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Foam-mat Drying of Carrot Juice and Thin Layer
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ABSTRACT

D rying of fruit and vegetables is critical step of processing which can be very destruc-
tive for nutrients and especially for bioactive compounds. However, novel drying
methods like foam-mat drying helps to decrease the drying period and exposure to drying
air therefore protect the bioactives against thermal degradation as well as improving final
powder quality. The foam-mat drying of carrot juice and modeling of experimental drying
data with the theoretical models has not yet been studied in the literature. In this study, the
effects of foam-mat drying at 50, 60 and 70°C on the drying behavior of carrot juice with
the addition of 15% egg albumen (EA) and 15% egg albumen+ 10% whey protein isolate
(WPI) as foaming agents and thin-layer modeling of the foams at different thicknesses
were evaluated. Compared to the control sample (only carrot juice), the drying time of the
foamed carrot juice was reduced by 25% to 60% depending on the foam thickness and
drying temperature. These results were consistent with the effective diffusion coefficients
(D), since the control sample had comparably low D _; value than the 15% EA and 15%
EA+10% WPI foams. Among the fitted mathematical models, Midilli et al. had better
prediction capacity with the highest adjusted correlation coefficients, in addition to the

lowest sum of squared error and root mean square error values for every formulation, foam
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thicknesses and drying temperatures compared to other theoretical models.

Keywords:
Carrot juice; Foam-mat drying; Modeling; Thin-layer

INTRODUCTION

resh fruits and vegetables are highly perishable

because of their high moisture content and sho-
uld be consumed without any deterioration if only
stored properly or food preservation methods such
as; freezing, canning, chemical treatments, or drying
are employed for increasing their shelf life [1].

Drying is one of the oldest food preservation met-
hods used because it increases the shelf-life of foods-
tuffs by reducing the water activity, therefore the dried
products can be stored for later use. Besides, microbial
activity that is causing the spoilage of the food is pre-
vented, and at the same time, most of enzymes that is
evoking chemical changes in the food cannot perform
their functions due to moisture removal. Thus, dried
foods can be stored for a longer period [2].

Drying methods using hot air with natural or for-
ced convection are mostly preferred for drying foods.
However, since the chosen method is effective on the

quality characteristics of the final product, drying met-
hods such as; contact drying [3], convective drying [4],
radiation drying [5], freeze-drying [6], osmotic drying
[7] are used for drying of agricultural products like; ve-
getables, fruits, and cereals. Alternative drying methods
are constantly being developed, since the quality of the
final product is important. Foam-mat drying is a novel
technique developed to increase the moisture transfer
during the drying of liquid and semi-liquid foods. The
foam-mat drying process, which is carried out by the
addition of foaming agents and stabilizers, has come to
the forefront due to its advantages such as shortening
the drying time with hot air, and better preservation of
the dried food quality, and many studies have been car-
ried out on foam drying [8]. The drying of agricultural
products using foam drying methods has been studied
by many researchers. In these studies, vegetable and fru-
its such as; instant yam (Dioscorea rotundata) [9], bana-
na [10], tomato pulp [11], blackcurrant pulp [12], papaya
nectar [13], mango [14], muskmelon [15], yacon juice [16]
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and crab apple juice [8] were dried by this method. Altho-
ugh there are a few studies about carrot powder production
with foam-mat drying by incorporation of some other foa-
ming agents like Tween 80, methylcellulose and egg white,
these studies mostly focused on chemical composition of
the powders or powder yield [17, 18]. Moreover, the foam-
mat drying of carrot juice including different animal-based
protein sources as foaming agents and the mathematical
modeling of drying has not been studied yet. Therefore, the
objective of this study was to determine the drying behavior
of carrot juice by foam-mat drying method and mathemati-
cal modeling of the experimental drying data by exploring
the presence of egg albumen (EA) and egg albumen + whey
protein isolate (WPI) in the formulation together with the
foam thickness at different drying temperatures.

