - - - - - -
- - - - - -

25% 83.344 ± 4.004 a 1.268 ± 0.018 m 11.932 ± 0.386 g,h 11.998 ± 0.381 h,i 83.934 ± 0.261 a

30% 86.914 ± 0.038 d,e,f 0.910 ± 0.034 k 12.206 ± 0.091 h,i 12.238 ± 0.090 h,i,j 85.734 ± 0.112 c

35% 89.018 ± 0.025 g,h,i 0.330 ± 0.007 i 9.680 ± 0.023 d 9.686 ± 0.026 e 88.038 ± 0.033 f

Vacuum drying 60 ◦C 15% 84.534 ± 0.019 a,b,c 2.040 ± 0.014 o 19.450 ± 0.037 o 19.564 ± 0.034 p 84.014 ± 0.051 a,b

20% 86.958 ± 0.038 d,e,f 1.196 ± 0.019 l 15.812 ± 0.045 m 15.858 ± 0.048 n 85.668 ± 0.075 c

25% 87.74 ± 0.076 d,e,f,g 0.694 ± 0.036 j 13.068 ± 0.123 j 13.084 ± 0.126 k 86.960 ± 0.138 d

30% 87.872 ± 0.117 e,f,g,h 0.338 ± 0.018 i 12.012 ± 0.109 g,h 12.016 ± 0.112 h,i 88.382 ± 0.083 g

35% 88.234 ± 0.05 e,f,g,h,i 0.286 ± 0.034 i 11.380 ± 0.026 f 11.386 ± 0.029 g 88.570 ± 0.162 g,h

Vacuum drying 80 ◦C 15% 85.000 ± 0.255 a,b 2.000 ± 0.016 o 20.090 ± 0.074 p 19.766 ± 0.110 p 84.272 ± 0.576 b

20% 85.884 ± 0.090 b,c,d 0.718 ± 0.036 j 15.988 ± 0.152 m 16.00 ± 0.148 n 87.428 ± 0.118 e

25% 86.324 ± 0.073 c,d,e 0.102 ± 0.027 k 15.172 ± 0.022 l 15.172 ± 0.022 m 89.606 ± 0.099 i

30% 86.886 ± 0.117 d,e,f 0.312 ± 0.015 i 13.622 ± 0.168 k 13.628 ± 0.167 l 88.690 ± 0.076 h

35% 87.664 ± 0.102 d,e,f,g −0.034 ± 0.018 g 12.278 ± 0.220 h,i 12.280 ± 0.219 i,j 90.154 ± 0.081 j

Spray drying 15% 86.822 ± 0.203 d,e,f 1.872 ± 0.1033 k 17.216 ± 0.473 n 17.316 ± 0.478 o 83.802 ± 0.183 a

20% 91.676 ± 0.011 k,l,m 0.096 ± 0.005 h 8.728 ± 0.015 c 8.730 ± 0.014 d 89.370 ± 0.042 i

25% 92.436 ± 0.018 l,m −0.410 ± 0.007 f 6.620 ± 0.022 b 6.632 ± 0.023 b 93.548 ± 0.063 k

30% 92.826 ± 0.064 m −0.550 ± 0.012 e 6.140 ± 0.059 a 6.166 ± 0.059 a 95.140 ± 0.150 n

35% 91.54 ± 0.314 k,l,m −0.556 ± 0.025 e 6.976 ± 0.061 b 7.000 ± 0.064 c 94.562 ± 0.231 m

M—maltodextrin; a,b,c,d,e,f,g,h,i,j,k,l,m,n,o,p —average values (±SD) with the same superscript letter within a column are not statistically different (p ≤ 0.05; Tukey HSD test).
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3.2. Funtional Relationships

The study focused on the influence of the addition of maltodextrin on the selected physical
properties of the apple juice powders. Table 3 showed the models describing the relationship between
quantity of maltodextrin added and selected physical parameters of apple juice powders. The types of
functions were established considering the highest possible values of correlation coefficient (R2).

Figure 1 showed the influence of the maltodextrin addition on the moisture content of the apple
powders obtained by different drying techniques.
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Figure 1. Functional relationships between the percentage addition of maltodextrin (M) and the
moisture content (Mc) of apple powders obtained by different drying methods (SD—spray drying;
FD—freeze-drying; VD—vacuum drying).

The relationship between the percentage of the carrier addition and Mc was described by
exponential function for drying methods applied, except VD 80 ◦C that was described by a power
function. A high coefficient of the determination of the fitting model was noted only for VD 40 ◦C
(R2 = 0.9989) and FD (R2 = 0.9404) (Table 3).

Table 3. Fitting models.

