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Abstract Drying of food materials is a time consuming
activity making the process cost and energy intensive and
hence, several pretreatments are used to improve the drying
rate. The present study aims to study the effect of potas-
sium metabisulphite (KMS solution, 0.25% w/v) and
ultrasound (20 and 30 min) pretreatment on hot air drying
characteristics and quality of pineapple slices. The results
indicated that pretreated samples provided higher drying
rate, enhanced moisture diffusivity, brighter color and
lower hardness than that of untreated dried sample. It was
observed that KMS and ultrasound pretreatment for 20 and
30 min reduced the drying time by 23.8%, 19% and 14.3%,
respectively. Further, ten thin layer drying models were
applied to the experimental drying data and logarithmic
model was best fitted to explain the drying behavior of
pretreated and untreated samples. Additionally, the effect
of shrinkage on moisture transfer mechanism was also
studied. Results highlighted that instantaneous moisture
diffusivity was increased during drying while shrinkage
was not accounted. However, shrinkage consideration
reduced the average moisture diffusivity values by
72-83%. Overall color change (13.95 £ 0.92) and
browning index (36.02 £ 2.45) were found to be lowest in
ultrasound (30 min) pretreated dried sample, highlighting
better color stability. Scanning electron microscopy pre-
sented noticeable effects of pretreatment on alterations of
microstructure of pineapple slices. It can be interpreted that
KMS pretreatment was found to be more effective for
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improvement of drying characteristics of pineapple slices
as compared to ultrasound pretreatment.
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List of symbols

Jo(rom) Bessel function of first kind of the zero order

Yo(ro,)  Bessel function of second kind of the zero
order

AE Total color difference

A Exposed surface area (mz)

BI Browning Index

D Effective moisture diffusivity (m?/s)

dM/dt Slope of moisture versus drying time curve

1 Thickness of slice (m)

L., a5, b, Color parameters corresponding to fresh
sample

L., a;, b, Color parameters corresponding to dried
sample

M Moisture content (kg water per kg dry weight)

M. Equilibrium moisture content (kg water per kg
dry weight)

M, Initial moisture content (kg water per kg dry
weight)

MR Moisture ratio

MRyp i Experimental dimensionless moisture ratio

MRypreq i Predicted dimensionless moisture ratio

N Number of observations

NP Sample dried without any pretreatment

R Drying rate (kg/h.m?)

R? Coefficient of determination

I Inner radius of slice (m)

T Outer radius of slice (m)

SG Solid gain (%)
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t Time (s)

US20 Ultrasound pretreatment for 20 min

US30 Ultrasound pretreatment for 30 min

wb Wet basis

Wi Final fruit mass (g)

2 Initial fruit mass (g)

WL Water loss (%)

W, Weight of dry solid (kg)

X¢ Final moisture content on wet basis (g water/g)

Xi Initial moisture content on wet basis (g water/
g)

Xf Final solid content (g solid/g)

Xgi Initial solid content (g solid/g)

z Number of constants

Introduction

Pineapple is an important tropical fruit known for its flavor
and health benefits, as it is a rich source of fibre, vitamins
A, C, and minerals like calcium, magnesium, potassium
and iron. It is also a good source of bromelin, a digestive
enzyme responsible for anti-inflammatory, antithrombotic
and fibrinolytic effects (Cabral et al. 2009). India marks the
5th position for pineapple production in the world and a
production of 2.038 million tonnes was recorded during
2016-2017 (Horticultural Statistics Division 2017). During
surplus production, there are huge post-harvest losses
occurring due to lack of proper processing, storage and
transportation facilities. Because of its highly perishable
nature, fresh pineapple can neither be stored nor frozen for
longer periods (Fasogbon et al. 2013). One of the alterna-
tives for preservation of this fruit is conversion into
stable form by reducing moisture through drying process.
Commercialization of dried fruits in the form of ready to
eat and ready to cook products i.e., minimally processed
fruits and chips is growing as an attractive trend in food
industries (Ponkham et al. 2012).

Pretreatment aids in drying process by reducing the
initial moisture content or by modifying the microstructure
of the sample, enhancing drying rate and improves quality
of dried products in terms of color, texture, nutritional
values and rehydration characteristics (Fijalkowska et al.
2016). Several pretreatments, like chemical treatment with
sodium metabisuphite, potassium metabisulphite (KMS),
citric acid, ascorbic acid, calcium solution etc. and
mechanical treatment like application of ultrasound (US),
electric field and high pressure treatment etc. prior to
drying are being used to improve the rate of drying and
final quality of product (Abano et al. 2011; Mothibe et al.
2011). Sharma et al. (2015) have carried out drying
experiments on bell pepper shreds and observed that
blanching and KMS pretreatment helped in reducing the
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drying time and improve color stability. Immersing the
samples in KMS solution modifies the micro structure of
food matrix in terms of disruption of cell wall, increased
tenderness of sample which resulted in enhancing the water
removal rate during drying by preventing casehardening.
Kingsly et al. (2007) observed higher drying rate and
enhanced moisture diffusivity of KMS and ascorbic acid
pretreated peach samples than untreated sample, when
dried under hot air temperature of 55 and 65 °C. Abano
et al. (2011) investigated the effect of citric acid, KMS,
Ethylenediamine tetraacetic acid (EDTA) pretreatment on
hot air drying kinetics of garlic slices and found Midilli
et al. model to be best fitted for untreated sample and
Henderson and Pabis model for pretreated samples. It was
also observed that KMS pretreatment improved the
brightness and inhibited redness of the sample.