MATERIALS AND METHODS

Fresh carrots and whole eggs were purchased from a lo-
cal supermarket in Corum, Turkey. Whey protein isolate
with 96% protein was supplied from local distributor of
Hipro Iso whey (Bionet Tic. A.S., Istanbul).

Fresh carrot juice was extracted according to the pre-
vious study of Cakmak and Ozyurt [19]. The extracted juice
were filled into the glass bottles and heat-treated at 95°C for
5 min [20] in a water bath (Wise Bath, WB22, Daihan Scien-
tific, South Korea), and cooled to 4°C.

Production of Carrot Juice Foams

The most stable foam structure was obtained from the
15% EA+ 10% WPI foam formulation according to the
previous study of the authors which was mixed at the
highest speed with a hand-blender (Arzum Pasto AR-183,
Turkey) for 8 min whipping time. In addition to this for-
mulation, 15% EA including foams were prepared simi-
larly to the given foaming conditions.

Thin Layer Drying of Carrot Juice Foams

15% EA and 15% EA+ 10% WPI foams together with cont-
rol (carrot juice without foaming) were spread evenly on
petri dishes (OD: 90 mm) at two different thicknesses, in
order to equilibrate the mass on each petri dishes. For
control, the samples were placed with the thickness of 2.5
and 3.2 mm, whereas 15% EA and 15% EA+ 10% WPI inc-
luding foams the thickness was arranged as 5 and 6 mm.
The samples were dried at 50, 60 and 70°C in a preheated
built-in oven (Model no: NV60K7140BB, Samsung, Tur-
key) with upper-lower heating function at 0.9 m/s steady
air velocity until constant weight was observed. Drying
experiments performed at least five parallels and the
mass of petri dishes were recorded with an analytical ba-

Table 1. Thin layer models fitted to experimental drying datas.

Model Model eq. Reference

Lewis MR =™ [8], [21]

Page MR =+ [8], [21]
Henderson & Pabis MR = aet™ [8], [21]
Logarithmic MR =ae™ +¢ [8], [21]
Two-term MR = ae™ " + pe ™" [8], [21]
Midilli et al. MR = ae"™" + bt (8], [21]
Modified Midilli et al. MR =™ ") 4+ bt [8], [21]

lance (Precisa Gravimetrics, XB220A, Switzerland) every
10 min for first half hour, and every 30 min until the
constant weight was observed. The drying curves of the
samples were obtained from the plot of drying rate (kg
water/ hm?) versus free moisture content (kg water/ kg
dry solid) with respect to the removed free water during
aforementioned time intervals at constant surface area
exposed during drying.

Mathematical Modeling of Foam-mat Drying

Fick’s second law of diffusion was employed for evalua-
tion of the moisture transfer from the control and carrot
juice foam samples. The diffusion equation for an infinite
slab at falling rate drying period is given in Eq.1;

M-M,
MR = —-
, (1)
o 2 2 D,
:%ZMZO(ZnLI)Z exp[—(2n+ D “ LZ :|

here MR shows the dimensionless moisture ratio, M, is
initial moisture and M, is the equilibrium moisture con-
tent. M represents the moisture at any time ¢, L is the
thickness of the slab in m, and D represents effective
diffusion coefficient (m?/s).

The experimental drying data of the control and car-
rot juice foams were fitted to the thin layer models given in
Table 1 by using Matlab R2016A (MathWorks Inc., USA).
The goodness of model fit was evaluated with respect to the
Adj-R? (adjusted correlation coefficient), SSE (sum of squa-
red error) and RMSE (root mean square error) values.

