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Abstract

The experimental sensitivity analysis of the novel ohmic assisted drying system (OAD: simultaneous use of ohmic heating
and convectional air drying), which was developed as an alternative to the traditional method, was carried out for the first
time. Within the scope of the study, changes in drying time, drying characteristics and some quality parameters were exam-
ined by changing the controlled parameters (applied voltage, temperature and air velocity) of the new OAD system. For this
purpose, potato, which is an important commercial food in the European continent, was used as raw material. The optimum
levels of OAD were calculated as approximately 60 °C for drying temperature, 112 V for applied voltage and any value
between 1.07 and 1.98 m/s for air velocity to minimise drying time, browning index and to maximise effective diffusivity
corresponding to accelerated drying period, b* colour value. According to the results, a 32-38% improvement was achieved
in drying time compared to the traditional method. In addition, no negative effect was observed on the quality properties of
potato slices dried under optimum conditions compared to the control samples. Moreover, it appears as an advantage that the
new method provides partial pre-gelatinisation of starch molecules, which is important for the food industry. OAD will also
save both time and economy by removing the need for the blanching stage in drying processes due to the obtained significant
enzyme inactivation. Considering the results, it is seen that the newly developed technique has a promising potential both
for the food industry and the literature.
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Introduction

Foods tend to undergo some chemical and microbiological
deteriorations after harvesting, especially during the supply
and storage chain. These undesired changes originate from
high water activity/content of food materials. As a result
of these changes, the nutritional and sensorial properties of
foods are weakened, and the formation of some detrimental
compounds are also inevitable. Therefore, various preserva-
tion methods have been developed to prolong the shelf-life
of food materials. Among all preservation methods, dry-
ing is known as one of the well-known and oldest tech-
niques (Akpinar, 2006). Besides, due to being high energy/
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time-consuming technology (Moses et al., 2014; Raghavan
et al., 2005; Ratti, 2001), manufacturers/researchers try to
develop novel methods to improve the efficiency of tradi-
tional drying methods like convective drying (CD) and dry-
ing under sunlight (SD). Despite their common use in the
food industry, both CD and SD have some disadvantages.
For example, the use of SD is dependent on climate condi-
tions so the final product may suffer from low quality and
lack of standardisation (Ceylan et al., 2006). Although CD
is helpful to overcome these problems, the CD is very time
and energy-intensive and still leads to losses in nutrients
and quality (Canizares & Mauro, 2015; Liu et al., 2014;
Turgut et al., 2018). The studies, which were conducted to
overcome these problems, have mostly focused on energy
efficiency, time requirement and product quality (Andreou
et al., 2021; Arikan et al., 2012; Bi et al., 2014; Fernandes
et al., 2015; Gong et al., 2020; Liu et al., 2020; Wang et al.,
2019; Zhao et al., 2014; Zhou et al., 2018). In those stud-
ies, researchers mostly tried to combine different and novel


http://orcid.org/0000-0002-9968-4750
http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-022-02765-9&domain=pdf

Food and Bioprocess Technology (2022) 15:440-458

44

food processing techniques such as ultrasound, microwave,
infrared, pulsed electric field, etc., to shorten the drying
time of the food products. Similarly, ohmic heating (OH),
another novel and volumetric food processing technique, has
been successfully adopted as a pre-treatment to improve the
drying performance of solid food materials (Icier, 2010;
Lebovka et al., 2006; Wang & Sastry, 2000; Zhong & Lima,
2003). Apart from drying, OH is also evaluated for differ-
ent purposes such as tempering (Seyhun et al., 2013), bread
making (Bender et al., 2019), juice concentration (Fadavi
et al., 2020) etc. So far as we are aware, the simultaneous use
of ohmic heating with convective drying for solid food mate-
rials (briefly ohmic assisted drying, OAD) was introduced
to the literature for the first time with our previous study
(Turgut et al., 2021). In this study, a deeper understanding
of the underlying mechanisms was also evaluated using the
developed mechanistic model.

In brief, the mechanism of ohmic heating is based on
the passage of electric current through food material which
shows electrical resistance resulting in volumetric heat
generation. The advantages of ohmic heating over other
methods can be listed as (i) rapid heating and uniform
temperature profile, (ii) instant shut down and no residual
heat transfer, (iii) being environmentally friendly, (iv) low
maintenance cost and (v) high energy conversion efficiency
(Sakr & Liu, 2014). In addition, the positive effects of ohmic
heating have been previously shown on the drying perfor-
mance of solid food materials when used as a pre-treatment
method (Lebovka et al., 2006; Wang & Sastry, 2000; Zhong
& Lima, 2003). It helps to achieve a higher retention ratio
of nutrients, vitamins, and bioactive compounds in the final
dried food product (Icier, 2010). However, to the best of our
knowledge, there is no available study assessing the sensi-
tivity of the final dried product quality properties against
OAD (simultaneous ohmic heating with convective dry-
ing) parameters and how they can be controlled/optimised
to meet consumers’/producers’ demands. To guarantee the
optimal quality of dried products, the OAD process should
be designed carefully. Response surface methodology
(RSM) can be used for this purpose. RSM is commonly used
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to analyse experimental data for the optimisation of process
parameters. That is to ensure the best possible product speci-
fications and understand the relationship between response
and explanatory variables (Bi et al., 2014; Eren & Kaymak-
Ertekin, 2007; Icier, 2010).

Therefore, the objective of the present study is (i) to
assess the sensitivity of OAD system efficiency and product
quality against process variables, (ii) to find optimal process
conditions using RSM, and (iii) to compare quality proper-
ties of dried potato slices produced using OAD and CD.

Material and Methods
Preparation of Drying Material

Potatoes (Solanum tuberosum cv. Agria) were used for the
experiments as a model food material and potato tubers
were purchased from a local producer in Isparta, Turkey.
Special care was given to select defect-free tubers in a simi-
lar shape, size, and colour. After the purchase, the potatoes
were let at room temperature (at around 20 °C in the dark)
for a day to equilibrate their temperature with the environ-
ment temperature. All the drying experiments were finished
within 10 days to prevent/limit the arise of possible vari-
ations among the tubers, and the same storage conditions
were ensured during the experiments. Potato tubers were
sliced to form rectangular prisms (45 X 45x5 mm) before
drying trials.

Drying Procedure

Experiments were performed in a tunnel type hot air dryer
(Eraktek Innovation, Konya, Turkey). The dryer was
equipped with a custom-engineered/produced lab-scale
electrode apparatus (ohmic cell). The developed ohmic cell
is seen in Fig. la with attached potato slices. Each sam-
ple holder has six stainless steel needle-shaped electrodes
(3 mm in diameter) and the whole system has 16 sample
loading capacity. The electrodes are attached to a cylindrical
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Fig.1 (a) Ohmic cell with inserted potato slices and (b) illustration of tunnel drying equipped with ohmic heating apparatus (Turgut et al., 2021)
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Table 1 Central composite design (rotational) parameters used for
RSM of ohmic assisted drying and corresponding coded values

Independent variables Real / Coded values

Temperature (°C, x;) 40/-1 50/0 60/+1

Air velocity (m/s, x,) 0.85/-1 1.50/0 2.15/+1
Voltage (V, x3) 32.96/-1 75710 117.04 /+1

polyethylene base to ensure electrical isolation and high-
temperature resistance (approximately until 150-180 °C).
The ohmic cell is powered with an AC power supply (max.
operation 400 V-10 A AC at 50-60 Hz) (Eraktek Innovation,
Konya, Turkey).