Physical
Properties Drying Method Models R2 RMSE

Moisture content

Freeze-drying Mc = 5.09 − 9.82·106·e−M 0.9404 0.39
Vacuum drying 40 ◦C Mc = 4.81 − 1.89·10−16·eM 0.9989 0.008
Vacuum drying 60 ◦C Mc = 1.79 + 1.72·106·e−M 0.2242 0.50
Vacuum drying 80 ◦C Mc = 1.09 + 2.9·10−3·M2 0.7940 0.67

Spray drying Mc = 1.47 − 1.8·10−16·eM 0.4655 0.16

Water activity (aw)

Freeze-drying aw = 0.16 + 0.008·M 0.8665 0.030
Vacuum drying 40 ◦C aw = 0.34 + 1.14·10−17·eM 0.9414 0.004
Vacuum drying 60 ◦C aw = 0.17 + 9.38·10−5·M2 0.8535 0.018
Vacuum drying 80 ◦C aw = 0.47 − 0.78

M0.5 0.9980 0.0014
Spray drying aw = 0.32 − 0.006·M 0.9993 0.0012

True density (ρt)

Freeze-drying ρt = 1.53 − 3.88
M2 0.6637 0.005

Vacuum drying 40 ◦C ρt = 1.43 + 5.79·109·e−M 0.9743 0.011
Vacuum drying 60 ◦C ρt = 1.59 − 26.16

M2 0.8584 0.018
Vacuum drying 80 ◦C ρt = 1.51 + 0.101

M0.5 0.9020 0.0013
Spray drying ρt = 1.44 − 1.5·10−16·eM 0.9226 0.036

Bulk density (ρb)

Freeze-drying ρb = 0.60 − 2.62·105·e−M 0.8596 0.017
Vacuum drying 40 ◦C ρb = 0.74 − 2.68·109·e−M 0.4399 0.034
Vacuum drying 60 ◦C ρb = 0.55 + 0.006·M 0.8514 0.022
Vacuum drying 80 ◦C ρb = 1.14 − 2.03

M0.5 0.7912 0.042
Spray drying ρb = 0.49 + 3.87·105·e−M 0.8907 0.021
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Table 3. Cont.

Physical
Properties Drying Method Models R2 RMSE

Porosity (ε)

Freeze drying ε = 0.60 + 1.79·105·e−M 0.8690 0.011
Vacuum drying 40 ◦C ε = 0.48 + 3.76·109·e−M 0.7025 0.028
Vacuum drying 60 ◦C ε = 0.58 − 5.20·10−5·M2 0.8286 0.011
Vacuum drying 80 ◦C ε = 0.248 − 1.35

M0.5 0.7940 0.028
Spray drying ε = 0.65 − 2.61·105·e−M 0.6622 0.030

Colour L*

Freeze-drying L∗ = 91.05 − 491.8
M2 0.6398 0.62

Vacuum drying 40 ◦C L∗ = 94.94 − 7246.5
M2 0.9999 0.024

Vacuum drying 60 ◦C L∗ = 89.18 − 1009.5
M2 0.9779 0.25

Vacuum drying 80 ◦C L∗ = 88.09 − 926.5
M2 0.9792 0.28

Spray drying L∗ = 94.19 − 1493.2
M2 0.8067 1.23

a*

Freeze-drying a∗ = −1.40 + 65.1
M2 0.8505 0.045

Vacuum drying 40 ◦C a∗ = −0.52 + 1150.0
M2 0.9248 0.18

Vacuum drying 60 ◦C a∗ = −0.13 + 496.7
M2 0.9922 0.074

Vacuum drying 80 ◦C a∗ = −0.53 + 4548.2
M2 0.9481 0.22

Spray drying a∗ = −1.35 + 690.6
M2 0.9569 0.25

b*

Freeze-drying b∗ = 9.54 + 1296.4
M2 0.9881 0.24

Vacuum drying 40 ◦C b∗ = 14.82 − 0.004·M2 0.7047 1.06
Vacuum drying 60 ◦C b∗ = 9.60 + 2265.1

M2 0.9913 0.36
Vacuum drying 80 ◦C b∗ = 11.22 + 2005.6

M2 0.9722 0.57
Spray drying b∗ = 2.81 + 3020.7

M2 0.9114 1.59

C*

Freeze-drying C∗ = 9.64 + 1284.0
M2 0.9879 0.24

Vacuum drying 40 ◦C C∗ = 14.98 − 0.004·M2 0.7171 1.06
Vacuum drying 60 ◦C C∗ = 9.58 + 2294.2

M2 0.9915 0.36
Vacuum drying 80 ◦C C∗ = 11.36 + 1916.2

M2 0.9683 0.58
Spray drying C∗ = 2.80 + 3041.1

M2 0.9099 1.61

h*

Freeze-drying h∗ = 97.78 − 828.8
M2 0.9919 0.13

Vacuum drying 40 ◦C h∗ = 79.62 + 0.007·M2 0.9995 0.066
Vacuum drying 60 ◦C h∗ = 89.39 − 1277.9

M2 0.9497 0.50
Vacuum drying 80 ◦C h∗ = 91.27 − 1549.3

M2 0.9344 0.69
Spray drying h∗ = 98.02 − 3218.5

M2 0.9778 0.82

R2—correlation coefficient; RSME—root squared mean error.