RESULTS AND DISCUSSION

The drying rate curves of the samples are shown Fig. 1a,
1b and 1c for drying at 50, 60 and 70°C together with the
lowest foam thicknesses (for control: 2.5 mm, for 15% EA
and 15% EA + 10% WPIL: 5 mm), respectively. It is seen
that the control sample and 15% EA foam had both cons-
tant and falling rate period at all drying temperatures.
In addition, it was observed that the 15% EA + 10% WPI

348



—_~
=
=

0.7
~ 06 F
g 1 T
< 05 - i
5 1
< T
Z 04 > T
19 - o 1 _ T
Soale, " .. sty 7
o 03 1M, = 3 =
] il | a
:‘) 02 » s &8 8 8 Control
5 #15% EA
a 01 ® 15% EA+ 10% WPI

0.0 T T T T 1

0.0 2.0 4.0 6.0 8.0 10.0
Free moisture (kg water/ kg DM)
(b)1.0

0.9 %

08 5 @ I I
—~ [] 2 I 1
a ;
g 0.7 n
2 s 3 o
= 0.6 s
Sos ®
%00‘4 Control
‘ﬂé 03 e IISZA) EA '
=8 ] ® 15% EA+ 10% WPI
502
o
A 0.1

0.0 T T T T )

0.0 2.0 4.0 6.0 8.0 10.0
Free moisture (kg water/ kg DM)
(c) 1.6
L]

_ 1.4 2 2 T T
‘e 3 1 |
£12 3 -
~ €
3 1.0 -
§ ¢ g
on 0.8 L
=
‘q‘é 0.6 t' Control [
0 0.4 W 15% EA -
= © 15% EA+ 10% WPI
Q0.2

0.0 T T T T ]

0.0 2.0 4.0 6.0 8.0 10.0

Free moisture (kg water/ kg DM)

Figure 1. Drying rate curves of carrot juice (control), 15% EA and
15%EA+ 10% WPI foams at (a) 50°C, (b) 60°C and (c) 70°C, respectively.

sample had both constant and falling rate period only at
50°C, and only falling rate period at 60 and 70°C. Besides,
the increase in drying temperature increased the drying
rate by accelerating the moisture transfer at the elevated
temperatures. The initial moisture content of control
sample was reduced from 9.965 kg water/ kg DM to 0.125
kg water/ kg DM at 50°C, to 0.111 kg water/ kg DM at
60°C and to 0.047 kg water/ kg DM at 70°C for 2.5 mm
thickness. Besides, the initial moisture content of 15% EA
foam was reduced from 9.542 kg water/ kg DM to 0.151 kg
water/ kg DM, 0.105 kg water/ kg DM, 0.078 kg water/ kg
DM for drying at 50, 60 and 70°C, respectively.

Drying period of the samples reaching the constant we-
ight was found dependent on the drying temperature. For
50°C, the drying period was observed between 360-480 min
for control sample, whereas it was between 210-240 min for

15% EA foam and between 240-270 min for 15% EA+ 10%

WPIat both thicknesses. Similarly, the drying period at 70°C

lasted 150 min for the control sample; while the drying peri-
od of 15% EA sample was 90 min and 60 min for the 15% EA
+10% WPI sample at both thicknesses. As can be seen from

these observations, the foam-mat drying method shortened

the drying time by 25-60% depending on the drying tempe-
rature and the foam thickness (amount).

The effective diffusion coefficients are influenced by
the drying temperature, although the foam viscosity may
hinder the moisture transfer [22]. The D ” of the control
sample was found between 9.403x10- 9.803x10* m?/s, for
15% EA it was between 1.421-6.262x107 m?*/s and for 15%
EA+ 10% WPI foam it was between 5.499x10%- 5.990x107
m?/s, respectively. In accordance with the drying period
values, foam-mat drying improved the moisture diffusion
compared to control sample due to increased water-air in-
terface area due to foaming [8, 22, 23].

The results of regression analysis employed for finding
the best thin layer model representing the foam-mat drying
of carrot juice foams are given in Table 2, 3 and 4. The
Adj-R? values of the tested mathematical models were found
between 0.93-0.99 and very successful in terms of represen-
ting the experimental drying data of carrot juice and foams
at any drying temperature and foam thickness. But the most
successful model was determined as Midilli et al. with the
highest Adj-R* together with the lowest SSE and RMSE va-
lues. The model constants of Midilli et al. model are also
shown in Table 5.