Before each drying trial, the oven with the ohmic cell was
left working for almost 30 min to attain set conditions (tem-
perature and flow rate) in the drying chamber (for details
about process conditions please see the experimental design
in Tables 1 and 2). Then, fresh-cut potato slices were imme-
diately attached to the electrodes as shown in Fig. 1a. The
ohmic cell was placed on an in-situ weighed drying tray
(KERN, KB 3600-2 N, Balingen, Germany) to monitor the
real-time weight change of a whole bunch of samples. As
soon as the ohmic cell was placed into the dryer, the power
supply was turned on and alternating electric current at

constant voltage was given during drying without any inter-
ruption (applied voltage levels were given in Tables 1 and 2).
The constant voltage level was adjusted using a manual
variac and digital multi-meter (measuring volt and amper)
(Eraktek Innovation, Konya, Turkey). The initial moisture
content of the potato tubers was determined using a moisture
analyser (KERN, DBS 60-3, Balingen, Germany) before
each trial. To follow the change in moisture content during
drying, the weight of samples was recorded in one-minute
intervals. The moisture content was calculated on dry basis
(g moisture/g dry matter).

Experimental Design

Optimisation of OAD conditions was conducted using RSM.
The independent variables were temperature (x,), air veloc-
ity (x,) and applied voltage (x3). The real and correspond-
ing coded values of the independent variables were given
in Table 1. A rotational central composite design was used.
Each variable was tested at 5 levels and the total number of
runs was 20 including 6 replicates in the central point. The
design table and corresponding response variables used for
optimisation (drying time, b*, browning index and effec-
tive diffusivity of accelerated drying region) were given

Table 2 Central composite design used for RSM and experimental data of investigated responses belong to ohmic assisted drying

SO RO Factor 1 (x)) Factor 2 (x,) Factor 3 (x;) Response 1  Response 2 Response 3 (Z;) Response 4 (Z,)
(Z) (Zy)*1075
1 11 44.05 1.11 50.00 277 0.00 24.80 0.43
1 17 40.00 1.50 75.00 238 0.28 26.16 0.09
2 14 60.00 1.50 75.00 165 0.53 21.97 0.14
2 19 55.95 1.11 50.00 205 0.00 18.93 0.51
3 8 50.00 0.85 75.00 211 0.53 23.60 0.19
3 16 44.05 1.89 50.00 245 0.00 29.39 0.27
4 6 50.00 2.15 75.00 207 0.55 26.47 0.19
4 10 55.95 1.89 50.00 222 0.00 24.58 0.31
5 7 44.05 1.11 99.99 276 1.08 27.18 0.28
5 20 50.00 1.50 32.96 279 0.00 27.50 0.49
6 3 50.00 1.50 117.04 256 1.57 30.58 0.19
6 15 55.95 1.11 99.99 186 1.07 28.21 0.09
7 1 50.00 1.50 75.00 224 0.58 25.29 0.11
7 44.05 1.89 99.99 272 0.27 25.25 0.11
8 2 50.00 1.50 75.00 214 0.48 26.90 0.20
8 9 55.95 1.89 99.99 158 1.16 29.77 0.10
9 12 50.00 1.50 75.00 220 0.54 24.98 0.14
9 13 50.00 1.50 75.00 194 0.35 22.26 0.12
10 5 50.00 1.50 75.00 212 0.55 24.73 0.22
11 18 50.00 1.50 75.00 224 0.41 25.32 0.15

SO: Standard order (not randomised), RO: Run order (randomised)

x;: Temperature (°C), x,: Air velocity (m/s), x;: Voltage (V)

Z;: drying time (min), Z,: effective diffusivity of accelerated drying step (D) (m?/min), Zy: b* colour value, Z,: browning index
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in Table 2. The accelerated drying region was previously
defined as the period of OAD drying in which a rise in sam-
ple temperature and evaporation rate was accelerated by
ohmic heating (Turgut et al., 2021). The experimental data
were fitted to a full quadratic regression model to define
the variability in studied responses with process parameters

(Eq. ).

3
Z=py+ Y b +zﬁ,,,+22ﬂ,,,, e
i=1

i=1 j=i+1

where Z is the dependent (response) variables which were
given in Table 2, f, is the model constant (intercept), f; is
the linear coefficient (main effect), f; is the quadratic coef-
ficient, and ; is the two factors interaction coefficient. Mul-
tiple, adjusted and predicted coefficients of determination
(R, R? g arldR2 - Tespectively) were used for model evalu-
ation and adequacy. The creation of experimental design and
data analysis was conducted using R language with RStudio
(Version 1.1.383). The rsm package (ccd function for central
composite design and Im function for regression analysis)
was used with coded data (with coded.data function) (Lenth,
2009). After regression model development with full quad-
ratic equation, it was further simplified using the Akaikes’
Information Criterion (AIC) in mixed stepwise elimination
using step function (James et al., 2013). The lack of fit value
for each model was calculated using alr3 package (Weisberg,
2018). The optimisation was performed by desirability
(Kuhn, 2016) and genoud (Mebane Jr. & Sekhon, 2011)
functions. As an initial search pattern, a data frame consist-
ing of 150 % 3 random numbers changing between -1/4-1 was
used. The graphics were produced using plotly package
(Sievert, 2020).

Analysis
Calculation of Effective Diffusivity

The effective moisture diffusivity (D,;) was calculated to
obtain information about the mechanism of moisture transfer
and the complexity of the drying process. It was defined by
Fick’s second law with the assumption that diffusion is the
only physical mechanism controlling the transfer of water
molecules to the sample surface. Potato slices were con-
sidered as infinite slabs (since other directions were large
enough compared to the thickness) with uniform initial
moisture distribution. Thus, moisture movement took place
only through the thickness. The analytical solution of Crank
(1975) for Fick’s second law was used to calculate D, val-
ues of different drying regions during OAD. The moisture
ratio (MR) of the sample was calculated using the following
equation.

MR Mt - Me

T MM, @
where M, is the moisture content of the material at any time
(g water/g dry solid); M, is the initial moisture content of the
material before drying (g water/g dry solid) and M, is the
equilibrium moisture content of potato samples (g water/g
dry solid). The M, was assumed to be zero for drying since
it is relatively small compared to M, and M; and accepted to
be negligible (Doymaz, 2004; Karacabey et al., 2016).

The MR is described in Eq. 3.

® Qi+ 1)*D 7
Z:; i\ T )

where D, is the effective moisture diffusivity (m*/min), L is
the half-thickness of the slab (m) (drying from both sides),
MR 1is the moisture ratio (Eq. 2) and ¢ is the drying time
(min). For long-term drying, only the first term of Eq. 3 was
used to explain the drying procedure. The final equation to
calculate the Deﬁc is given below (Eq. 4) and the effective
moisture diffusivity was calculated by fitting /n(MR) vs. time
data to the proposed mathematical expression.

ln<§> B Dy = iex —De'#ﬂ%
72 az )27 41?

“

In(MR) =

Enzyme Activity

The peroxidase activity of potato samples was determined
using the method proposed by Cemeroglu (2013) after small
modifications. A 2 g of sample was homogenised with 8 mL
of 0.1 M Na-phosphate buffer (pH 7.0) for 1 min at 4 °C.
The filtrate was centrifuged at 13,500 rpm for 20 min at
4 °C. The supernatant (50 uL), distilled water (1.1 mL) and
reactive solution (1 mL, 1:1 mixture of 0.5% H,0, and 0.5%
guaiacol) were mixed. The increase in absorbance of the
mixture read at 470 nm was recorded for 3 min intervals.
One unit of enzyme activity was defined as the amount
that caused a change of 0.01 in absorbance per minute. The
results were given as unit/g dry matter.

