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Abstract

Introduction: Beetroot (Beta vulgaris) is a great source of diverse essential nutrients such as
dietary fibers, betalains, vitamins and carbohydrates. Drying of fruits and vegetables is
considered as an engineering strategy in food industry, pointed at applying a set of operations to
enhance shelf life, ensure perennial market supply, reduce packing and transportation costs, and
enhance the quality of the final product. Simultaneously this is a massive energy consumption
among food industries. Numerous efforts have been made to reduce the cost of drying
agricultural products through various methods, including the manufacturing of new equipment
and the efficiency maximization of existing systems. In the present work, it was appraised
whether by means of new drying technique of step-down mode of stepwise temperature change
conditions in a vacuum dryer apparatus, could be a probable proper alternative for manufacturing
new devices which tremendously, requires expenditure of time and disbursement.

Materials and methods: In this research the impact of a laboratory infrared-vacuum dryer and a
new drying technique of stepwise temperature with the same device were investigated. The new
strategy was assisted by a microwave treatment using a home scale Toshiba microwave. The
present study was purposed to comprehend the effects of above-mentioned drying methods on the
drying behavior of 4 mm red beetroot slices in addition to physical properties including color
indices of (AL*, Aa*, Ab*) and shrinkage; Chemical properties of vitamin C and antioxidant
component; Thermal properties of effective moisture diffusivity and drying kinetics and specific
energy consumption as well as environmental aspects of greenhouse gasses (GHG) emissions.
Beetroot slices were exposed to three levels of temperature (45, 60 and 75 °C) and absolute
pressure (20, 50 and 80 kPa) as normal drying. Also, three levels of microwave power and times
(at 150, 300, and 450 W) and (0, 10, and 20s) for stepwise conditions were applied.
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Results and discussion: Results showed that R? value of normal and stepwise drying methods
were between (92.73 — 99.92%) & (94.34 — 99.92%) respectively. The high values of R* indicates
that there is a strong relationship between experimental foundlings and predicted proposed model
guantities. Furthermore, the CV percentage for them was less than 6.93 and 6.16 for normal and
stepwise drying methods correspondingly; that illustrates a good repeatability of related models.
All studied variables demonstrate non-significant lack of fit values that exhibit a good prediction
ability for dependent variables. Therefore, models offer a good reliability in all dependent
variables. Temperature factor had significant effect on all studied parameters in normal vacuum
drying at 0.1% level. Absolute vacuum pressure affected significantly at different levels on all
variables excluding SECtotal, CO, and NO, for both methods; Unless otherwise the effect of
temperature on dependent variables was more considerable comparing to absolute vacuum
pressure. Power level and duration of microwave application in stepwise strategy had significant
effect at 0.1% level on all dependent variables excluding AA. Interaction effect of temperature
and vacuum pressure was more significant in normal vacuum drying. Stepwise method showed
more considerable effect of microwave power application time interacting with vacuum pressure
and microwave power level. The desirability values were found 0.606 and 0.610 for normal
vacuum and stepwise method respectively. The optimization by using the response surface
methodology (RSM), was detected at 65 and 20 kPa for normal vacuum drying. Besides that,
pressure vacuum of 45 kPa, 360 W of microwave power and 10 s of microwave power
application was found as optimum point for stepwise drying method. Compared to normal
vacuum drying at optimal conditions, the stepwise method reduced NO, and CO, emissions by
27.91% and 27.80%, respectively, and decreased specific energy consumption by 28.18%.
Additionally, improvements in color parameters were observed, with Aa* and AL* increasing by
18.80% and 9.87%, respectively. However, Ab* showed a 14% color degradation, and shrinkage
increased by 38.62%. Furthermore, reductions in vitamin C loss index and antioxidant activity
were recorded at 11.31% and 11.23%, respectively.