Foam-mat drying offers several advantages like incre-
asing the moisture transfer rate by increasing the air-water
interface due to volume expansion via foaming. Thus, this
method decreases the energy consumption, improves re-
constitution capacities of produced powders thus product
quality, as well as protecting the bioactive compounds aga-
inst thermal degradation compared to the conventional
drying methods by encapsulation like mechanism of the
proteins [8], [24], [25], [26].

Similar to the present study, the foam-mat drying redu-
ced the drying period of apple juice [24], mango puree [23],
crab apple juice [8] and date puree [27].

The effective diffusion coefficients can be affected from
the foam formulation and the drying temperature [23], and
increasing the drying temperature increases the D values
because of faster moisture transfer from the material [26].
Chaux-Gutiérrez et al. [23] stated in their study that the D, »
values of foam-mat drying of mango pulp was found betwe-
en 2.15-6.12x10"° m?/s, whereas the D, values of lime juice
foams 8.980x10~% and 1.138x1078 m?/s [22]. These values are
in accordance with the D values of carrot juice foams.
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Table 2. Statistical results of tested models for drying at 50°C.

Sample- thickness Model Adj-R* SSE RMSE
Lewis 0.9657 0.05653 0.06595
Page 0.9794 0.03130 0.05107
Henderson & Pabis 0.9642 0.05438 0.06732
Control-2.5 mm Logarithmic 0.9642 0.05438 0.06732
Two-term 0.9570 0.05442 0.07377
Midilli et al. 0.9846 0.02147 0.04418
Modified Midilli et al. 0.9794 0.03130 0.05107
Lewis 0.9427 0.09119 0.08071
Page 0.9692 0.04551 0.05916
Henderson & Pabis 0.9421 0.08560 0.08115
Control-3.2 mm Logarithmic 0.9421 0.08560 0.08115
Two-term 0.9316 0.08561 0.08822
Midilli et al. 0.9819 0.02672 0.04534
Modified Midilli et al. 0.9735 0.03917 0.05489
Lewis 0.9781 0.03021 0.05793
Page 0.9888 0.01378 0.04150
Henderson & Pabis 0.9780 0.02699 0.05808
15% EA-5 mm Logarithmic 0.9780 0.02699 0.05810
Two-term 0.9706 0.02699 0.06707
Midilli et al. 0.9888 0.01204 0.04147
Modified Midilli et al. 0.9888 0.01378 0.04150
Lewis 0.9781 0.03021 0.05790
Page 0.9872 0.01564 0.04421
Henderson & Pabis 0.9709 0.03570 0.06680
15% EA - 6 mm Logarithmic 0.9780 0.02699 0.05808
Two-term 0.9706 0.02699 0.06707
Midilli et al. 0.9888 0.01204 0.04147
Modified Midilli et al. 0.9888 0.01378 0.04150
Lewis 0.9734 0.03667 0.06383
Page 0.9888 0.01378 0.04150
Henderson & Pabis 0.9717 0.03467 0.06583
15% EA + 10% WPI-5 mm Logarithmic 0.9709 0.03570 0.06680
Two-term 0.9706 0.02700 0.06709
Midilli et al. 0.9888 0.01204 0.04147
Modified Midilli et al. 0.9888 0.01378 0.04150
Lewis 0.9737 0.03629 0.06350
Page 0.9861 0.01704 0.04615
Henderson & Pabis 0.9717 0.03467 0.06583
15% EA + 10% WPI-6 mm Logarithmic 0.9734 0.03264 0.06387
Two-term 0.9706 0.02699 0.06707
Midilli et al. 0.9888 0.01204 0.04147
Modified Midilli et al. 0.9888 0.01378 0.04150
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Table 3. Statistical results of tested models for drying at 60°C.