Browning Index

The browning index was determined using the procedure
described by Mudahar et al. (1990) and Leeratanarak et al.
(2006). The sample (2 g) was extracted with 10 mL of 2%
acetic acid solution and sonicated for 5 min. The mixture
was centrifuged at 4000 rpm for 10 min. An aliquot of the
filtrate was mixed with an equal volume of ethanol and cen-
trifuged again at 13,500 rpm for 5 min. The absorbance of
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the extract was measured at 420 nm using a spectrophotom-
eter (C-71008S, Peak Instruments Inc., USA) using a 1 cm
cell. The results were expressed in optical density.

Starch Gelatinisation Degree

The colourimetric method reported by Wootton et al. (1971)
and modified by Dalla Rosa et al. (1989) was used to deter-
mine the degree of starch gelatinisation in dried potatoes.
Briefly, 0.5 g of the dried sample (sample A) and an equiva-
lent amount of fresh potato in terms of dry matter (sample
B) were taken. Sample A was homogenised in 25 mL of dis-
tilled water for 1 min. It was then centrifuged at 4000 rpm.
The supernatant (150 uL) was mixed with 1840 pL distilled
water and 10 pL of iodine solution (4 g of potassium iodide
and 1 g of iodine in 100 mL of distilled water). The absorb-
ance of the mixture was read at 600 nm and recorded. Sam-
ple B was cooked in an autoclave at 135 °C for one hour to
ensure complete starch gelatinisation and then same proce-
dure was followed. The degree of gelatinisation (GD, %) was
calculated using Eq. 5.

Ay
GD(%) = | — ) x 100 )
Ap
where A, and Ay values were the corresponding absorbance
values obtained for samples A and B, respectively.

Ascorbic Acid

Ascorbic acid contents of fresh and dried samples were
determined by the method described by Giovanelli et al.
(2002) with some modifications. Briefly, 2 g of potato sam-
ple was homogenised with 10 mL of 4.5% metaphosphoric
acid for 1 min, then the mixture was centrifuged at 4000 rpm
for 20 min at 4 °C. The supernatant was filtered through a
0.45 pm membrane filter and injected into HPLC.

Detection and quantification were carried out using Agilent
1260 Infinity HPLC system equipped with an autosampler,
Agilent XDB C18 column (250 mm X 4.6 mm inner diam-
eter, 5 um particle size) and a diode array detector (DAD).
The flow rate was 0.8 mL/min, injection volume was 10 pL,
the column temperature and detection wavelength were set at
30 °C and 245 nm, respectively. Isocratic elution of mobile
phase (HPLC grade distilled water, pH adjusted to 2.2 with
phosphoric acid) was carried out and the data were integrated
and analysed using Agilent ChemStation for LC 3D Systems
software. Ascorbic acid was identified by comparison with the
retention time and UV-Vis spectrum of an authentic stand-
ard (Sigma-Aldrich; Oakville, ON, Canada). Quantitation was
performed using an external calibration curve. The result was
expressed as mg ascorbic acid/g dry matter.

@ Springer

Total Phenolic Content

Phenolics were extracted from potato samples using the
method of Ahmed et al. (2010) with some modifications
and total phenolic content was determined using the
method described by Singleton and Rossi (1965). Briefly,
the potato sample (0.1 g) was homogenised in 10 mL
75% methanol twice and filtered through Whatman No.
2 filter paper. The extract (1.5 mL) was mixed with 940
pL distilled water and 200 puL Folin-Ciocalteu reagent.
Following, 600 pL of saturated Na,CO; solution and 760
pL distilled water were added in order and vortexed. The
absorbance of the mixture was measured using a spec-
trophotometer (C-7100S, Peak Instruments Inc., USA) at
765 nm after 2 h incubation in the dark at room tempera-
ture. The result was calculated using the gallic acid cali-
bration curve and expressed as mg gallic acid equivalent/g
dry matter.

Colour and Texture

Colour values of samples were determined using a port-
able colour meter (NH310, Shenzhen 3NH Technology,
China) in CIE Colour Scale (L*, a*, b*). Moreover, total
colour change (AE) was calculated as follows.

AE = \/(AL*)2 + (A" + (Ab*) (©6)

The textural properties of potato slices, i.e. firmness
(F) and elasticity (E), were determined using a texture
analyser (TA-XT Plus, Texture Stable Micro Systems, Sur-
rey, UK) equipped with a 5 kg load cell. Each sample was
punctured from 5 different positions with a 2 mm diam-
eter stainless steel cylinder probe. The penetration speed
was set at 1 mm/s. The results were given in N and mm,
respectively, for F and E.

Rehydration Ratio and Leaching Loss

The rehydration ability and leaching loss during rehydra-
tion were evaluated by immersing potato slices in distilled
water at 60 °C until a stable balance was attained (during
240 min) (Cunningham et al., 2008b). The potato:water
ratio was 1:100 (w:v). The rehydration ratio (RR) of the
sample was then calculated using Eq. 7.
RR=

T, (N
where m, was the weight of samples at any time and m; was
the initial weight (g), respectively.
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To calculate leaching loss, soaking water was evaporated
in a preheated oven at 105 °C for 24 h (AOAC, 2005). The
results were given as g dry residue/g dry matter of sample.

Scanning Electron Microscope Images

Scanning electron microscopy images (SEM) of dried potato
samples were captured using Fei Quanta FEG 250 (Czechia)
(capable of 1.4 resolution and x 10° magnification) without a
conductive coating using Gaseous ESEM (GSED) detector.

Statistical Analysis

All statistical analyses were conducted using R language
with RStudio (Version 1.1.383). Details about the design of
optimisation experiments, model development and assess-
ment were given in detail under the “Experimental Design”
section. Apart from it, variance analysis and statistical
comparison of validation trials results were made using
aov function. All results for validation and control samples
were compared in terms of treatments. Comparison of means
was done with Tukey HSD test using TukeyHSD function
(p<0.05) (Abdi & Williams, 2010). Letter denotation for
significantly different groups was made using multcompLet-
ters function in multcompView library (Graves et al., 2019).
The cor and cor.test functions were used for given correla-
tion coefficients and relation significance results.

Results and Discussion
RSM model Development of OAD System

To optimise the OAD system by RSM, 20 trials were con-
ducted with different combinations of process parameters
(temperature (T'), air velocity (v) and applied voltage (V))
using central composite design (rotational) (Table 3). Mul-
tivariate regression analysis was performed and main, sec-
ond-order and interaction effects of explanatory variables
on drying time (DT), effective diffusivity during accelerated
drying period (D,;,), enzyme activity (peroxidase) (EA),
browning index (BI) and b* colour value were examined.
The regression analysis shows that the quadratic model
(after elimination of parameters that do not contribute
to models according to the AIC number) can adequately
explain the process parameters dependent variabilities in
these responses. By mixed elimination, consistency and
accuracy of the proposed models were improved and over-
fitting was avoided (James et al., 2013). In Table 3, informa-
tion corresponding to the statistically meaningful models
was given for process optimisation. Apart from the models
in Table 3, the model belonging to C* was also found as
significant (p <0.05). However, it was not included in opti-
misation since C* is in a very meaningful correlation with
b* (r=1 with p<0.001). So keeping one of them in the
optimisation procedure is enough.