Among the mechanical pretreatments being used,
ultrasound pretreatment has gained much popularity in
recent years and has shown promising result towards
improvement of drying characteristics of fruits and veg-
etables. Generally, frequency range of 20—40 kHz is used
for ultrasound pretreatment of food samples prior to drying
(Jarahizadeh and Taghian Dinani 2019). Use of ultrasound
as a choice of pretreatment helps in improving the drying
rate due to the formation of micro channels as a result of
rapid expansion and contraction in food matrix, also known
as sponge effect generated by acoustic cavitation phe-
nomena. These micro channels aids in increasing the water
permeability leading to improved mass transfer during
drying. Fernandes et al. (2008) have studied the effect of
ultrasound pretreatment on mass transfer attributes of
pineapple slices and found that 20 min of ultrasound
treatment at 25 kHz frequency resulted in enhancing the
moisture diffusivity by 45% during the convective drying
period. Zhang et al. (2016) investigated the effect of
ultrasound pretreatment at a frequency of 40 kHz prior to
hot air and freeze drying of button mushroom slices and
observed that the treatment resulted in 9.5% reduction in
drying time along with higher moisture diffusivity values.
Further, Chen et al. (2016) utilized 40 kHz ultrasound
waves in combination with vacuum as the pretreatment
option for carrot and achieved 41-53% reduction in drying
time. Hence, it was observed from the literatures that
chemical as well as mechanical pretreatment have the
potential to improve mass transfer characteristics of food
products during drying along with positive effects on dried
product quality.

Effective moisture diffusivity is an important parameter
useful for drying process modelling, equipment design and
is dependent on the nature of food product, its moisture
content, thermodynamic properties, and also on the degree
of shrinkage of the food materials during drying (Chen
2007). Olanipekun et al. (2015) estimated the moisture
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diffusivity of pineapple slices during hot air drying by
using slope method and applied Fick’s second law of dif-
fusion equation to describe the mass transfer process.
Although, moisture diffusivity is greatly affected by
shrinkage phenomena, still very few researchers have
considered shrinkage while calculating the mass transfer
parameters (Touil et al. 2014; Dhalsamant et al. 2017).
Solution of Fick’s second law involves a series of infinite
terms and hence becomes difficult to get analyzed.
Therefore, researchers prefer to solve only the first term of
the series to estimate diffusivity, but this approach pro-
duces result with an error of approximately 20% (Abdul
and Vedat 2007). Most of the work carried out in past does
not include the estimation of instantaneous moisture dif-
fusivity during drying with changing moisture and
dimensions of the product.

From the foregoing literatures, it was noticed that
though few research work has been done on ultrasonic and
KMS treatment for improving the mass transfer charac-
teristics of different food products, but no research has
been attempted yet to compare the effect of chemical and
mechanical pretreatment on convective drying behavior
and quality attributes of food sample, specifically for
pineapple. In order to address this research gap, an attempt
was made in the present study to compare the effectiveness
of chemical pretreatment using KMS solution and
mechanical treatment using ultrasonic pretreatment for
improving the mass transfer characteristics along with
quality attributes of pineapple. Moreover, studies related to
the influence of varying moisture content and shrinkage on
moisture diffusivity of pineapple during drying are very
scarcely available. Hence, the objectives of the present
study are:

1. to study the effect of KMS and ultrasonic pretreatment
on drying characteristics, color profile, textural and
microstructural characteristics of pineapple slices dried
in hot air dryer and

2. to study the influence of moisture content and shrink-
age on instantaneous moisture diffusivity during the
course of drying.

Materials and methods
Sample procurement and preparation

Fresh and fully ripe pineapples were purchased from the
local market of IIT Kharagpur. Pineapples were cut into
slices of 10 mm thick and then cored into rings having
outer and inner diameter of 90 mm and 30 mm, respec-
tively. The initial moisture content of pineapple slice was
estimated by standard AOAC (2002) method and found to

lie in the range of 90-92% (wb). The initial total soluble
solid of the pineapple was found to be 12 °Brix.

Pretreatment techniques

Pineapple rings were pretreated with KMS and ultrasonic
waves prior to hot air drying. The samples dried without
any pretreatment were defined as control or untreated (NP)
sample.

Ultrasonic pretreatment

Mechanical pretreatment was given to pineapple slices by
treating them under ultrasound waves of 40 kHz frequency
in an ultrasonic bath (SSE-1151B, Shamboo Scientific
Glass work, India) for 20 min (US 20) and 30 min (US 30),
respectively. Before the treatment, samples were packed in
low-density polyethylene (LDPE) pouches containing dis-
tilled water (sample:water = 1:4 on wb) (Fernandes et al.
2008). Packed samples were immersed in ultrasonic bath
filled with distilled water up to 2/3rd level of the tank
height. Samples were covered using a metal net to avoid
floating over the water surface. The water temperature of
the ultrasonic bath was initially set at 30 °C.

Chemical pretreatment

Pineapple slices were dipped in 0.25% (w/v) KMS solution
for 6 min at room temperature (Ponkham et al. 2012). After
the pretreatment, the samples were removed, drained and
blotted with absorbent paper to remove extra water from
the surface. Individual samples were taken to measure
weight and moisture content, which were then used to
estimate the water loss (WL) and solid gain (SG) using the
following Eqgs. 1 and 2 respectively (Fernandes et al.
2008).

(wix; — wyxy)

WL(%) = x 100 (1)

Wi

(Wixg — wixg;)

SG(%) = x 100 (2)

Wiksi
where w;: initial fruit mass (g); wg: final fruit mass (g); x;:
initial moisture content on wet basis (g water/g); x;: final
moisture content on wet basis (g water/g); Xg;: initial solid
content (g solid/g); x.: final solid content (g solid/g).