Sample- thickness Model Adj-R* SSE RMSE
Lewis 0.9583 0.05841 0.08056
Page 0.9877 0.01534 0.04379
Henderson & Pabis 0.9611 0.04850 0.07786
Control-2.5 mm Logarithmic 0.9611 0.04850 0.07786
Two-term 0.9481 0.04850 0.08991
Midilli et al. 0.9892 0.01183 0.04111
Modified Midilli et al. 0.9877 0.01534 0.04379
Lewis 0.9476 0.08417 0.09174
Page 0.9873 0.01834 0.04514
Henderson & Pabis 0.9519 0.06954 0.08790
Control-3.2 mm Logarithmic 0.9519 0.06954 0.08790
Two-term 0.9381 0.06955 0.09968
Midilli et al. 0.9900 0.01279 0.03998
Modified Midilli et al. 0.9873 0.01834 0.04514
Lewis 0.9516 0.05243 0.09347
Page 0.9940 0.00498 0.03304
Henderson & Pabis 0.9506 0.04465 0.09450
15% EA-5 mm Logarithmic 0.9438 0.05079 0.10080
Two-term 0.9176 0.04465 0.12200
Midilli et al. 0.9945 0.00437 0.03154
Modified Midilli et al. 0.9945 0.00498 0.03154
Lewis 0.9671 0.04077 0.07630
Page 0.9981 0.00203 0.01840
Henderson & Pabis 0.9616 0.04075 0.08241
15% EA -6 mm Logarithmic 0.9786 0.02272 0.06154
Two-term 0.9711 0.03065 0.07150
Midilli et al. 0.9983 0.00176 0.01717
Modified Midilli et al. 0.9983 0.00177 0.01877
Lewis 0.9806 0.02246 0.05664
Page 0.9974 0.00260 0.02195
Henderson & Pabis 0.9879 0.01200 0.04472
15% EA + 10% WPI-5 mm Logarithmic 0.9860 0.01387 0.04809
Two-term 0.9663 0.02231 0.07468
Midilli et al. 0.9974 0.00241 0.02082
Modified Midilli et al. 0.9970 0.00296 0.02219
Lewis 0.9706 0.04013 0.07082
Page 0.9973 0.00320 0.02153
Henderson & Pabis 0.9726 0.03270 0.06835
15% EA + 10% WPI-6 mm Logarithmic 0.9783 0.02589 0.06082
Two-term 0.9697 0.02590 0.07197
Midilli et al. 0.9975 0.00256 0.02071
Modified Midilli et al. 0.9975 0.00300 0.02081
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Table 4. Statistical results of tested models for drying at 70°C.

Sample- thickness Model Adj-R* SSE RMSE
Lewis 0.9660 0.04750 0.07705
Page 0.9966 0.00421 0.02451
Henderson & Pabis 0.9688 0.03815 0.07383
Control-2.5 mm Logarithmic 0.9688 0.03815 0.07383
Two-term 0.9636 0.03815 0.07974
Midilli et al. 0.9966 0.00365 0.02447
Modified Midilli et al. 0.9966 0.00421 0.02451
Lewis 0.9556 0.06283 0.08862
Page 0.9951 0.00609 0.02950
Henderson & Pabis 0.9624 0.04648 0.08149
Control-3.2 mm Logarithmic 0.9624 0.04648 0.08149
Two-term 0.9562 0.04648 0.08802
Midilli et al. 0.9953 0.00503 0.02897
Modified Midilli et al. 0.9951 0.00605 0.02940
Lewis 0.9720 0.02313 0.06802
Page 0.9945 0.00365 0.03019
Henderson & Pabis 0.9731 0.01782 0.06675
15% EA-5 mm Logarithmic 0.9731 0.01782 0.06675
Two-term 0.9462 0.01782 0.09440
Midilli et al. 0.9952 0.002371 0.02811
Modified Midilli et al. 0.9950 0.003306 0.02875
Lewis 0.9509 0.04271 0.09243
Page 0.9905 0.00662 0.04067
Henderson & Pabis 0.9385 0.04286 0.10350
15% EA - 6 mm Logarithmic 0.9351 0.04523 0.10630
Two-term 0.9457 0.03785 0.09727
Midilli et al. 0.9915 0.00440 0.03840
Modified Midilli et al. 0.9905 0.00662 0.04070
Lewis 0.9491 0.04307 0.09357
Page 0.9945 0.00377 0.03070
Henderson & Pabis 0.9539 0.03171 0.08904
15% EA + 10% WPI-5 mm Logarithmic 0.9438 0.03866 0.09831
Two-term 0.9412 0.04044 0.10050
Midilli et al. 0.9952 0.00330 0.02870
Modified Midilli et al. 0.9947 0.00360 0.03010
Lewis 0.9636 0.03122 0.07901
Page 0.9963 0.00190 0.02506
Henderson & Pabis 0.9539 0.03168 0.08900
15% EA + 10% WPI-6 mm Logarithmic 0.9615 0.02644 0.08130
Two-term 0.9505 0.03396 0.09214
Midilli et al. 0.9966 0.00188 0.02400
Modified Midilli et al. 0.9961 0.00270 0.02590
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Table 5. Model constants of the best fitting theoretical model.

