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A B S T R A C T

The drying of agricultural produce is an important food preservation measure. However, high energy re-
quirements for drying, limited access to energy sources, small-medium scale farmers experience high post-harvest
losses of their produce. Therefore, there is a need to develop and optimize low-cost food preservation technol-
ogies. In this study, eleven mathematical models were used to estimate the drying coefficients following non-
linear regression method, in hot-air oven and naturally-ventilated solar-venturi drying to find the best fit of
the moisture ration models. Sweet potato tubers were sliced at 3, 5 and 7 mm thickness sizes with and without
pre-drying treatments. The prepared sweet potato slices were dried in a hot-air oven dryer at a constant tem-
perature of 70 �C in comparison to the naturally-ventilated solar-venturi dryer with a heated ambient air that
varied according to the outside environmental conditions. The drying rate of the samples in a hot-air oven dryer
was higher than for those in the naturally-ventilated solar-venturi dryer. The results showed that the drying time
was significantly (P < 0.05) affected by the thickness size of sweet potato slices (SPS) and that the drying took
place at the falling rate period and a constant drying time. The Midilli et al. model was the best fit for predicting
the moisture ratio of SPS dried in hot-air oven dryer and naturally-ventilated solar-venturi dryer based on sta-
tistical analysis (R2 ¼ 0.982–0.999, χ2 ¼ 4.60 � 10�6-5.56 � 10�5 and RMSE ¼ 0.011–0.067). The Deff was 3.32
� 10�9- 6.31 � 10�9 m s�1 for the naturally-ventilated solar-venturi dryer and 1.02 � 10�8 - 2.19 � 10�8 m s�1

for the hot-air oven dryer. According to the results obtained, naturally-ventilated, solar-venturi dryer and lemon
juice pre-drying treatment are the suitable application for small-medium scale drying of SPS under Pietermar-
itzburg conditions.
1. Introduction

Sweet potato tubers are amongst a group of crops that feed the world
and are regarded as an excellent source of vitamins and starch (Doymaz,
2011; Sanginga, 2015; Sanoussi et al., 2016). Sweet potato tubers can be
grown all year round under suitable climatic conditions and they are
highly resistant to adverse climatic conditions (Chandrasekara & Kumar,
2016; de Souza et al., 2021). Freshly-harvested sweet potato tubers have
a moisture content of 48.0–53.3% (Titus and Janet, 2016). Such high
moisture content makes sweet potatoes highly perishable and difficult to
transport from one place to another (Nwakuba et al., 2016; Seidu et al.,
2012). Hence, appropriate preservation technologies that can increase
shelf life are required (Oyebanji et al., 2013; Vivek et al., 2021). The
study proposed development of low cost drying technologies with little
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or no energy input for them to be attractive to small-to medium-scale
farmers with no capital and access to conventional electricity.

Drying method and equipment have an impact on the quality of the
final product; hence there is a need to study the effect of the drying
method on the quality of dried food material (Mewa et al., 2018; Javed
et al., 2019). Drying of food involves heat and mass transfer accompanied
by changes in the structure, shape, and biological quality of the product
(Nasri and Belhamri, 2018; Dasore et al., 2020). Therefore, to produce a
good quality dried product, it is important to understand the drying
characteristics of different food materials. Doymaz (2011) and Nur-
khoeriyati et al. (2021) reported that heat and mass transfer during the
drying process cause browning of the product resulting in the reduction
of quality compared to the original food. Mathematical models, known as
thin-layer drying models are tools used to better understand the thermal
process and to develop and improve the existing drying systems (Akoy,
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2014; Miraei Ashtiani et al., 2017; Oke and Workneh, 2014). These
models describe both the microscopic and macroscopic drying behaviour
of the heat and mass transfer of the drying material (Ayadi et al., 2014;
Doymaz, 2011). Thin-layer drying models provide the basis for under-
standing the drying characteristics of any food material (Babiker et al.,
2016) by depicting its drying kinetics at any given time when subjected
to certain drying conditions (da Silva et al., 2014; Naderinezhad et al.,
2015; Oke and Workneh, 2014). These drying conditions (relative hu-
midity, air temperature and air velocity) have an impact on the quality of
the final dried product (Ertekin and Firat, 2015; Meher and Nayak, 2016;
Onwude et al., 2016). Therefore, there is a need to model and analyse
their effects on drying performance and further look at physical and
microstructure changes after drying.

Olawale and Omole (2012) studied thin-layer drying models for
blanched and unblanched sweet potato slices (SPS) drying in a tray dryer.
Amongst these models, the Page model was found to be the best model
for all samples. Other researchers have studied thin-layer drying models
using different types of dryers since the 1990s (Khanal and Lei, 2011).
However, the study of thin-layer models using a naturally-ventilated,
solar-venturi dryer (NSD) to dry SPS in South Africa has not been
investigated and reported. Therefore, this study investigated the effect of
solar-venturi drying on thin-layer drying characteristics of SPS, modelled
the heat and mass transfer of these samples and evaluated the effect of
drying on dried SPS.