Conclusion: Using stepwise drying strategy had a close but lower impact on quality and physical
parameters; whereas, showed a great positive difference on greenhouse gasses emission and
specific energy consumption. This method also needs less energy to create absolute vacuum
pressure (45 kPa compared to 20 kPa for normal method) to gain the mentioned results.
Therefore, stepwise strategy is recommended for drying of red beetroot, as it offers a more
energy-efficient approach while maintaining product quality and reducing environmental impact.
Furthermore, this technique is proposed for new research studies that can be experimented with
different agricultural products.
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2- Response Surface Method
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Table (1) Design of experiments for stepwise method

Yaf

(S Zataw) Jawo S piio gl
Levels of independent variables
(coded levels)
235k Jlsl 0L
Duration of 2935b 0y S L oAbl el
microwave Microwave power (W) Vacuum pressure (kPa) Number of
application (s) experiments
10 (0) 300 (0) 50 (0) 1
20 (1) 150 (-1) 20 (-1) 2
20 (1) 150 (-1) 80 (1) 3
10 (0) 300 (0) 50 (0) 4
10 (0) 300 (0) 80 (1) 5
20 (1) 450 (1) 20 (-1) 6
01 450 (1) 80 (1) 7
01 300 (0) 50 (0) 8
10 (0) 300 (0) 50 (0) 9
0(1) 150 (-1) 80 (1) 10
0(1) 150 (-1) 20 (-1) 11
0(1) 450 (1) 20 (-1) 12
10 (0) 300 (0) 20 (-1) 13
20 (1) 300 (0) 50 (0) 14
10 (0) 300 (0) 50 (0) 15
10 (0) 300 (0) 50 (0) 16
10 (0) 150 (-1) 50 (0) 17
20 (1) 450 (1) 80 (1) 18
10 (0) 450 (1) 50 (0) 19
10 (0) 300 (0) 50 (0) 20
Jby SN 295 &l bl z b (V) Jgu
Table (2) Design of experiments for normal vacuum method
Jee Sla e - o
(S - gs)
Levels of independent variables
(coded levels) ST ool
Vacuum pressure s s Temperature (°C)Ls Number of
(kPa) experiments
20 (-1) 75 (1) 1
50 (0) 60 (0) 2
80 (1) 45 (-1) 3
50 (0) 45 (-1) 4
20 (-1) 60 (0) 5
80 (1) 60 (0) 6
50 (0) 60 (0) 7
50 (0) 75 (1) 8
80 (1) 75 (1) 9
50 (0) 60 (0) 10
20 (-1) 45 (-1) 11
50 (0) 60 (0) 12
50 (0) 60 (0) 13
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Table (3) Model coefficients fitted with quadratic regression equation of drying red beetroot using normal vacuum method for response variables (X;: chamber
temperature and X,: vacuum pressure)
dbe sl
Estimated Model Coefficients

Ol s cu
S]EIS“’“" D¢ (mz/s) (/) SKG Ab’ Aa* AL" (/YAC (mg/ml) AA Source
(MI/kgarer) variations
+2074.18 +3.265E-10 +42.43 +1.82 +3.18 +22.05 +85.34 +5.48 e S 2
Intercept (by)
b ool
-218.29 +1.581E-10 +10.27 -0.1124 +0.1649 +6.18 +5.00 -0.4833 (b)) X4
-2.68™ -1105E-1177 42,1377 40.0339™"  +0.249177  +1.41° -1.50""  -0.2700™" (b)) X»
Jliza 1 Interaction terms
-5.48"™ -5.947E-12"  +0.0257™ -0.0086™ -0.0156™  +0.3850™  -0.2500™  +0.1150" (b)) X4X,
¢33 4> & ke Quadratic terms
-40.92" -4.964E-12™  +5.99" -0.0192™  -0.523677 492777 40.7931™  -0.0576™ (by)) X2
-15.18™ -1.002E-11 -0.7541™ +0.0093™ -0.0273"™  -0.8541™  +0.2931™  +0.0524™ (b X5?
ns ns ns ns ns ns ns ns LaCk OfFit
0.1117 0.2070 0.4826 0.7199 0.5272 0.8898 0.6695 +0.1958 (P —value)
EETY EETY EETY sk sk sk EETY sk MOdel
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 " 0.0007 <0.0001
(P-value)
0.9900 0.9980 0.9805 0.9604 0.9853 0.9795 0.9273 0.9911 R’
1.00 2.07 3.29 1.23 1.91 4.73 1.59 0.9038 CV.%
20.58 6.609E-12 1.47 0.0222 0.0558 1.23 1.37 0.0495 Std Dev.
No Transform No Transform No ransform Square Root Square Root  Power Power Power Transformation
Quadratic Quadratic Quadratic Quadratic Quadratic  Quadratic  Quadratic  Quadratic type Model