Table 3 Regression and standardised regression coefficients of developed models for the investigation of dried potatoes using the OAD method

Z, Z, Z, Z,
p,: Constant 210.62[0]*** 2.40[0]*** 24.69[0]*** 0.15[0]***
p: Temperature (T) -51.94[-0.74]%** 0.79[0.18]* -1.50[-0.27]* 0.002[0.01]
p,: Velocity (v) -4.25[-0.09] 1.81[0.32]** -0.64[-0.25]*
B2 Volt (V) -11.78[-0.171° 3.83[0.88]#** 2.20[0.397]** -0.18[-0.697***
P TXT -0.79 [-0.11]
Pt vXv 0.06[0.15]
PV XV 56.30[0.49]*** 1.12[0.16]° 4.14[0.46]%** 0.21[0.507***
T Xv 1.59[0.171° 1.61[0.13]
pisT XV -38.537[-0.25]* 1.562[0.16]° 5.73[0.477#** -0.11[-0.20]°
v XV -1.29[-0.14] -3.75[-0.317** 0.07[0.12]
Model significance Hokk oAk Hokok Hokk
Variability explained (R?, %) 88.34 93.45 88.63 86.68
Variability explained (Rﬁ 4 %) (adjusted) 85.24 88.68 82.00 78.91
Variability explained (Rf’m o+ %) (predicted) 71.97 58.26 72.13 47.06

Lack of fit

Z,: drying time (min), Z,: effective diffusivity of accelerated drying step (D,;,) (m?*/min), Zy: b* colour value, Z,: browning index

By is the model constant (intercept), f; is the linear coefficient (main effect), f;; is the quadratic coefficient, and f; is the two factors interaction

coefficient in adjusted polynomial model Z = f§, + Z?:] Bix; + Z?:l B2+ Y

4

3 . . .
=1 Zf:i +1 Byxix;. All coefficients were given as “regression coef-

ficient [standardised regression coefficient]”. Model coefficients for Z, (D,,) were given after multiplied with 10°
Significance codes (p): 0<“ ***°<0.001 < ***<0.01 < *’<0.05<“*’<0.1<“ " <1
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The adequacy of the developed models was tested using
the analysis of variance. The models having low p-values
(p<0.001, Table 3) are highly significant and they could be
used for feature prediction and optimisation procedures. The
quality of the models was also assessed by the coefficient of
determination (R?), adjusted and predicted R? values (R? i
and Rfm, > respectively). The high values for these parame-
ters are the sign of accurate predictions for DT, Deﬁ‘;27 EA, BI
and b*. Moreover, the insignificant lack-of-fit value
(p<0.05) confirms that the developed models could safely
be used to predict the output variables.

Besides the general model performance, the other impor-
tant point is to evaluate the significance of model param-
eters. They were assessed with low p-values and their con-
tributions were tested using AIC numbers (AIC number
improves the goodness of fit but it also includes a penalty
term for parameter number to keep the model as simple as
possible and to avoid overfitting problem) (James et al.,
2013).

Effect of OAD System on Drying Time and Effective
Moisture Diffusivity

The multiple regression model developed to explain the
dependency of DT on OAD parameters shows high accu-
racy (R?=88.34%) with p<0.001. Figure 2 was plotted to
show the effects of temperature and voltage on DT. While
temperature had a higher (p <0.001) and voltage had a rela-
tively lower (p <0.1) influences on DT, air velocity did not
play any role in the model. As the temperature increased,
DT linearly decreased which is coincident with the nega-
tive linear term effect of temperature (p <0.001) in the

Fig.2 Response surface for the effect of temperature and voltage of
ohmic assisted convective drying on drying time

@ Springer

corresponding regression model (Table 3). This favourable
influence of increasing temperature on DT may be attrib-
uted to the accelerated heat and mass (moisture) transfers
around the drying material. Although there is weaker impor-
tance of voltage’s main effect term, the second-order term
of voltage (p <0.001) and voltage-temperature interaction
(p<0.001) reveal how much the voltage is important for
DT of potato slices in the OAD system. As can be seen from
Fig. 2, the curve effect of voltage on DT is compatible with
its second-order term in the model. At low voltage levels
(approximately for the values lower than 70 V), an increase
in DT was observed due to the frail heating capability of the
electrical current. Increasing voltage (approximately up to
100 V) resulted in shorter DT values. However, a further
increase in voltage caused an increased DT. This may be
due to the over-shot effect which is seen at higher voltages.
The occurrence of over-shot close to electrodes may limit
the electric current passing through the material leading to
inefficiency of ohmic treatment (Turgut et al., 2021).

For the current drying system, three effective diffusivity
coefficients (Dg s Dogos Do 3 (m?/min)) were defined for
three corresponding regions of a drying curve. A sample
drying curve, showing which regions correspond to D,
Dz, and D 4 ; values, was presented in Fig. 3. In Fig. 3,
D, corresponds to the drying period from t=0 to the time
point at which the effect of ohmic heating starts to appear
(product temperature was not higher than the surrounding
air), (ii) D, was considered for the period when the heat-
ing process was dominated by ohmic treatment (product
temperature was higher than the surrounding air) and lastly
(iii) D,y ; was the period that was in between the end of the
ohmic heating and the final of the drying (product tempera-
ture decreases around to surrounding air temperature). Since
any significant regression model could not be developed for
D, and D45, any associated data were not presented in
this paper. But briefly, all D, values were higher than D,
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Fig.3 Variation of moisture ratio (MR) vs. drying time of potato
slices dried under optimum conditions and their control equivalents
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and D, 5, except the drying trials conducted at 33 and 50 V.
This was because ohmic heating did not demonstrate any
clear heating effect due to insufficient voltage levels. Thus,
D5, values were assumed to be 0 for the trials conducted
at 33 and 50 V. The regression model developed to predict
D4, values can adequately explain its variation depending
on process parameters (R>=93.45% and p<0.001). Although
all the main effect terms contribute to the model according
to the AIC number, only V (p<0.001) and T (p <0.05) coef-
ficients were found as significant. Among model parameters,
only the velocity term shows a negative impact on diffusiv-
ity. Regarding second-order and interactions terms, V X V,
T xv and T x V have p-values less than 0.1. From these
results, it can be seen that the most efficient parameter on
Dy, is the applied voltage gradient of ohmic heating, and
it is followed by drying air temperature. The contributions
of the different processing parameters were graphically rep-
resented through three-dimensional (3D) response surface
plots (Fig. 4a-c). From these figures, it can be concluded
that the temperature and the air velocity showed weaker
impacts on D, compared to the voltage level. The volt-
age level positively affects D, regardless of other process
parameters but at higher temperatures and higher air veloci-
ties, a synergetic effect appears. Interestingly, at moderate
or lower voltage levels, higher temperatures and velocities
cause slight reductions in diffusivity. This may be due to
(1) the loss of the suppressive impact of ohmic heating at
low voltages (as known, ohmic heating was dominant over
other heat transfer phenomena when it is active Goullieux &
Pain, 2005; Jun & Sastry, 2005)) or (ii) the non-existence of
accelerated drying region at low voltages. In brief, the com-
bination of higher voltage gradients with higher temperature
and velocity is superior to maximise mass transfer.

Effect of OAD System on Enzyme Activity and Visual
Properties

The visual properties of food products are so important that
appearance and the first impression of foods are the major
criteria determining consumer willingness (Hutchings,
1977). In the present study, statistically meaningful regres-
sion models were developed for two different visual proper-
ties which were BI (R*>=86.68% and p <0.001) and b* (R?
=88.63% and p <0.001) (please see Table 3). As discussed
before, since the correlation coefficient between b* and C*
is around 1, the model information which belongs to C* was
not shared here and was not considered in the optimisation.
The main and interaction terms contributed to the regression
models developed for both BI and b*.