2. Materials and methods

2.1. Study site description and climatic data

The study was conducted at the Ukulinga Research Farm, at the
University of KwaZulu-Natal, Pietermaritzburg, South Africa (29.7o S and
30.4o E at an altitude of 721 m above sea level). The area has a mean
long-term minimum and maximum temperatures of 6.0–16.4 �C and
20.6–27.4 �C, respectively, and a relative humidity of 61.1–75.3%. The
area receives mean solar radiation of 15.1–27.8 MJ m�2.day�1, which is
sufficient for solar drying applications (Schulze and Maharaj, 2007).

The study was conducted in September 2018. The mean long-term
minimum and maximum temperature in September is 10.0–17.1 �C
and 12.0–27.0 �C, respectively, while the relative humidity is
61.1–68.1%. The mean solar radiation, wind speed and mean sunshine
hours for September are 15.1–27.8 MJm�2.day�1, 0.8–9.7 m s�1 and 7 h,
respectively (Schulze and Maharaj, 2007). The weather data (tempera-
ture, relative humidity, solar radiation and wind speed) recorded during
the study period was obtained from the weather station at the Ukulinga
Research Farm.

2.2. Sample preparation and treatments

A batch of fresh sweet potato storage roots was purchased from a local
supermarket in Hayfields, Pietermaritzburg, South Africa. Sweet potato
storage roots with no physical damage and no sign of fungal or microbial
infection were selected. The selected storage roots were peeled, using a
carbon steel blade potato peeler, after which they were washed, using
deionized water. The peeled sweet potato storage roots were dabbed,
using paper towels to remove water on their surface. Thereafter, the
sweet potato storage roots were sliced into rectangular shapes with the
dimensions of, 50 by 20 mm, using a stainless steel kitchen knife (Oke
and Workneh, 2014). The thickness sizes of the slices were 3, 5 and 7
mm. The slices were pre-treated by either:

� dipping in an iodate table salt solution (0.1 % w/v concentration for
20 min);

� a lemon juice solution (1 % w/v concentration for 20 min);
� blanched in a water bath at 70 �C for 10 min (using Labotech water
bath, Thermo Fisher Scientific, Waltham, Massachusetts, United
States); and
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� the batch of control samples was not pre-treated.

The treated samples were dabbed using paper towels to remove any
free liquid from their surface (Olawale and Omole, 2012).

2.3. Experimental design and drying procedure

A factorial experimental (Factor A, B and C) design was followed with
each experiment replicated three times; Factor A at three levels, Factor B
at four levels, and Factor C at two levels as shown in Figure 1. The factors
(A, B, and C) were the thickness of SPS (3, 5, and 7 mm); the pre-drying
treatments (salt, lemon juice, blanching and control), and drying method
(HAD and NSD), respectively. Air-drying was performed using a hot-air
oven dryer (HAD) set at 70 �C and a naturally-ventilated solar-Venturi
dryer (NSD).

The weight loss was monitored at fixed intervals of 5-minute for the
first 45 min, a 15-minute interval for the following three hours, and an
hourly interval for the rest of the drying process until there was a
negligible change in the weight of slices (Oke and Workneh, 2014). The
weight loss measured during drying was used to calculate the different
moisture contents, namely; (i) the initial moisture content (mi), (ii) the
moisture content at a time, t (mt), and (iii) the equilibrium moisture
content (me). The weight loss of SPS dried in the NSD and HAD driers was
measured using a digital mass balance (Avery Berkel, Model
TB151-C4ZA10AAR, United Kingdom) with an accuracy of �0.1. The
equilibrium moisture content was determined in the HAD by drying the
samples for 48 h at 105 �C (AOAC, 1984).

2.4. Drying characteristics analysis

2.4.1. Moisture ratio
The moisture ratio, (MR) (dimensionless) at the time, t, was calcu-

lated using Eq. (1) by Onu et al. (2016), where mt (in %) is the moisture
content at the time, t, meðin %Þ is the equilibrium moisture content and
mi (in %) is the initial moisture content. The data obtained was used to
generate drying curves in Microsoft Office Excel (2016).

MR¼Mt �Me

Mi �Me
(1)

2.4.2. Drying rate
The drying rate, DR, (in kg.hr�1) was calculated using Eq. (2) by

Onwude et al. (2016), where Mtþdt (in %) is the moisture content of the
sample at a time, (t þ dt in hrs), Mt (in %) is the moisture content at a
time, t (in hrs) and dt (in hrs) is the change in drying time. Drying rate
curves were generated using Microsoft Office Excel (2016).

DR¼Mtþdt �Mt

dt
(2)

2.5. Modelling of sweet potato slices drying curves

Non-linear regression was used to determine the goodness of fit of
thin-layer drying models summarised in Table 1 to the experimental
moisture ratio.