AC (ol 059801 (Slgizme AA) it 510 o B[ 3929 pus NS § 7.0 Jlois! mlaw 58 18 Gxo ST 3 (L) Jlois! mlaw 58 510 Swmo BMWS1 sk /v ,) Sl axbaws 38 518 o IS JTULS sk
(Wbl p 039 B yan G351 SEC § (T8 2 0030 SKG w5y i (sl ol A'g Aa” (AL" ¢ Sl 1 5T cud 15
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*** Significant difference at 0.1% probability level, ** significant difference at 1%, * significant difference at 5%, ns means no significant difference. AA: ascorbic acid content,
AC: antioxidant capacity, (AL*, Aa*, and Ab¥*): color change indices, SKG: the percentage of shrinkage, and SEC: specific energy consumption

(929955 k0 OfgF Jloal o3 X3 9 9299 ko U197 X, « oM HUEX ) Frwly (S wiin (ST Sy IS 954 30 Jiaz O 5Kl (Sl P9 4330  Jamw § ) doko 4 ol il Sl yo (£) Jove
Table (4) Model coefficients fitted with quadratic regression equation of drying red beetroot using stepwise method for response variables (X;: vacuum pressure,
X,: Microwave application power, and X;: Microwave application time)

de sl
. ) . Ol sl
Estimated model coefficients Source
108
SEC (MJ/Kguurer) Derr (m?s) SKG() Ab” Aa* AL AC (%) (mg/mh AA variations
+7.33 +0.0000 +61.20 +3.85 +0.3959 +3.00 +0.0123 4224 Intercept (bo)ias 51 5 2
ok Dol
Linear terms
-0.0011™ -1.074E-06"" +1.89™ -0.2185° -0.0106™" +0.0767* +0.0001™ +0.0210" b)) X,
-0.1290™" +1.992E-06"" +2.38™ -0.7129™ -0.0108™" +0.0923"" +0.0004™" -0.0221" (by) Xz
-0.1869™ +2.742E-06"" +3.19™ -0.8956™" -0.0172™" +0.0077™ +0.0008™" -0.0064" (b)) X3
Interaction terms . !
+0.0157™ +3.064E-07"" -0.0127™ +0.0191™ +0.0026"™ +0.0187™ -0.0002™ -0.0376"™" (b12) X, X,
+0.0070™ -4.540E-07""" +0.7698™ -0.3466™" +0.0058" +0.0771" -0.0003" +0.0603™" (b13) X1 Xs
-0.1048" +1.322E-06"" +1.69™ -0.7309"" -0.0100" +0.0704" +0.0003" -0.0469" (ba3) XoXs
Quadratic terms 5 4 s &)Le
+0.0080™ -7.550E-07"" -0.0684™ +0.1175™ +0.0271"" -0.0124™ +0.0001™ -0.1442" (b)) X2
-0.0203™ -7.158E-07"" -6.49"" -0.0160™ -0.0562""" +0.0658™ +0.0003™ +0.0056" (bx) X2
0.0519™ -6.151E-09™ +5.20"" -0.4572" -0.0151"" +0.1801"" +0.0007"" -0.0055™ (b33) X5?
0.2631™ 0.0908" 0.9232" 0.1558"™ 0.3753™ 0.3848"™ 0.353"™ 0.0950" Lack of fit
(P-value)
<0.0001 *** <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 *** <0.0001°" <0.0001° ( I{Vlo‘iel)
-value
0.9883 0.9992 0.9904 0.9746 0.9808 0.9434 0.9582 0.9791 R?
0.3680 0.5296 0.9823 6.16 1.69 171 1.93 0.8843 (%) C.V.
0.0271 1.118E-07 0.5945 0.2262 0.0063 0.0532 0.0002 0.0191 Std.Dev.
Natural log root Square No Transform  No Transform SJS;’S?EO " Natural log Inverse root Square Transformation
Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic Model type