Regarding BI,T X vand T X v terms were eliminated from
the equation according to the AIC number. On the other
hand, the quadratic term of applied voltage (V X V) has
statistically significant importance for the regression model

Fig.4 Response surface for the effect of (a) temperature and voltage,
(b) voltage and air velocity, (¢) temperature and air velocity of ohmic
assisted convective drying on D,
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(p<0.001). From Fig. 5, the applied voltage is the most
effective explanatory variable on BI and it is followed by
temperature. Particularly, the use of high voltages (=105 V)
and high drying temperatures caused minimum browning
in potato samples (Fig. 5a). The curve-like changes in BI
against voltage gradient is clear especially at air tempera-
tures approximately less than 50 °C (Fig. 5a). On the other
hand, at low voltage levels (<70 V), the increase of the tem-
perature proportionally and negatively changed BI. OAD at
voltage levels less than 70 V can be accepted like convective
drying in terms of browning since the effect of ohmic heat-
ing was not apparent. As a result, the activity of oxidative
enzymes causing browning took place. However, the use
of higher voltages causing fast heating and high internal/
volumetric temperature decreased enzyme activity and BJ
(for details please see “Optimisation, validation and discus-
sion”). Therefore, as seen from Fig. 5b, for the voltage levels
higher than 70 V, BI reduced to its minimum. On the other
hand, air velocity showed an adverse effect on BI. But it was
weaker than that was observed for voltage and temperature.

Regarding the b* value, the structure of the regression
model is very similar to that for BI. The only difference is the
presence of the second-order term for velocity (v X v) instead
of T X v interaction (existing in the model for BI). However,
the significance of v X v in the model developed for b* is
lower than its effect on BI. The terms of V (p <0.001) and
VXV (p<0.001) as well as v (p<0.01) show the greatest
contributions to the model. From Fig. 6, it can be concluded
that all the model parameters are effective on the b* value.
Besides its distinct effects, voltage has strong interactions
with temperature and air velocity (Fig. 6a-c). Temperature
and air velocity have individual weak influences on b* value
compared to voltage do (Fig. 6¢), however, their effects are
promoted by voltage (Fig. 6a and b). Supporting the second-
order term of the voltage in the model, the curvature effect of
voltage is seen in Fig. 6a. On the other hand, for air velocity
and temperature, linear changes in b* values are apparent
(Fig. 6a-c).

Optimisation, Validation and Discussion

By using RSM, it is possible to determine the optimal
combination(s) of input parameters that produce the desired
reduction in drying time and minimise undesired changes in
food material. So, in the current study, the optimisation was
aimed to minimise DT, BI, while maximising Deﬁ’-2 and b*.
The OAD system parameters were optimised using desirabil-
ity (Kuhn, 2016) and genoud (Mebane Jr. & Sekhon, 2011)
libraries for the R language. During the optimisation efforts,
process parameters were kept within the studied ranges as
given in Table 1. However, since the air velocity (v) did
show no or very slight impact on output variables, more
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Fig.5 Response surface for the effect of (a) temperature and voltage,
(b) voltage and air velocity, (¢) temperature and air velocity of ohmic
assisted convective drying on the browning index (BI)



Food and Bioprocess Technology (2022) 15:440-458 449

Fig. 6 Response surface for the effect of (a) temperature and voltage, »
(b) voltage and air velocity, (¢) temperature and air velocity of ohmic
assisted convective drying on b* colour value

than one optimum parameter combination arose leading to
the target overall desirability of 1. So, by initialising a data
matrix consisting of randomly attained different levels of
input variables (in the range of -1 to+1 as coded values),
150 optimal combinations in total were produced which all
came up with the overall desirability which means all tar-
geted outputs could be satisfied. It was seen that the levels
for temperature and applied voltage were almost constant
for all optimal combinations. But despite that, the air veloc-
ity was varying in a wide range (from -0.66 to +0.74 with
coded values) still achieving overall desirability of 1 since
air velocity was not that effective on optimised outputs. So,
validation trials were conducted for three different optimum
combinations of input parameters where only air velocity
changed notably to reveal the prediction accuracy of the
developed regression model. So, (i) optimal levels of input
variables, (ii) predicted outputs with confidence and predic-
tion intervals and (ii) corresponding experimental results
are given in Table 4. Moreover, in the same table (Table 4),
there are experimental results for control samples (pota-
toes dried at the same temperature and air velocity levels
of optimal conditions without ohmic heating application)
to demonstrate the effect of ohmic heating on system effi-
ciency and product quality. The control drying trials were
conducted using an ordinary drying tray, not the ohmic cell,
to objectively reflect the difference between ordinary con-
vective drying and the OAD process.

As shown in Table 4, when the potato slices were dried
in optimum conditions, the experimental results for opti-
mised variables (DT (Z,), D5, (Z,), Bl (Z3) and b* (Z,))
were close to the predicted results by corresponding models.
This verifies that the developed regression models can reflect
real-life results for the OAD system. Besides, with the use
of the OAD system, 32-38% reduction (variation due to air
velocity changes) in DT was achieved for the samples dried
using OAD under optimal conditions compared to control
samples (Table 4 and Fig. 2). There could be several reasons
to get faster and shorter drying with the use of OAD and with
the increase of V. One of them is the release of water from
the cell walls as a result of tissue damage in potatoes during
electrical treatment even at very low voltage levels (Lebovka
et al., 2005, 2006, 2007). Moreover, the enhanced diffusivity
of water through the tissue associated with those structural
changes expedites water removal (Lebovka et al., 2006). As
a result, the drying rate increases. However, there should be
more than those when ohmic heating is applied simultane-
ously (not as a pre-treatment). As known, ohmic heating is
a volumetric heating method like microwave application. In
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Table 4 Results for optimisation and validation trials (optimal input factor combinations, fitted model values, confidence and prediction inter-
vals, statistical comparison of validation and control samples)

01 Cl 02 CZ 03 CS

T(°C)  0.99/59.99 0.99/59.99 0.99/59.99 0.99/59.99 0.99/59.99 0.99/59.99
vam/s)  -0.60/1.11 -0.60/1.11 0.05/1.53 0.05/1.53 0.71/1.96 0.71/1.96
V(V) 0.88/111.90 0.87/111.49 0.88/111.86

Fitted Value DT 157.89 157.47 157.99
D> 7.99 7.93 8.02
BI 0.08 0.06 0.08
b* 33.43 33.21 33.27

Confidence interval DT 124.42 - 191.37 124.34 - 190.60 124.79 - 191.49

(2.5-97.5%) Dy, — 547-1050 5.83 - 10.02 5.36 - 10.67
BI -0.09 - +0.26 -0.09 - +0.21 -0.08 - +0.25
b* 29.49 - 37.36 30.25 - 36.17 29.58 - 36.97

Prediction interval DT 113.63 - 202.16 113.47 - 201.48 113.70 - 202.28

(2.5-97.5%) Dy, — 499-1098 5.28-10.58 4.90-11.12
BI -0.13 - +0.31 -0.14 - +0.25 -0.13 - +0.29
b* 28.72-38.13 29.28-37.13 28.77-37.78