It was observed that the Mc of powders obtained was only at the comparable level when less than
20% of maltodextrin was added. It might be concluded that Mc was more depended on the drying
method applied than on the maltodextrin addition. Indeed, Goula and Adampoulus [25] observed
an increase in Mc in powders within an increase in maltodextrin addition, whereas Jittanit et al. [26]
observed a decrease in moisture content within the increase in maltodextrin addition during pineapple
spray drying process. The final Mc of powders might depend on numerous factors, namely, the drying
conditions [27], as well as on the drying technique applied [13], thus low correlation coefficients
between those parameters were noted.

In case of water activity, the relationship between aw and maltodextrin addition was described by
linear function in case of FD and SD, by exponential function for VD at 40 ◦C, and by power function
for VD at 60 ◦C and 80 ◦C (Table 3, Figure 2). In all cases, the correlation coefficient R2 of fitting models
were above 0.85, pointing to a strong relationship between aw and maltodextrin addition. Going into
the details, it was observed that the higher the maltodextrin addition, the higher the values of aw

for freeze-drying and vacuum drying, regardless of the temperature applied. When the SD process
was concerned, the aw values decrease within the increase in the maltodextrin quantity present in the
powders. This might be due to the binding capacity of powders connected with a structure of the
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material formed during spray drying that was trapping the water molecules. A similar observation
was made during spray drying of Gac fruit, during which an increase in maltodextrin quantity resulted
in decrease in aw values [28]. On the other hand, during the spray drying of bayberry juice an increase
in addition of maltodextrin did not change the water activity values of the powders obtained [29].
Similar results were gained during spray and freeze-drying of watermelon juice [30].
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Figure 2. Functional relationships between the water activity (aw) and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).

Figure 3 indicated the influence of maltodextrin addition on the true density of apple juice
powders obtained by selected drying methods. The relationships between those parameters were
described by exponential function for SD and VD at 40 ◦C with a correlation coefficient 0.6637 and
0.8584, respectively (Table 3). The power function was used for the description of relationships between
mention above parameters for the rest of the drying methods with a coefficient of the determination
of the fitting model above 0.9. The increased quantity of maltodextrin added into the juice did not
significantly influence the true density of the samples, regardless of the methods applied. This might
be explained by the fact that the true density of maltodextrin is approx. 1.5 g cm−3 [31]. Taking this into
account, the increase in the quantity of maltodextrin generally had no statistically significant influence
on the true density of the powders obtained. Thus, the drying process itself and the parameters applied
had stronger influence on true density than the addition of maltodextrin into the apple juice. It was
observed that only significant influence of the addition of maltodextrin above 30% into the juice was
observed in case of spray drying process. It was assumed that the relatively high temperature applied
during spray drying process might have caused the chemical changes between the compounds present
in apple juice, resulting in the structural alteration of the material. Thus, lower values of true density
were observed. Taking into account the water activity values, there is a probability that lower aw

of powder obtained after 30% addition of maltodextrin influence the true density as less water was
present in the sample. Similar results were obtained during spray drying of pitaya fruits at a relatively
high temperature (175 ◦C) in which the increase in quantity of maltodextrin from 20% up to 30%
resulted in a significant decrease in true density values [32].
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Figure 3. Functional relationships between the true density and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).
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The relationship between the bulk density and the quantity of maltodextrin present in apple
powders is shown in Figure 4, and the fitting models are presented in Table 3. The relationship was
described by exponential function for FD and SD with correlation coefficient above 0.85 (Table 3).
In the case of VD at 60 ◦C, the linear function was used to describe this relationship, and in the case of
VD 80 ◦C power function best described the relationship between those parameters. No statistically
significant relation was found between the bulk density and the quantity of maltodextrin added during
vacuum drying at 40 ◦C. Moreover, the higher concentration of maltodextrin, that is, above 15%,
the stronger the influence of the drying processes and parameters applied on the bulk density of apple
powders. A similar observation was made during freeze- and spray drying of black glutinous rice
bran and maltodextrin composition [33]. In the following study, the spray drying process performed
at 180 ◦C resulted in a decrease in bulk density, whereas the application of the freeze-drying process
caused an increase in bulk density values.
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Figure 4. Functional relationships between the bulk density and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).