S b AC il oS, 5SSl (gl gmes AA) s Hls gme D 5 g pie NS 570 Jlazst el 55yl gae Ml s L) Jlazl pebas 53 ls g OMastl e e y) Jlazs] pmbas 55l gine s Sl s
('\'."‘.;'L.Ls“’j’iﬁgséf*"‘ ‘_ngJ‘SEC}L;J?{jﬁM):SKG ‘&)mﬁ'duu‘éu Ab*j Aa* LAL* ‘gs‘."“.'.““{‘gs'ﬁ.‘—

*** Significant difference at 0.1% probability level, ** significant difference at 1%, * significant difference at 5%, ns means no significant difference. AA: ascorbic acid
content, AC: antioxidant capacity, AL*, Aa*, and Ab*: color change indices, SKG: the percentage of shrinkage, and SEC: specific energy consumption.
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Table (5) Minimum and maximum values of response variables and their importance coefficients for optimizing the drying process using the response surface
methodology for normal infrared vacuum and stepwise drying methods

035 &S sy Y YL oss b O3 YU o b A Coda ot
Drying method Importance Upper weight Lower weight Upper limit Lower limit Goal Name
. . Al
des 3 1 1 75 45 is in range
Temperature
S8 5 Jb 3 1 1 80 20 is in range e
Vacuum pressure
Lol
N 3 1 1 450 150 is in range 2l 5

Microwave power
235,50 Jlesl 0L

S8y 3 1 1 20 0 is in range i
Time
duy 5 1 1 6.35 4.84 N
maximize il
S8 5 1 1 527 3.95 Vitamin C
duy 5 1 1 93 80 . oS 5T
maximize o
S 5 1 1 83 65 Antioxidant (%)
ey 3 1 1 38.92 19.86 o
minimize AL*
S 3 1 1 36.74 18.97
s 3 1 1 11.31 4.836 o
minimize Aa*
S8 3 1 1 1037 5.26
s 3 1 1 3.83 2.77028 o
minimize Ab*
S 3 1 1 458 0.53
J 5 3 1 1 60.8579 34.1327 s
minimize i
S8 3 1 1 69.8 52.07 SKG
dus 1 1 1 4.86339E-10 1.45902E-10 - Sr aL Ol
maximize o S S
S 1 1 1 7.68453E-10 2.54226E-10 Deft
dle 1 1 1 2266.18 1786.73 0ty b s
minimize il s
S 1 1 1 1970.24 1026.87 SECiotal
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Table (6) the selected optimal points in the response surface methodology and their comparison between normal and stepwise drying methods.
si;) Sleali

Sl Dett  S4S s e 0 AA 0l e Sbols (Bl L 038 S s
. SECua (i) , Color indices  AC (%) (mg/ml) . .
Desirability SKG (%) A Aa* ALF T(s) MP (W) Pv (kPa) T (°C) Drying method
0.606 1977.36  0.000 44.15 3.07 840 2319 89 5.57 - - 20.000 65 N(;nrﬁrf\.al
QP
; <N
0.610 1420.06  0.000 61.20 350 6.82 2090 79 4.94 10 359 45 Stepwise