Temperature (°C) Sample Midilli et al. model constant

Control-2.5 mm a=0.932, b=2.338*10*, k=0.0003, n=1.556
% Control-3.2 mm a=0.943, b=3.185*107, k=0.0001, N=1.659
Control-2.5 mm a=0.953, b=2.223*10%, k=0.0005, N=1.659
e Control-3.2 mm a=0.947, b=4.233%107°, k=0.0002, n=1.859
Control-2.5 mm a=0.978, b=1.943*10*, k=0.0021, N=1.626
7 Control-3.2 mm a=0.973, b=2.332*10%, k=0.0009, n=1.682
15% EA-5 mm a=0.962, b=2.244%*10%, k=0.0029, N=1.363
% 15% EA-6 mm a=0.962, b=2.309*10*, k=0.0028, n=1.363
15% EA-5 mm a=0.977, b=1.189*10%, k=0.0014, N=1.874
e 15% EA-6 mm a=1.002, b=2.256*10", k=0.0036, N=1.536
15% EA-5 mm a=1.000, b=2.417*10%, k=0.0012, N=1.502
7 15% EA-6 mm a=0.999, b=4.348*10%, k=0.0006, n=2.203
15% EA + 10% WPI-5 mm a=0.962, b=1.559*10*, k=0.0028, n=1.363
% 15% EA +10% WPI-6 mm a=0.962, b=2.222*10", k=0.0029, n=1.363
15% EA + 10% WPI-5 mm a=0.999, b=2.245%*10"*, k=0.0069, N=1.354
e 15% EA + 10% WPI-6 mm a=0.994, b=2.221*10%, k=0.0036, N=1.444
15% EA + 20% WPI-5 mm a=0.986, b=2.220*10*, k=0.0034, N=1.657

70

15% EA + 10% WPI-6 mm

a=0.997, b=2.221*10%, k=0.0048, n=1.596

Since carrot juice is a valuable source of carotenoids,
the encapsulation of these bioactive compounds with wall
materials including the proteins or stabilizers by foam-mat
drying like this present study will promote longer stability
of carotenoids [28]. Therefore, the efforts related with fin-
ding better drying conditions in terms of selecting different
dryers such as non-thermal or hybrid dryers together with
modifying the drying temperature and air velocity will help
to provide an insight for further foam-mat drying of similar
juices.

CONCLUSION

It has been determined that the foam-mat drying process
shortens the drying time of carrot juice by 25-60% depen-
ding on the drying temperature and the foam thickness.
These results in accordance with the effective diffusion
coefficients, since the drying of foamed juices had higher
D, values compared to the control sample.

Consequently, the compatibility of experimental
drying data of carrot juice with the tested theoretical mo-
dels was evaluated, and the adjusted correlation coefficients
of the tested theoretical models varied between 0.93-0.99,
which showed that the fitted models had a high ability to
represent the drying behavior of the carrot juice, 15% EA
and 15% EA+ 10% WPI foams. However, among these mo-

dels, regardless of the foam composition, drying temperatu-
re, or foam thicknesses, the best results were found with the
Midilli ez al. model. Future studies may focus on prediction
of the drying data of different fruit juice foams by the same
theoretical model.
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