Figure 5 indicated the influence of the maltodextrin content on the porosity of apple juice powders
obtained after different drying methods. The relationship between the addition of maltodextrin and
the porosity of apple powders obtained was described by exponential function for freeze-, spray and
vacuum drying at 40 ◦C, whereas the power function was used to describe the relationship for vacuum
drying at 60 ◦C and 80 ◦C. The models were presented in Table 3. It was concluded that porosity
decreased within the increase of maltodextrin content for drying methods applied, except for the spray
drying process. It might be connected to a greater extent with the properties of apple juice subjected to
the drying processes than the addition of maltodextrin. Similar observation was made in the case of
mango powders gained after FD and SD processes, after which the highest values of porosity were
noticed [22].
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Figure 5. Functional relationships between the porosity (ε) and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).
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The relationship between the addition of maltodextrin and values of the coordinate L* in relation to
selected drying methods was shown in Figure 6. The L* parameter was described by power function for
all drying methods used in the current study, and the model equations were presented in Table 3. It can
be assumed that the increase in maltodextrin concentration resulted in the lighter products (higher
values of L*), regardless of the drying method applied for apple juice powder preparation. The addition
of maltodextrin from 15% up to 35% influenced the lightness described by coordinate L* of the powders
obtained by selected drying methods. A similar observation was made in the case of mango [22],
orange peel [34] and sumac extract [35] powders. When FD and SD were applied, the addition of
more than 30% maltodextrin resulted in a decrease in coordinate L* values. No relationship was found
between the temperature of vacuum drying and the L* values.
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Figure 6. Functional relationships between the colour attribute L* and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).

Figure 7 indicated the relationships between the quantity of maltodextrin and a* colour parameter
of apple juice powders obtained by selected drying methods. The coordinate a* was described by
power function for all methods applied and the models are presented in Table 3. It was observed that
the higher the quantity of maltodextrin in the powders, the lower the values of a*, regardless of the
drying method applied. Among all methods applied, the freeze-drying process resulted in the lowest
alterations in a* values, regardless of the quantity of maltodextrin added. It might be connected with
the influence of combination of both aspects, that is, the relatively low temperature during FD and the
addition of maltodextrin that protect the molecules responsible for the red colour.
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Figure 7. Functional relationships between the colour attribute a* and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).

Figure 8 showed the functional relationships between the colour coordinate b* and maltodextrin
quantity in apple juice powders obtained by different drying methods. The parameter b* was
described by power function for all drying methods applied and models are indicated in Table 3.
The strongest influence of maltodextrin addition on the yellowness of the apple powders was noted
when maltodextrin below 20% was added, regardless of the drying method applied.
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Figure 8. Functional relationships between the colour attribute b* and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).

The power function was also used to describe the relationships between the quantity of
maltodextrin added into the apple juice and the parameter C* (Figure 9) and the fitting models
are indicated in Table 3. The functional relationships were similar to those observed for parameter b* as
this coordinate was responsible for the powders’ colour. Similar to Caliskan and Dirim [35], the higher
the content of maltodextrin in the powders, the lower the chroma values.
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Figure 9. Functional relationships between the chroma (C*) and maltodextrin (M) addition in
apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
VD—vacuum drying).

Figure 10 showed the relationships between the hue angle (h*) parameter and the quantity of
maltodextrin added in apple powders obtained by selected drying methods. Those relationships
were described by power functions for all methods applied (Table 3). In general, the 15% addition of
maltodextrin resulted in comparable h* values for the powders obtained by spray and vacuum drying.
Higher content of the carrier in the apple juice resulted in higher values of hue angle.
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apple juice powders obtained by different drying methods (SD—spray drying; FD—freeze-drying;
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4. Conclusions

The addition of a carrier during apple juice powders’ preparation is an essential step in order
to obtain powdered products, however, the quantity of the carrier should be considered, taking into
account the drying method. Due to the chemical composition of apple juice there was a possibility to
obtain apple juice powders by freeze-drying, spray drying and vacuum drying, excluding VD at 40 ◦C
when 15% and 20% of maltodextrin was used. The moisture content of the powders obtained was more
dependent on the drying method applied than on the addition of maltodextrin. High temperature
drying processes, that is, spray drying within an increase in maltodextrin quantity, resulted in a
decrease in the water activity, whereas low temperature processes increase its values in apple juice
powders. The application of the spray drying process caused a significant chemical changes in apple
juice powders towards lower values of true density in comparison to freeze- and vacuum drying.
The different size of the particles formed in dependence on the drying method used in the study
influenced the bulk density of the final products. The higest values of bulk density were indicated
for powders obtained by vacuum drying due to the bigger size of the particles that form a crystalized
structure. The porosity of apple juice powders was strictly related to bulk density. The colour
parameters of the apple juice powders were more influenced by drying techniques than the quantity of
maltodextrin (15% up to 35%) added. Taking into account the relatively comparable physical properties
of apple juice powders obtained in the current study, the spray drying process can be recommended
for apple juice powder preparation with the addition of 20% and greater quantities of maltodextrin
during its production due to the effectiveness and economic aspects of the process.
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