W5y i GBSl (A g Aa” (AL") ¢ Sl T 5T Cd 5 tAC ool 595! (Slgimn : AA (9398 55k Jlosl Olod ¢ 1 T (9393 55k g : MP( M5 5L PV cdtaices Slod : T

Abb 0 059 B pan SIPNISEC g cugb)y Fa0 s oo Deff ( Fus g 2 w8 :SKG
Vacuum pressure, MP: Microwave power, AA: Ascorbic acid content, AC: Antioxidant capacity, AL*, Aa*, and Ab*: Color change indices, SKG: The
percentage of shrinkage, Deff: Effective moisture diffusivity, and SEC: Specific energy consumption.
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Table (7) The significance level of independent variables on response variables in the normal vacuum

and stepwise technique drying

Jla| cla.w 03 Okd, I e

Statistical Significance Level

5% 1% 0.1%
S Ju S dl S s s ke
Stepwise  Normal Stepwise  Normal Stepwise Normal Variables
AA, AC, AL*, Aa*,
- - - - - Ab*, SKG, Deff, X1
SECtotal
AC AL*, Aa*, SKG AA, Aa*, Ab*, SKG
* 1 _ > > > 5 > > >
Ab AL¥, AA Deff, Deff X2
AC, Aa*, Ab*,
- - AA - SKG, Deff, - X3
SECtotal
AC, Aa*, Ab*,
- - - - SKG, Deff, - X4
SECtotal
- SECtotal, - - - AL*, Aa*, SKG, X1 X5
- - - - X1Xs
- - - - ] - X:Xs
- - AA, Deff - X2X3
'2;:*’ AL*, Ab*, AA, Deff
) SKG, ) X2Xs
) ) AC, AL*, ] AA, Ab*, SKG, ] X
Aa* Deff, SECtotal, 34
- SECtotal, - - - AL*, Aa*, SKG X2
- Deff - - AA, Aa*, Deff, - X2
- - - Aa*, SKG, Deff - X2
i B Ab*, AC, AL*, Aa*, _ X2
SECtotal SKG 4

sl g (Sbaite Ak 395,50 Ol Jlesl Oloj Soke 5 395,50 Ol ¢ SO i clos Jitus sla e i 5 0 Xy 5 X3 o Xp Xy

SKG (%) (5, ol s (Ab*

s Aa* ¢ AL¥) (St 5T k) JAC (%) (& pslws) AA (Mg/ml) s

A3l (o35 b e 53, *SECrotal (MIKQuater) 5 (b s 53 ity ) 1Deff (MP/S) o Suss 2
X1, X2, X3, and X4 represent the independent variables: temperature, vacuum pressure, microwave power,
and microwave power application time, respectively. The dependent variables include: AA: (mg/ml)
(Vitamin C content), AC (%): (Antioxidant capacity), (AL*, Aa*, and Ab*): Color changes, SKG (%):
(Shrinkage), De (m#/s): (Effective moisture diffusion coefficient), SECtotal (MJ/kg water): Specific

energy consumption.
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Figure (4) The responsiveness of vitamin C to the interaction effects of (a) temperature and
vacuum pressure in the normal method; [(b) vacuum pressure and microwave power, (C) vacuum

pressure and microwave application time, and (d) microwave power and application time] in the
stepwise method.
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Figure (9) The responsiveness of the shrinkage index to the effect of (a) temperature and (b) vacuum

pressure in the normal method; and the interaction effects of (c) vacuum pressure and microwave
application time, and (d) microwave power and application time in the stepwise method.
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the normal method; and the interaction
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Figure (11) The responsiveness of the specific
energy consumption of temperature (a) in the
normal method; and the interaction effect of
microwave application power and Time (b)
in the stepwise method.
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