Convective drying experiments
Pretreated pineapple slices were dried in a laboratory scale
hot air dryer (SD Instruments, India). Pineapple samples

(pretreated and untreated) were placed in a single layer on
stainless-steel trays and hot air at a temperature of 70 °C
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was circulated parallel to the sample surface at a velocity
of 0.6 m/s. Before each experiment, the dryer was set to the
required temperature and sample was loaded into the dryer
once the set temperature was attained. Drying of pineapple
samples was continued till final moisture content of 25%
(wb) was reached. During the experiment, weight of the
sample was recorded at regular time interval of 30 min.
The moisture content data obtained from drying experi-
ments were converted into moisture ratio (MR) in order to
normalize the initial moisture content (M,). Equilibrium
moisture content (M,) was very less as compared to M, and
hence it was set to zero while calculating MR using Eq. 3
(Ponkham et al. 2012).

MR = M — ﬂ (3)

(Mo -M e) M o

Moisture content (M) was plotted with drying time and
differentiated using OriginPro 8.5 software to calculate the
slope (dM/dt) of the curve. The instantaneous drying rate
was calculated at every time interval during drying using
Eq. 4 (Geankoplis 1983).

—W,dM
A dt “)
where Wg: weight of dry solid (kg); A: exposed surface

area (m?). The average drying rate was estimated by taking
average of instantaneous drying rate data.

Thin layer mathematical modelling

To analyze the drying behavior of pineapples slices dried in
hot air dryer, experimental moisture ratio and drying time
data was fitted to ten empirical/semi-empirical drying
models as tabulated in Table 1. Nonlinear regression curve
fitting was carried out using OriginPro 8.5 software to
determine equation constants and coefficients. All the fitted
models were compared on the basis of goodness of fit
which was evaluated with higher values of coefficient of
determination (R2), lower values of root mean square error
(RMSE), and reduced Chi square (x?) and were calculated
using Egs. 5-7, respectively (Abano et al. 2011).

RZ — NZivzl MRpred,iMRexp‘,i -

Zf'vzl MRpred,i vazl MRexp,i

N

1
RMSE = N; (MRpred,i - 1‘4Rexp,i)2 (6)
N o ) 2
Xz _ Z[:] (MRexp,z MRpred,l) (7)
N -z

where MR,.q;: predicted dimensionless moisture ratio;
MR.,pi: experimental dimensionless moisture ratio; N:
number of observations; z: number of constants.

Determination of moisture diffusion coefficient

Thin layer drying behavior of foods is defined by the
solution of Fick’s second law of diffusion, as given in
Eq. 8.

am 2
i DV*M (8)
D is the effective moisture diffusion coefficient (m2/s)
Taking the assumptions that initial moisture content is
uniformly distributed throughout the food product,
pineapple slice has been considered as a finite hollow
cylinder with 1.5 cm initial inner radius (r;), 4.5 cm outer
radius (r,), and height of the cylinder (1) as 1 cm. Moisture
is assumed to be migrating from the sample to air through
top surface, outer and inner sides by diffusion only, how-
ever bottom surface is insulated. The analytical solution of
Fick’s second law of diffusion for a finite hollow cylinder
is given by multiplication of the solution of infinite slab
and solution of infinite hollow cylinder as explained using
Egs. 9-12 (Ponkham et al. 2012).
For Infinite slab

MR(1) = (%) imew [—(2m+ 1)’ %}

m=0

For infinite hollow cylinder

_ 4 Jo(rioty) — Jo(rioty)
MR = (=25 2200 o) (o)) &P P%)
(10)
)

N
\/<N Zi:l MRired.i -

(ZN MR? )2> (NZN MR2 —(ZN MR2 )2>
i=1 pred.i i=1 exp,i i=1 exp,i
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In the above equation, o, is the positive roots of the fol-
lowing Eq. 11



J Food Sci Technol (November 2019) 56(11):4911-4924

4915

Table 1 Thin layer model constants and statistical parameters of fitted empirical models for untreated and pretreated pineapple slices under hot

air drying

Model Parameters R? X2 RMSE
1 Newton NP k = 0.0265 0.99059 0.00116 0.0278
MR = e US20 k = 0.2961 0.99814 9.9640 x 107* 0.0285