Validation results DT 215 335 147 219 128 207
D 8.52 - 9.07 - 7.62 -
EA™  10.59+0.21¢ 68.09+0.93*  11.56+0.59° 65.22+0.13>  14.42+0.52¢ 80.73 +£2.65%
BI ™™ 0.14+0.00° 0.33+0.02®  0.14+0.00° 0.35+0.00° 0.11+0.00° 0.32+0.01°
RR” 2.08+£0.12% 2.00+0.00° 2.54+0.15% 2.35+0.14° 2.06+0.02° 2.02+0.10°
LL 0.24+0.01° 0.24+0.012 0.26+0.01° 0.25+0.02° 0.25+0.00° 0.27+0.01?
AATT 624.10+641°  541.14+4.40° 611.90+1851°  509.57+3.01° 608.45+545°>  766.76+4.91°
TPC ™  86.35+1.33% 82.89+3.07%  70.63+147° 78.09+2.27°4 9427 +2.08% 96.86+3.55*
SGD ™ 25.46+3.16° 1.15+0.19¢ 32.18+0.24° 1.47+0.25¢ 38.27+1.23° 0.83+0.13¢
L™ 58194283 57234465  62.70+1.74® 58.24+4.48*  65.82+1.89" 61.98 +3.64:%
ar " 3.81+0.78° 4.36+0.44° 473 +1.15° 4.80+0.73" 431+0.95° 6.72+1.65*
b 30.77 + 1.84%® 20.35+4.02%  30.50+2.64% 19.04+5.59¢  34.08+4.67° 26.91 +7.63%
c™ 31.01+1.85% 20.82+4.00%  30.87+2.68" 19.67+£5.51¢  34.36+4.66° 27.75+7.78%
he 82.94 + 1.40° 77.66+1.73°  81.33+1.74° 75.06+3.82°  82.73+1.56% 75.72+1.85°
AE" 9.49+1.27%® 7.67+2.88° 9.25+2.40% 8.57+3.44° 13.35+3.72¢ 10.42 +3.83%
F™ 39.74+9.11% 31.58+3.01*  33.52+1.98® 27.97+7.01"  28.13+1.18° 24.48+1.76°
E* 1.03+0.51% 1.04+0.50° 0.60+0.04* 0.65+0.34% 0.54+0.23 0.55+0.21

O;: trials at optimal conditions (1 <i<3); C;: control trial at optimal conditions without ohmic heating (1 <i<3); DT: drying time (min); Dgy:
effective diffusivity of accelerated drying step (m*/minx 10%); EA: enzyme activity (unit/g dm); BI: browning index; RR: rehydration ratio; LL:
leaching loss (g dry residue/g dm); AA: ascorbic acid (mg ascorbic acid/g dm); TPC: total phenolic content (mg gallic acid equivalent/g dm);
SGD: starch gelatinisation degree; L*,a* and b*: colour properties (lightness, green/red and blue-yellow, respectively); C: Chroma; £°: Hue; AE:
total colour change; F and E: firmness (N) and elasticity (mm), respectively

Significance codes (p): 0< *

EEE N

<0.001 <

o kE

’<0.01<

R)

volumetric heating methods, the temperature of the all heat-
ing domain increases too fast and homogeneously compared
to conductive and convective heating (Rakesh et al., 2012).
So, potato slices were internally heated very rapidly with
the ohmic heating application. Consequently, (i) the water
in tissue evaporates faster, (ii) vapour diffuses through the
material easily compared to water in liquid form, (iii) inter-
nal pressure increases with the evaporation and it pushes
water and vapour throughout the sample volume (Turgut
et al., 2021). Thus, the potatoes treated with OAD dried
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<0.05<°*’<0.1<“ <1

faster than control equivalents and as the applied voltage
increased, DT decreased due to faster heating and higher
available temperature levels. On the other hand, possible
structural deformation during ohmic heating may explain
why D, and D, ; (data not given for D, ;) increased being
proportional to the voltage levels.

Before processing foods, they generally undergo a gentle
blanching to inactivate enzymes causing undesired changes.
Inactivation of enzymes with blanching (due to denaturation
of proteins at high temperatures) helps producers to ensure
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the desired colour, texture and flavour of potatoes during
further processes like drying, frying, canning, storage and
it also improves drying performance (Leeratanarak et al.,
2006; Moreno-Perez et al., 1996; Pimpaporn et al., 2007;
Reis, 2017). One of the blanching alternatives applied before
drying is ohmic heating and its positive effects on products
were previously reported (Icier, 2010; Lebovka et al., 2006;
Zhong & Lima, 2003). However, ohmic heating technol-
ogy was always used as a pre-treatment before food drying.
But in our study, it was integrated into the drying system to
gain some additional advantages. These can be listed as (i)
the requirement for additional blanching/heating step was
omitted and (ii) amount of juice/wastewater was avoided (if
blanching was used) since most of the ohmic heating pre-
treatments in the literature were carried out in water medium
which was then discarded and not used (Icier, 2010; Icier
et al., 2017; Jaeger et al., 2016). According to the results
obtained from our study, all EA results are similar among
those for products produced in the OAD system and they
are significantly lower than control samples (p < 0.05). This
was due to the higher temperatures reached during ohmic
heating. Thus, it can be concluded that the use of OAD may
remove the requirement for the blanching step before dry-
ing potato slices since high-temperature levels are achieved
during OAD serving the same purpose. Regarding BI and
L* values, both are important variables for product quality
assessment. Because they affect the visual quality of a food
product leading to consumers’ purchasing behaviours. These
variables are dependent on the browning reactions taking
place during drying. In our study, the correlation coefficient
between EA and BI was calculated as 0.60 with p=0.005
indicating that the majority of undesired browning of potato
colour during OAD originated from enzymatic browning
reactions. In other words, browning was more intense if
EA was higher. The enzymatic browning reactions in foods
mainly take place due to the activity of polyphenol oxidase
(PPO) and peroxidase (POD) enzymes. The activity of POD
is usually used to understand whether sufficient blanching is
achieved or not. Because POD is ubiquitous and known to
be the most heat-resistant food enzyme (Ganthavorn et al.,
1991). So, proper inactivation of POD is enough to slow
down/inhibit undesired enzymatic changes in food materials
since it means that other deteriorative enzymes should have
already been inactivated. With the use of OAD, an 82-84%
reduction in POD activity was achieved compared to control
samples (convective drying without ohmic heating). This
reduction corresponded to 88-91% compared to the POD
activity of fresh samples. That level of reduction is sufficient
to consider OAD as a method for discarding the require-
ment of blanching pre-treatment to ensure food materials.
This activity loss is equivalent to the level (70-90% inacti-
vation of POD) achieved with classical blanching (Gomes
et al., 2018; Kim et al., 2020). As the products of browning

reactions increase in the food material, Bl increases and L*
decreases. From Table 4, the BI of OAD samples was sig-
nificantly lower than the corresponding control samples. An
increment in air velocity slightly decreased BI. The trends
observed for L* were similar to those of BI but the difference
between OAD and control samples was less notable.

Regarding the other colour properties, a* value is con-
sidered as an indicator of browning reactions in general
(Leeratanarak et al., 2006), and according to our results, the
correlation coefficient between a* and EA of OAD potatoes
was 0.51 with p=0.02. This fact indicated that ¢* had a
moderate dependency on enzymatic browning. a* value of
the control sample was slightly higher than the OAD equiva-
lents. Thus, the higher a* value obtained for the control sam-
ples showed that OAD plays a role that slows down brown-
ing reactions. However, this effect may not be only due to
enzyme inactivation but also shorter DTs of OAD samples.
It is known that drying causes an increase in the b* value of
potatoes and this is attributed to the proportional increase
in carotenoid concentration (Park, 1987; Pimpaporn
et al., 2007). Carotenoids are known as relatively heat sta-
ble colour pigments in foods (Lin et al., 1998). The carot-
enoid content of food materials does not show a significant
reduction after heat treatments such as microwaves (Choi &
Okos, 1986; Lin et al., 1998; Yan et al., 2013). On the con-
trary, these studies show that microwave-assisted vacuum
drying reduces the drying time of foods and it is beneficial
in the protection of carotenoids compared to the air-drying
method. Therefore, it can be concluded that the loss of caro-
tenes during drying can be attributed to limited oxidation.
As a consequence, Schadle et al. (1983) explained the lim-
ited loss of carotenoids during freeze-drying with avoided
oxidation under vacuum. In our study, the inactivation of
enzymes and reduction of drying time with the use of OAD
could prevent carotenoids from oxidation. As a result, the
higher carotenoid concentration of OAD samples could lead
to higher b* values than control equivalents. The higher b*
values being relevant to the yellowness of food materials are
beneficial in terms of nutritional and visual aspects. So we
aimed to maximise the yellowness of dried samples which
is more attractive for consumers in optimisation. The total
colour change of OAD samples is higher than control ones,
although the difference between them is statistically insig-
nificant (p > 0.05). But one should remember that b* values
of OAD samples were greater than both control and fresh
potatoes (data is not given). So, this difference enhanced the
AE of OAD treated samples in a favourable manner.