Ayensu (1997) US30 k =0.3016 0.98724 8.0749 x 107* 0.02990
KMS k = 0.0325 0.98929 9.817 x 107* 0.0267
2 Page NP k = 0.2286, n = 1.0978 0.99311 6.887 x 107* 0.0231
MR = ™" US20 k = 0.2704, n = 1.0654 0.98884 9.379 x 107* 0.0269
Page (1949) Us30 k = 0.2486, n = 1.1435 0.99241 59110 x 1074 0.0223
KMS k =0.2731, n = 1.1361 0.99397 5.521 x 107* 0.0194
3 Modified page NP k = 0.2607, n = 1.0988 0.99311 6.887 x 107* 0.0231
MR = ¢~ ®0)" US20 k = 0.2930, n = 1.0664 0.98884 9.3790 x 1074 0.0269
White et al. (1981) US30 k = 0.2960, n = 1.1444 0.99241 59107 x 1074 0.0223
KMS k =0.3190, n = 1.1363 0.99397 55214 x 1074 0.0194
4 Henderson and Pabis NP a=1.0198, n = 0.2038 0.99304 0.00112 0.0273
MR = ae™ US20 a =0.9953, n = 0.2947 0.98748 0.00105 0.0285
Chhinnan (1984) US30 a =1.0281, n = 0.3102 0.98763 8.2451 x 107* 0.0285
KMS a = 1.0272, n = 0.3337 0.98967 9.4544 x 1074 0.2538
5 Logarithmic NP a = 1.0980, k = 0.2040, c = — 0.11885 0.99803 2.798 x 107 0.0120
MR =ae ™ + ¢ US20 a = 1.1011, k = 0.2152, ¢ = — 0.14152 0.99602 3.3469 x 10~ 0.0156
Yagcioglu et al. (1999) US30 a = 1.1446, k = 0.2241, c = — 0.15344 0.99692 1.6936 x 10™* 0.0138
KMS a =1.1310, k = 0.2473, ¢ = — 0.13827 0.99790 1.9265 x 10~* 0.0110
6 Two term NP a = 0.5009, k = 0.2685, b = 0.5069, g = 0.2685 0.98933 0.00128 0.0273
MR = ae™ + be™¥ Us20 a = 0.4976, k = 0.2946, b = 0.4976, g = 0.2946 0.98581 0.00119 0.0285
Henderson (1974) US30 a=0.5141, k = 0.3102, b = 0.5141, g = 0.3102 0.98586 9.1673 x 1074 0.0285
KMS a =0.5136, k = 0.3337, b = 0.5136, g = 0.3337 0.98808 0.00109 0.0253
7 Two term exponential NP a = 1.5710, k = 0.3264 0.99381 6.4992 x 1074 0.0219
MR = ae ™™ + (1 — a)e~* US20 a =1.5203, k = 0.3553 0.98994 8.455 x 107* 0.0255
Sharaf-Eldeen et al. (1980) US30 a =1.6422, k = 0.3877 0.99284 53109 x 1074 0.0217
KMS a =1.6342, k = 0.4156 0.99430 522 x 1074 0.0188
8 Wang and Singh NP a=—0.1965, b = 0.0101 0.99125 52759 x 1074 0.0261
MR = 1 + at + bi? Us20 a=— 02215,b=0.0129 0.98619 0.00116 0.0299
Wang and Singh (1978) US30 a=—02263,b=0.0134 0.99419 75113 x 1074 0.0195
KMS a=— 02429, b = 0.0155 0.99344 6.0468 x 1074 0.2305
9 Diffusion approach NP a=— 12697, k =0.2806,b =1 0.98987 2955 x 1074 0.0274
MR = ae™ + (1 — a)e US20 a=— 62600, k=03729,b=1 0.98878 9.4248 x 1074 0.0261
Kassem (1998) US30 a=24012,k=0.1498,b = 1 0.99674 8.69 x 107* 0.0142
KMS a=—54261,k=0.3247,b=1 0.98774 0.00112 0.0267
10 Verma et al. NP a =87.1148, k = 0.3881, g = 0.3900 0.99396 6.4551 x 1074 0.0213
MR =ae™ + (1 —a)e ¥ US20 a=76.2209, k = 0.4176, g = 0.4197 0.98965 8.6979 x 107* 0.0257
Verma et al. (1985) US30 a = 83.0870, k = 0.4697, g = 0.4726 0.99289 528 x 1074 0.0209
KMS a =78.9290, k = 0.5012, g = 0.50441 0.99428 52355 x 1074 0.0182

MR Moisture ratio; ¢ drying time; NP no pretreatment; US20 ultrasonic treatment for 20 min; US30 ultrasonic treatment for 30 min; KMS
potassium metabisulphite; R? coefficient of determination; %> Chi square; RMSE root mean square error
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J(,(V,'OC,,)YU(FOO(”) - Jo(roan)Yo(riocn) =0 (] 1)

Jo(ra,): bessel function of the first kind of zero order,
Y,(ra,): bessel function of the second kind of zero order.
Solution for finite hollow cylinder = Solution for infinite
slab x solution for infinite hollow cylinder

MR(1) = Jo(rit)

— Jo(root)

n:l m:O

2m+1)

202[J, (rittn) + Jo(ro0)]

redness/greenness index (a*) and yellowness/blueness
index (b"). The total color difference (AE) and browning
index (BI) are expressed in Eqgs. (13) and (14) respectively
(Velickova et al. 2014).

exp[—Dt<a +(2m+1)° ;)] (12)

In order to solve the above series as given in Eq. 12 and to
estimate moisture diffusion coefficient (D) at every time
interval during drying, a code was written in Engineering
Equation Solver (EES). The series was solved up to four
terms by substituting first four positive roots (o). The
values of o, were evaluated from EES software using trial
and error method. Diffusivity was calculated without and
with incorporation of shrinkage effect in the model. For the
analysis of diffusivity without considering shrinkage, ini-
tial dimensions of pineapple slice were kept constant
throughout the drying period. For shrinkage consideration,
instantaneous dimensions of the sample during drying were
considered for calculation of D. The average effective
moisture diffusion coefficient was determined by taking the
arithmetic mean of instantaneous diffusivity obtained dur-
ing the period of drying (Sharma and Prasad 2004).

Shrinkage measurement

The dimensions of pineapple slices were measured at
regular time interval of 1 h using a digital vernier caliper
(Moore and Wright, Europe, least count 0.01). The
dimensions (inner radius, outer radius and thickness) were
measured at different positions of the pineapple slice dur-
ing the course of drying for untreated and pretreated
samples. The average values of sample dimensions
obtained during drying were used for calculation of
instantaneous moisture diffusivity so that shrinkage phe-
nomena could be taken into consideration.

Estimation of quality attributes of pineapple slices
Color analysis

The color of fresh and dried pineapple sample was mea-
sured using the CIE colorimeter (KONIKA MINOLTA,
Japan). Initially, the instrument was calibrated with black

and white plate standards. Measurements of color spaces of
the samples were displayed as lightness index (L),

@ Springer

AE = \/(AL)® + (Aa)? + (Ab)? (13)

where
AL = (Lt —L}); Aa = (a —a); Ab= (b} — b))

£l * £ . .
L, a, bs: color parameters corresponding to dried sample;
Lo, a5, by color parameters corresponding to fresh sample
taken as reference.

Bl — [100()8;70.31)] (14)
where
[@* + 1.75L%]

T [5.645LF + a* — 0.3012 b

Texture profile analysis

Texture profile of the fresh and hot air dried pineapple
slices were estimated using compression test with the
texture analyzer (EZ-SX, SHIMADZU Corp., Japan).
Compression test was carried out with a compression plate
probe (diameter = 5 cm, thickness = 1 cm) fitted with
texture analyzer of 500 N load cell. Samples were placed
on a support plate base just below the probe. Pretest speed
and test speed of the probe was set as 0.1 mm/s and after
penetration of 25% of sample thickness, the probe travelled
back at a speed of 0.01 mm/s. Hardness of the sample was
evaluated as the maximum force attained (peak) from
force-time graph produced in the first compression test
(Pieniazek and Messina 2017).

Water activity

Water activity is an important parameter helpful in decid-
ing the storage stability of dried fruits and vegetables. It is
generally recommended that water activity of food mate-
rials should be less than 0.63 for safe storage (Orsat et al.
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2007). The water activity of fresh and dried samples was
measured using water activity meter (CX-2, Aqua Lab,
USA) at a temperature of 32 + 2 °C.

Scanning electron microscopy (SEM)

The scanning electron micro images of untreated and pre-
treated samples were taken to analyze the microstructural
changes led by pretreatments. The untreated and pretreated
hot air dried samples were cut in longitudinal and vertical
direction to produce a 5 cm long and 3 cm thick specimen.
Thereafter, the specimen was pasted on a metallic disk and
coated with fine layer of gold using a Polaron Range
SC7620 Sputter. Gold coated samples were observed for
surface morphology at magnification of 500x — 1500x
under scanning electron microscope (EVO 60, Carl ZEISS
SMT, Germany) operating at an accelerating voltage of
30 kV under vacuum.

Statistical analysis

Statistical analysis of the obtained results was carried out
using IBM SPSS Statistics 22 software. Tukey test was
applied to the values of color, texture, water activity to
check the significant difference in mean values obtained
from different pretreatments and untreated sample. All the
experiments were done in triplicates and average values
with standard deviation are reported.

Results and discussion
Effect of pretreatment on water loss and solid gain

Immersion of freshly cut pineapple slices in KMS solution
and distilled water used for ultrasonic pretreatment resulted
in changing of water and soluble solid content of the
samples. The effect of pretreatment on water loss and solid
gain of pineapple slices is shown in Table 2. The samples
submitted to ultrasonic waves of 40 kHz for 20 min lost
2.43% moisture, which was increased to 4.14% when
treatment time was increased to 30 min. This may be
attributed to the fact that the ultrasound treatment caused
formation of micro channels which gets intensified with
treatment time. Formation of micro capillaries and chan-
nels allows the exchange of moisture leading to moisture
loss from samples. Furthermore, it was found that the
moisture loss from the KMS pretreated sample was 3.52%,
which lied between that of US20 and US30 treated sam-
ples. It can also be seen from Table 2 that during pre-
treatment, samples lost soluble solids along with the
moisture as indicated by negative sign of solid gain. Solid
loss from sample during KMS, US20 and US30

pretreatment was 1.48, 2.80 and 2.51%, respectively. The
reason behind the solid loss is detachment of some partially
cut pulp on sample surface which remained loosely
adhered to the surface. Since pretreatment caused leaching
of the soluble solid from sample to the solution, this
increased the total soluble solids (TSS) content of the
solution. After pretreatment, the TSS of the solution was
found as 0.1° Brix. Since, treatment time (20 and 30 min)
of ultrasonic exposure was higher as compared to KMS
treatment time (6 min), solid loss was found to be more
during ultrasonic treatment. Fernandes et al. (2008) have
studied the effect of ultrasound pretreatment on convective
drying characteristics of pineapple. During the process of
pretreatment they observed that pineapple samples lost
between 2.1 and 3.2% of its initial moisture, whereas the
solid loss was accounted for 23.2% under ultrasonic
exposure of 25 kHz frequency. Azoubel et al. (2010) have
found that ultrasonic pretreated banana cv Pacovan re-
sulted in water loss and solid loss of 4.2% and 2.4%,
respectively, after 30 min of ultrasound pretreatment,
which supports the results of present study. Rane and
Dabhi (2017) observed the water loss and solid gain of
38.88-43.07% and 4.98-6.07%, respectively, when chem-
ical pretreatment was given to red onion slices by dipping
them in solution of calcium chloride and KMS. However,
studies related to the effect of KMS pretreatment on mass
transfer attributes of food products are very limited.

Effect of pretreatment on drying Kinetics

As discussed in the previous section, the pretreatment
caused loss of moisture from the samples, as a result the
initial moisture content at the beginning of drying process
was different for untreated and pretreated samples. Hence,
in order to normalize the drying curves, moisture data was
converted into dimensionless moisture ratio. The untreated
and pretreated samples having initial moisture content
90-93% (wb) were dried to safe moisture level of 25%
(wb). The drying kinetics of KMS and ultrasonic pretreated
pineapple slices dried in hot air dryer is shown in Fig. la. It
can be seen that both kind of pretreatments was found to
affect the mobility of moisture from the samples to hot air
during convective drying process of pineapples slices. Plot
of MR versus drying time highlighted that samples sub-
jected to chemical pretreatment with KMS solution were
dried faster and took 8 h to reach safe moisture content
(moisture ratio = 0.025); however the untreated sample
took longest drying time (10.5 h). The samples pretreated
with ultrasound for 20 and 30 min took 9 and 8.5 h,
respectively. It is clear from Table 2 that ultrasound pre-
treated samples showed improved drying rate and conse-
quently reduced drying time as compared to that of
untreated samples. Similar results were observed for other
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(m?/s)

BI

AE

b*

a*

WS L*

WOS

0.95%

27.66 + 5.63
167.70 £ 11.79¢
102.24 £+ 12.70°

120.66 + 15.1%¢

21.85 £+ 1.07°
4726 £+ 1.12°

15.62 + 0.65*
30.30 + 0.40°

— 229 £+ 0.20°

71.37 £+ 0.37°
79.73 + 1.52°
79.35 + 1.56°
80.74 + 0.53°
84.69 + 0.71¢

Fresh
NP

0.62°

17.23 & 0.82%¢

0.44 + 0.85°
— 1.88 £ 0.08°
—1.93 £ 0.17°
— 1.85 £+ 0.24°

0.78
1.14
0.90
1.59

4.79

0.68 £ 0.00
—2.80 0.74 £0.18

— 251
— 148

0.57°

42,07 + 3.16*
36.02 & 2.45°
37.60 + 1.64°

15.43 + 0.84%
13.95 + 0.92*
18.21 & 0.66°

28.70 & 1.59%°
25.89 + 1.63°

5.28
5.29

5.7

2.43
4.14

3.