In the case of RR and LL, compared to other analysed
parameters, the difference between the drying process at
optimal conditions of OAD and control one decreased for
RR and disappeared for LL. The RR capability of OAD sam-
ples is higher than the control samples but the only signifi-
cant difference is between O, and the corresponding control
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sample (C,) (Table 4). This can be attributed to the changes
in the physical properties of the potato tissue and starch
gelatinisation (Cunningham et al., 2008b; Mazza, 1983).
In these studies, blanching was applied before drying and
it was noted that structural changes at the cellular level in
potatoes (due to blanching pre-treatment) reduced resist-
ance to water diffusion/flow through the cell membrane/
wall. Therefore, dried samples pre-processed by blanch-
ing show higher rehydration ability (Cunningham et al.,
2008b; Nieto et al., 2001). Additionally, the ohmic heat-
ing dependent starch gelatinisation and structural changes
have been reported for potato samples (Lebovka et al., 2005,
2006) which may be responsible for the higher RR values
of potato samples processed by OAD. Besides, microwave
application, which is another volumetric heating method, is
known to be beneficial to obtain dried potato products with
higher rehydration ability compared to convective drying
(Cunningham et al., 2008b; Khraisheh et al., 2004; Yan et al.,
2013). This is generally related to the limited shrinkage and
superior porosity of microwave dried samples. However, in
our study, the difference between volume changes of OAD
and control samples did not vary from each other. Thus, it is
not reasonable to explain the higher RR of dried potato slices
by OAD with an analogy to volumetric changes observed
in the microwave. Because of that, another potential rea-
son for higher RR values has been sought. As an answer,
the SGD of samples is defined. The results we have are
clearer and they are indicating differences between drying
techniques. OAD dried samples contained more gelatinised
starch (p <0.05). As known, pre-gelatinisation is a technique
used by the food industry to give starch molecules the ability
to dissolve even in cold water (Mitch, 1984). However, the
hydration ability of ungelatinised starch is very poor at levels
below its gelatinisation temperature (Gallay & Puddington,
1943). Thus, pre-gelatinisation of potato starch during
OAD may be responsible for the slight increase in RR. It has
been previously reported that blanching (which is applied
before drying) changes the physical properties of potato tis-
sue, gelatinisation characteristics, the loss of soluble sol-
ids, which promotes gelatinisation and water transfer, and
increases rehydration kinetics (Cunningham et al., 2008a).
Thanks to these positive features it brings to the product,
the OAD system may also be beneficial for the convenience
food industry (soup powders, dough mixtures, etc.) since it
supplies partial pre-gelatinisation for starchy foods which
need further drying before being sold. The leach of soluble
materials from the solid matrix to the rehydration medium
is an important quality factor for the dried food industry.
Because it produces important losses of vitamins, amino
acids, etc. (Lewicki, 1998). Since there is no significant dif-
ference between the LL values of OAD and convectional
dried samples, we can say that OAD does not have any nega-
tive effect on LL.
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It is well known that ascorbic acid is a very unstable com-
pound against exposure to heat, oxygen, moisture and light
(Ahmed et al., 2010; Khraisheh et al., 2004). Therefore, loss
of ascorbic acid is inevitable to some extent during drying
as the consequences of high temperature and the presence
of oxygen (Wang et al., 1992). This sensitivity prompts sci-
entists to consider ascorbic acid in their studies (Khraisheh
et al., 2004; Turgut et al., 2018). In our study, loss of ascor-
bic acid content of potato slices was also considered to
this extent. Our results indicated that the validation trial at
the highest air velocity was the only trial (p <0.05) where
the loss in AA was lower than the corresponding control,
whereas the samples produced by other trials had higher
AA than those corresponding control ones had (p <0.05).
The degradation of ascorbic acid is a complex process and
there are many different factors effective on it (Kirk et al.,
1977). Khraisheh et al. (2004) have already explained the
details of these possible degradation inducers as time, tem-
perature, sample’s moisture content, the viscosity of liquids
in the sample and the presence of endogenous antioxidants.
In our case, the temperature was one of the important fac-
tors. Because depending on process conditions, the sam-
ple's internal temperature increased over the boiling point of
water for a short period during OAD treatment (Turgut et al.,
2021). As the voltage decreases, temperature increment is
also expected to slow down. This should play a significant
role in the final AA content. Another possible important fac-
tor is drying time. The effect of shortened drying time could
easily be seen for validations carried at intermediate and
lowest air velocity levels. For these samples, the AA content
was higher than those the controls had. This showed that
the shortened drying time as a result of the use of OAD
can compensate for the negative effect of high temperature
on AA. However, the validation sample dried at the highest
velocity (O;) had lower AA content than the corresponding
control, which might be due to the negative effect of low
moisture content on the stability of vitamin C. In the low
moisture contents of the drying products, the degradation
rate of ascorbic acid increases as a result of increased oxida-
tion. In the end, a lower amount of vitamin C remains in the
final product (Khraisheh et al., 2004). Since the moisture
content of these samples reaches the lower levels much faster
than the control group, the rate of ascorbic acid degradation
due to oxidation may increase and result in a lower AA value.
Nonetheless, the AA content of samples processed with OAD
was still within the commercially acceptable range. Wang
et al. (1992) reported that the loss of ascorbic acid during
dehydrated flake production from raw potatoes was between
30-100%. With the use of commercial drying equipment,
this loss was maintained approximately at 50%. On the other
hand, AA retention was between 56-58% and 47-71% for
OAD and control samples, respectively. Therefore, it can
be concluded that although high-temperature levels came
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about during OAD, AA loss was still in the acceptable range.
Similar to ascorbic acid, the total phenolic content of food
material decreases after the processes like blanching, ohmic
heating and drying. The TPC retention after ohmic and con-
ventional blanching was reported as 63-89% and 50-65%,
respectively (Icier, 2010). Compared to these values, TPC
retention of all validation trials changed between 60-80%
and 66-82% for OADs and controls, respectively. Therefore,
we can say that although high temperatures were attained
during OAD, there was no clear trend in both AA and TPC
results between OAD and control samples. This can be
attributed to the short drying time and/or enhanced extrac-
tion efficiency of these bioactive compounds due to thermal
and electro permeation impacts (Rodrigues et al., 2019).
Regarding product quality, textural properties are one of
the most important features, as their impacts on consumer
perception begin even at the first bite. Moreover, they are
useful to have an idea about the resistance to possible physi-
cal deteriorations during handling, processing and storage of
the products (Vega-Galvez et al., 2012). The results regard-
ing the textural properties of the potato samples are pre-
sented in Table 3. There was no significant difference among
the samples in terms of elasticity (p > 0.05). However, some
differences were detected between some firmness values.
All the OAD samples had slightly higher firmness values
compared to their control equivalents. This is due to the hard
nature of the starch gel. Similarly, Wang et al. (2010) pointed
to the developed mechanical resistance of dried potato slices
against deformation in the case of starch gelatinisation. On
the other hand, as the air velocity decreases, an increasing
trend for both F and E values drew attention in the validation
trials. These results were surprising as the tissue structure
became more rigid and harder as the velocity increased. It
is called the case hardening effect and it is mainly caused