US20

0.61°

0.77 £ 0.12
0.82 £ 0.15

US30

0.56°

110.50 + 3.39

28.00 £ 1.02%

1

52

KMS

Different letters (a, b, ¢, d) in superscript within column indicates significant differences established at p < 0.05 according to Tukey test

NP No pretreatment; US20 ultrasonic treatment for 20 min; US30 ultrasonic treatment for 30 min; KMS potassium metabisulphite; WL water loss; SG solid gain; R drying rate; D moisture

diffusivity; WOS without shrinkage; WS with shrinkage; L* lightness; a* red to green; b* yellow to blue; AE total colour change; BI browning index; a,, water activity

fruits like apple (Fijalkowska et al. 2016), carrot (Ricce
et al. 2016), and pineapple (Fernandes et al. 2008). How-
ever, the higher drying rate of KMS treated samples indi-
cated better moisture removal ability of chemical treatment
over ultrasonic pretreatment.

Mathematical modelling of drying Kinetics

Experimental MR and drying time data of pretreated and
untreated samples were fitted to ten empirical drying
models. Empirical model coefficients and fitted parameters
were evaluated for all the samples and are presented in
Table 1. It was noticed that all models were successfully
fitted with the experimental data; however the best fitted
model was identified on the basis of statistical analysis. It
was observed that highest values of Rz, lowest values of x2
and RMSE were found for logarithmic model in case of
both untreated and pretreated samples. Hence, among all
the empirical models fitted, logarithmic model was found
to predict the drying kinetics of pineapple slices more
accurately as compared to other models. The accuracy of
the established model was evaluated by plotting the
experimental moisture ratio against model predicted
moisture ratio as shown in Fig. 1b. It can be seen that the
experimental values and predicted values were bound close
to each other as well laid in a straight line (1:1 line)
indicating good matching of experimental and predicted
data. Zhang et al. (2016) also found logarithmic model to
best explain the thin layer drying kinetics of button
mushroom slices pretreated with ultrasound of 40 kHz
frequency for 3 and 10 min prior to hot air and infrared
drying. Some recent studies carried out on hot air drying of
pineapple found Midilli et al., Two term and Page model to
be best fitted to drying data (Malaikritsanachalee et al.
2018; Izli et al. 2018).

Effective moisture diffusivity with and without
shrinkage consideration

The logarithm of moisture ratio, In(MR) was plotted
against drying time for untreated and pretreated samples as
illustrated in Fig. 1c. Generally, the plot of In(MR) vs
drying time is found to be linear, and this linear relation-
ship is used for estimation of constant moisture diffusivity
using slope method derived from linear regression analysis
(Dissa et al. 2011). However in the present study, curve is
deviated from linearity and followed second order poly-
nomial relationship. This nonlinear behavior of the curve is
due to the non-uniformity in distribution of water within
the sample and the extent of shrinkage in pineapple sample
during drying (Sharma and Prasad 2004). Results from
previous studies have revealed that variation in moisture
diffusion coefficient with changing moisture content of the
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Fig. 1 a Variation in moisture ratio of untreated and pretreated
sample. b Plot of experimental moisture ratio against predicted
moisture ratio from logarithmic model. ¢ Plot of In (MR) vs drying
time for untreated and pretreated pineapple slice under convective
drying

sample during drying also contributed to non-linearity of
In(MR) vs drying time plot (Abano et al. 2011). Hence,
variable moisture diffusion coefficient during the course of
drying needs to be evaluated.

Effect of moisture content and shrinkage on effective
moisture diffusivity

Moisture diffusion coefficient of pineapple slice as a
function of moisture ratio during drying without shrinkage
consideration is depicted in Fig. 2a. It can be seen that

a 5009 - X Untreated
’ A o US20
Q3 ol o US30
T 1.00E-09 (R s KMS
= . Poly. (Untreated)
> e
£ 80010 N Poly. (US20)
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€ 35610+ & KMS /.’ AN
= Poly. (Untreated) . \
£ 3B10f . Poly. (US20) '/ \
2 2.5e-10 }— — — Poly. (US30) 7 \
& — . —-Poly. (KMSp 7 A& o .
o '/ Qoo BT \4\
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Moisture ratio

(1]
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>
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6.00E-10

4.00E-10

Moisture diffusivity (m?/s)

2.00E-10

0.00E+00
0

Moisture ratio

Fig. 2 Variation in effective moisture diffusivity with change in
dimensionless moisture ratio, a without shrinkage consideration;
b with shrinkage consideration; ¢ with and without shrinkage
consideration for KMS treated sample

moisture diffusivity was found to rise with the reduction of
moisture content as drying progressed. Among all the
samples, D of untreated sample was found to be the lowest
at every instance during air drying. It is important to
mention that during initial period of drying, slight differ-
ence was observed in the values of D of pretreated and
untreated samples. However, further drying led KMS pre-
treated sample to present higher moisture diffusivity than
other samples till end point of drying. At the end of drying,
when moisture ratio reached around 0.025, KMS treated
sample showed highest value of instantaneous moisture
diffusivity of 1.09 x 107° m*s followed by 9.88 x
10710 m2/s, 9.79 x 107" m%s and 8.3 x 107" m?%s for
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US30, US20 and untreated sample respectively. Increasing
trend of effective moisture diffusivity with reduction in
moisture ratio was also observed by Sharma and Prasad
(2004) during microwave-convective drying of garlic at
operating temperature of 40-70 °C. As far as ultrasound
pretreatment is concerned, exposure time did not affect the
moisture diffusivity of samples.

Effective moisture diffusivity is dependent on moisture
gradient, temperature and path length travelled by moisture
while diffusing from the sample to the surface. During air
drying, shrinkage of sample is important phenomena
occurring and continuously affecting the shape and size of
sample and subsequently varying the path length for dif-
fusion throughout the drying process. Hence shrinkage
phenomena should be included in the calculation for cor-
rect determination of moisture diffusivity (Touil et al.
2014). Incorporation of shrinkage phenomena in the com-
putation of effective moisture diffusivity during the course
of drying leads to interesting results as presented in
Fig. 2b. Consideration of shrinkage led to initially raise the
diffusivity and attained maximum value after 1.5-3 h of
drying, followed by decreasing trend till the end of drying.
This trend of moisture diffusivity was because of the
changing drying mechanism from liquid diffusion during
initial period till 2-3 h followed by vapor diffusion in
second falling period. Similar behavior of moisture diffu-
sivity as a function of moisture ratio was also observed
during infrared drying of pear by Touil et al. (2014). In the
present study, relationship of moisture diffusivity and
moisture ratio was found almost similar for all samples.
However, maximum diffusivity found at peak was highest
for KMS pretreated sample (3.94 x 107'° m?%s) followed
by US20 (1.9 x 107" m%s), US30 (1.57 x 107'° m%s)

and least for untreated sample (1.48 x 107'° m%s). Fig-
ure 2c presents the comparison between variations in dif-
fusivity of KMS pretreated pineapple slices obtained with
and without consideration of shrinkage phenomena. Lower
values of moisture diffusivity are clearly depicted from the
figure when shrinkage was considered. Similar trend of
comparison of moisture diffusivity with and without
shrinkage phenomena was also obtained during infrared
drying of pears (Touil et al. 2014).

To express the relationship between effective moisture
diffusivity and corresponding moisture ratio of pineapple
slices during drying, a third order polynomial equation was
fitted and is given below in Eq. (15).

D = a(MR)*+b(MR)*+c(MR) + d (15)

where D is the effective instantaneous moisture diffusivity
(mz/s); MR is the dimensionless moisture ratio any time t
during drying; a, b, ¢, d are the constants of regression
during hot air drying of pineapple slices, whose values are
provided in Table 3. High values of R* indicated that above
equation is well fitted to explain the relationship of mois-
ture diffusivity with moisture ratio of pineapple slices with
and without shrinkage consideration.

Effect of pretreatment and shrinkage on average effective
moisture diffusivity

The average effective moisture diffusivity D,yg, was com-
puted by taking the arithmetic mean of the effective moisture
diffusivities calculated at various moisture levels during the
course of drying (Sharma and Prasad 2004). Average
moisture diffusivities with and without shrinkage incorpo-
ration was calculated for all the samples and is shown in

Table 3 Third order

. 2

polynomial model constants of Sample Equation constants R

effective moisture diffusivity a b c d

and statistical analysis results

during hot air drying of NP

pineapple slices Without shrinkage —1x 2% 107° —2x107° 8 x 10710 0.9863
With shrinkage 6 x 1071 —1x107° 7 x 1071° x 107" 0.8118
US20
Without shrinkage -2 x x 1077 —-2x107° x 1077 0.9875
With shrinkage —1x1071° —5x1071° x 10710 3 x 107" 0.9466
US30
Without shrinkage —1x x 107° —2x107° x 1077 0.9927
With shrinkage —3x 10710 - 7x107° 4 x 107" 2 x 107" 0.9757
KMS
Without shrinkage —1x 3x107° —2x107° 1 x107° 0.9786
With shrinkage -3 x 3% 107° —1x107° 5% 1071 0.9699

NP No pretreatment; US20 ultrasonic treatment for 20 min; US30 ultrasonic treatment for 30 min; KMS
potassium metabisulphite; R? coefficient of determination; a, b, ¢, d polynomial third order equation

constants
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Table 2. As compared to sample dried without any pre-
treatment, KMS, US30, US20 pretreatments had the poten-
tial to improve the moisture diffusivity (without shrinkage
consideration) by 19.2, 10.4 and 10.2%, respectively. It is
interesting to notice that average moisture diffusivity of
KMS samples was estimated to be 5.71 x 107 m%s and
1.59 x 107'° m%s without and with shrinkage, respec-
tively. In other words, neglecting shrinkage phenomena
leads to overestimation of diffusivity. Similar type of results
were also reported by Dhalsamant et al. (2017) during solar
drying of potato cylinders and Ponkham et al. (2012) during
far infrared drying of pineapple slices.

Effect of pretreatment on quality attributes
of pineapple slices

Table 2 shows the effect of pretreatment on color profile,
hardness and water activity of dried pineapple slices.

Color profile analysis

Drying of pineapple slices led an increment in the L” value
indicating improvement in brightness of the sample.
Samples dried after KMS pretreatment were found brighter
than untreated and ultrasound treated dried sample. This
result is in good agreement with published studies by
Abano et al. (2011). Tukey test revealed that lightness of
fresh pineapple sample was changed significantly
(p < 0.05) after drying. However, no significant difference
was noticed for L" value of untreated and US treated dried
sample. It was observed that a* value of fresh sample was
— 2.29 £ 0.20 which corresponds to greenish color due to
negative sign, however, it shifted to 0.44 £ 0.85 (reddish
shade) after drying. Differences among a" values of fresh
and pretreated (KMS, US) dried samples were not signifi-
cant (p > 0.05) indicating capability of ultrasound and
KMS pretreatment to protect the greenish shade of the
pineapple sample during drying. From the color analysis, it
was observed that hot air drying caused a significant
increment in b~ value, making the samples more yellowish
due to non-enzymatic reactions.