by the rapid removal of moisture from the outer layers of
drying foods (Askari et al., 2009). However, the situation
observed in our study may be related to the relative puff-
ing effect which occurs during OAD drying. This puffing
effect was previously reported for microwave drying. Since
both microwave treatment and ohmic heating supplies volu-
metric heating, rapid evaporation of water in the material
and rapid removal of vapour causes tissue expansion and
shorter drying time (Giri & Prasad, 2007). This provides a
puffy texture to the final product. A similar increase in the
sample’s internal pressure was previously demonstrated by
Turgut et al. (2021). Therefore, it may be expected that tissue
expansion also occurs during OAD when ohmic heating is
active. After ohmic heating lost its effect, the temperature
and pressure of the domain decreased over time. This dec-
rement may cause a gradual reduction in tissue expansion
and structural collapse started. Therefore, we observed that
as DT increased, more durable and elastic material against
deformation occurred. These ideas were also supported by
SEM images (please see Fig. 7) of potato samples processed
with OAD and CD. When Fig. 7 was inspected, any notice-
able difference in final cellular volumes or shrinkage could
not be observed among the samples as it was previously
reported for microwave supported drying systems (Askari
et al., 2009; Giri & Prasad, 2007).

In Fig. 8, SEM images of the dried potato samples were
given for O, and C,, respectively, for OAD and CD appli-
cations. In those figures, SEM images taken from the inner
and outer sections of the samples were given separately to
show how ohmic heating affected the structure. Starch glob-
ules of the O, sample disappeared compared to the control
equivalent (C,). Similarly, as the applied voltage lowered,
starch globules remained more apparent after OAD. These
changes were no doubt due to the starch gelatinisation which
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took place during ohmic heating. Normally, starch globules
present in cells of potato tissue can easily be observed from
SEM images (Cheyne et al., 2005). However, as a result of
gelatinisation (water uptake, expansion and rupture) during
the processes like blanching, they lose their visibility (Barreto
et al., 2019; Liu & Shi, 2006). The differences between the
morphological features of starch globules among the SEM
images were not limited to the effect of OAD. There were also
variations between different potatoes and in potato tubers. It
has been previously determined that starch globules in the
cells of samples taken from the centre of potato tubers contain
fewer and smaller starch globules compared to the samples
obtained from the regions close to the peel/outer layer. The
remaining volumes in the cells are filled with water (Nguyen
et al., 2018). For this reason, there were some differences in
size and amount of starch globules between the SEM images
given in the present study.

Perspective

In the present study, the effects of the ohmic assisted convec-
tive drying on drying time and some quality parameters of
potato slices were evaluated. Moreover, the optimum values
for system parameters of air velocity, drying temperature
and applied voltage level, were determined. In our previ-
ous study, a mechanistic understanding of the OAD sys-
tem was presented (Turgut et al., 2021). According to the
results obtained from both studies, the system is effective in

@ Springer

reducing the drying time of solid food materials compared to
convective drying. Moreover, it helps to protect some quality
parameters of the dried potatoes such as colour (especially
inhibition of browning reactions), phenolic content, enzyme
inactivation.

OAD ensures an enzyme inactivation at an equivalent
level to the blanching application. Additionally, it causes
partial starch gelatinisation which might be useful for the
convenience food industry. With these advantages, the OAD
can be considered as a useful method to eliminate the need
for blanching for enzyme inactivation or pre-cooking (where
a lot of wastewater is produced) before the convective dry-
ing. In that way, OAD may assist the inevitable adaptation/
change of the food industry for the economic use of water
resources due to the climate change, whose effects we are
feeling (Coles & Hall, 2012).

Although any results were not shared in the present paper,
OAD might be beneficial for decreasing the energy con-
sumption of drying operations. Among the controlled dry-
ing methods used today, the most used and the most studied
drying method is convective drying. It is thought that 85%
of the currently used drying methods are based on hot air
drying (Mujumdar & Beke, 2003). Although convective dry-
ing is a widespread and old technology, heating the air used
in these systems using fossil fuels is a serious problem. In
addition, although there are systems developed to recycle the
used air, it is generally released directly to the environment
at the end of the process. (Raghavan et al., 2005). For these
reasons, convective drying systems are considered energy
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inefficient. It is aimed to reduce greenhouse gas emissions
with the pressure of societies and governments. Towards this
aim, there is an increasing effort to enhance the number of
energy-efficient drying systems. For these reasons, hybrid
or combined drying systems are being developed (Kudra &
Mujumdar, 2009). At that point, OAD may arise as an alter-
native approach. We believe its combination with convective
drying can be helpful to reduce the energy requirement and
carbon footprint of drying processes since ohmic heating is
known as one of the most energy-friendly heating technolo-
gies with almost 90% energy efficiency (Akkara & Kayaardi,
2014). However, for a deeper understanding of the energy
perspective, detailed energy-exergy calculations and a life
cycle assessment should be carried out.

Besides its advantages, the OAD system in the present
form carries some disadvantages, as well. One of them is
non-uniform electric current distribution in the sample
domain because of the use of needle-type electrodes. It may
cause some ignorable heterogeneities in product proper-
ties, but those can be overcome with the use of electrodes
in different geometries. The second negation is that the
OAD is a batch system. Thus, the OAD system may not
be very well suitable for mass production with its present
form. However, when it is considered that the adaptation of
ohmic heating to industrial use took about 100 years after
the first patent was taken (Goullieux & Pain, 2005), we can
foresee that the OAD will become suitable for continuous
industrial systems in the near future thanks to the ongoing
efforts and studies. Last but not least, the third concern is
the geometric properties of the potatoes used. Due to the
existing electrode configuration, irregularities in product
geometry may have adverse effects on system performance
and quality standardization of the dried product. However,
with the development of continuous ohmic systems as men-
tioned above, it is thought that this problem can be solved
in the future.

Conclusion

In the present study, the simultaneous use of ohmic heating
and convective drying in combination (OAD) was studied as
a novel drying method. Process parameters (drying tempera-
ture, air velocity and applied voltage) were investigated for
minimizing the drying time of potato slices and its effects
on some quality characteristics of the final product. Drying
air temperature and applied voltage was found considerably
effective on the outputs where drying air velocity did not
show a very notable impact in the studied range. As a result,
a 32-38% reduction in drying time was achieved with the
use of OAD. Moreover, 88-91% peroxidase inactivation
was achieved with OAD which in turn removes the need for
blanching before drying processes.

On the other hand, drying characteristics and products
quality of the potato slices dried at optimal conditions were
compared with their control equivalent. Compared to control
equivalents, the OAD system did not show any adverse effect
on dried potato quality. On the contrary, most of the stud-
ied quality features of samples produced using OAD were
generally superior to the control ones had. Moreover, starch
gelatinisation occurred during OAD was higher than control
ones which may make OAD produced starchy food materials
preferable for the convenience food industry. In brief, due
to its positive impact on drying characteristics and product
properties, the OAD system is a promising alternative to the
conventional drying process in the food industry.
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