Results showed that KMS pretreated dried sample
recorded maximum L° value, which consequently pro-
duced higher total color change (AE = 18.21 + 0.66)
during drying as compared to ultrasound treated samples
(AE = 13.95 + 0.92 for US30; AE = 1543 4+ 0.84 for
US20). Statistically, overall color change of untreated
sample and KMS pretreated sample were not different at
p < 0.05. Ultra sonication pretreatment for 30 min was
found to cause least total color change as well as lower
browning in the sample during drying. Untreated sample
showed highest magnitude of browning index
(47.26 £ 1.12) followed by US20 (42.07 £ 3.16), KMS

(37.60 £ 1.64), and US30 (36.02 £ 2.45) samples. Expo-
sure of samples to KMS and ultrasound waves leads to the
inactivation of browning causing enzymes; as a result
lower browning was witnessed during drying of KMS and
US pretreated samples.

Hardness

Drying phenomena caused changes in the textural profile of
food product due to continuous change in shape, size, and
mechanical properties of the sample. Hardness of the fresh
pineapple slices was found to be 27.66 £+ 5.63 N which
was drastically increased after drying up to
167.70 £ 11.79 N for untreated sample. It can be noticed
from Table 2 that the hardness of untreated dried sample
was found quite higher than fresh and pretreated dried
samples. Rupturing of the cell membrane and tissue dam-
age during KMS pretreatment makes the sample more
tender which prevented the hardening of samples during
drying (Sharma et al. 2015; Orikasa et al. 2018). Due to
this, hardness of the KMS treated sample was quite less as
compared to other samples. US treatment created a number
of micro channels that makes sample less dense. This
facilitated the lower resistance in moisture transport and
lower hardness as compared to untreated sample.

Water activity

Water activity of fresh pineapple was found to be very
high, numerically around 0.95 making it difficult to store
the fruit at room temperature for longer time. The water
availability for chemical reactions gradually decreases
during the drying period, resulting in the reduction of water
activity of samples. As can be observed from Table 2, the
water activity of all samples were found below 0.63 at
which chemical reactions and microbial growth is inhibited
(Orsat et al. 2007).

SEM analysis

Scanning electron micrographs of dried pineapple slices at
magnification of 500x and 1500x are presented in Fig. 3,
which clearly showed a noticeable difference among the
morphologies of untreated and treated samples. Untreated
dried sample showed a porous structure due to pore gen-
eration during drying. Moreover, tissues of samples dried
without any pretreatment were intact and smooth structured
as can be seen in Fig. 3a, b. Ultrasound pretreatment
caused the destruction of tissues by mechanical rupturing.
Micro images of US20 and US30 treated slices highlighted
that cells became small and needle shaped. Additionally,
during ultrasound treatment, cells were also flattened and
elongated to form micro channels. The micro channels
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Fig. 3 Microstructural images of hot air dried samples at magnification of 500x and 1500x for a, b untreated sample; ¢, d ultrasound treated for
20 min; e, f ultrasound treated for 30 min; g, h KMS treated for 6 min
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were formed by disruption of tissues due to shear forces
resulted from bubble collapse during cavitation (Fernandes
et al. 2009). With an increase in exposure time of ultrasonic
waves, the degree of cell damage was also intensified as
can be observed from Fig. 3e, f. Pineapple slices dried after
KMS pretreatment showed homogeneous and higher col-
lapsed cells as compared to untreated sample. It presented
the deformation of cell structure in a uniform pattern
leading to more porous network due to which higher
removal of water during drying was observed (Fig. 3g, h).
Results from the microstructure analysis supported
increased moisture diffusivity in pretreated samples as
compared to untreated ones.

Conclusion

In the current work, influence of KMS and ultrasonic
pretreatment on hot air drying characteristics and quality
attributes of pineapple slices was investigated. Results
highlighted that pineapple samples pretreated with KMS
(0.25% w/v solution) resulted into higher drying rate,
enhanced moisture diffusivity during convective drying as
compared to that of ultrasound pretreated and untreated
sample. Apart from this, KMS pretreated dried sample was
also found to be brighter in colour and softer in texture than
untreated and ultrasound treated dried sample. Ultrasound
pretreatment was also found to enhance the mass transfer
during drying due to cell rupture and formation of micro
channels, however, it was found to be less effective than
KMS pretreatment for improving the drying characteristics
of pineapple slices. It was observed that KMS, US30 and
US20 pretreatments shortened the drying time by 23.8%,
19% and 14.3%, respectively, indicating selection of KMS
chemical pretreatment over ultrasound. Drying behavior of
untreated and pretreated samples was best interpreted by
logarithmic drying model. Consideration of shrinkage lead
to the reduction of average diffusivity values by 72-83%.
On the other hand, US30 pretreatment produced dried
sample with lower color change (13.95 £ 0.92) and lower
browning index (36.02 £ 2.45) highlighting better color
stability over untreated and KMS pretreated dried sample.
Since, ultrasound process is influenced by the applied fre-
quency; therefore, outcomes of the present research are
limited to ultrasound frequency of 40 kHz only. Nonethe-
less, the effect of different frequency ranges are needed to
be compared with KMS pretreatment in future studies.
Moreover, along with the drying characteristics and quality
attributes, shelf life of dried samples is also an important
feature that can be studied to analyze the effectiveness of
any pretreatment. Hence, the effect of KMS and ultrasonic
pretreatment on shelf life stability of dried samples under

different storage conditions can be an important subject for
future research.
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