The experimental data was fitted on the selected models, which have
been successfully used to describe the drying characteristics of fruits and
vegetables and has produced good fits with fewer assumptions in pre-
dicting drying of various food materials (Khaled et al., 2020). Further,
these models have been observed as important tools for establishing
empirical relationships (To�grul and Pehlivan, 2004). R2017b Matlab and
Simulink – Math Works was used to estimate the drying coefficients and
the coefficient of determination (R2), root mean square error (RMSE),
shown as Eq. (3) by Onwude et al. (2016), where MRpre, is the predicted
moisture ratio and MRexp, is the experimental moisture ratio, N is the
number of observations. The chi-squared (χ2) was determined using
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Figure 1. Schematic presentation of the experimental treatment structure with three factors (factor A ¼ thickness size, factor B ¼ drying pre-treatment, factor C ¼
drying method).

Table 1. Selected thin-layer drying models commonly used in drying of fruits and
vegetables.

Model name Model References

1. Henderson and
Pabis

MR ¼ aexpð � ktÞ Hashim et al.,
2014

2. Modified
Henderson and Pabis

MR ¼ aexpð� ktÞbexpð � gtÞþ nexp ð �
ctÞ

Meisami-asl &
Rafiee 2009

3. Logarithmic MR ¼ a expð � kt) þ b Kaur and Singh
(2014)

4. Two-term MR ¼ aexpð� ktÞþ b exp ð � ktÞ Demiray and
Tulek (2012)

5. Two-term
exponential

MR ¼ aexpð� ktÞþ ð1 � aÞ exp ð � katÞ Thompson

6. Midilli et al. MR ¼ aexpð � ðktnÞ þ bt Kucuk et al.
(2014)

7. Modified Midilli MR ¼ expð � ktnÞþ bt Xiao and Gao,
2012

8. Hii et al. MR¼ aexpð�ktnÞ þcexpð� gtnÞ Hii et al. (2009)

9. Demir et al., MR ¼ aexpð � ktnÞþ b Demir et al.,
(2007)

10. Verma et al., MR ¼ aexpð � ktÞþ ð1 � aÞexpð � gtÞ Verma et al.,
(1985)

11. Sigmoid
MR ¼ aþ b

1þ ekðt�cÞ
Süfer et al.
(2017)

*a, b, ¼ empirical model constant (dimensionless), k ¼ drying constant obtained
from experimental data (s�1), n ¼ empirical model constant (dimensionless) and
t ¼ time (s).
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Microsoft Office Excel (2016) shown as Eq. (4) after Onwude et al. (2016)
with z being the number of constants. These statistical parameters were
then used to assess the goodness of fit for each model (Asiru et al., 2013;
Hussein et al., 2016). The criterion for selection of the best model in
describing the drying kinetics would be according to the highest R2 mean
values, and the lowest RMSE and chi-squared mean values (Taheri-Gar-
avand et al., 2011).

RMSE¼
 PN

i¼1

�
MRpre;i �MRexp;i

N

!1
2

(3)

χ2 ¼
 PN

i¼1

�
MRpre;i �MRexp;i

N� z

!2

(4)

2.6. Determination of effective moisture diffusivity

Fick's law of diffusion is widely used to describe drying in the falling
rate, where diffusion is the dominant drying mechanism of fruits and
vegetables (Onu et al., 2016; Zhu and Feiyan, 2014). Fick's equation was
developed, by Crank (1975) and assumes that in the drying period there
is uniform initial moisture distribution; moisture migration is by diffu-
sion, negligible external resistance and shrinkage, constant diffusivity,
and temperature. In this study, Fick's law of diffusion and the
Arrhenius-type model determined the moisture diffusion during drying
and the activation energy for the SPS with 3, 5, and 7 mm thickness.
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Therefore, this study assumes that the initial moisture concentration was
uniform and the mean moisture ratio at time t can be calculated using Eq.
(5) by Aregbesola et al. (2015), where MR (dimensionless) is the
instantaneous moisture content, H is the half-thickness of a thin-layer
sample (in m), Deff ðm2:s�1Þ is the effective moisture diffusivity and t
(s) is the drying time.

MR¼ 8
π2 exp

��π2Deff t
4H2

�
(5)

The slope, Ko (dimensionless) of the ln (MR) versus time graph was
used to estimate the Deff using Eq. (6) by Doymaz (2007) and Hussein
et al. (2016).

Deff ¼ � 4KoH2

π2t (6)

2.7. Physical and microstructure changes

The morphology of starch grains in the SPS was analyzed using a
scanning electron microscope (SEM), Zeiss Evo LS15 (Zeiss, Germany),
which was used to take micrographs of fresh and dried sweet potato
chips. The samples were mounted on aluminium double-sided stubs and
gold-coated before takingmicrographs. The SEMmagnification was set at
a 124 x high vacuum and the extra high-tension (EHT) voltage was set at
20 kV. Micrographs were taken of the surfaces of dried and fresh SPS
using standard SEM procedure by Xiao and Gao (2012).

3. Results and discussions

3.1. Drying kinetics of sweet potato slices in hot-air oven drier and a
naturally-ventilated solar-venturi dryer

The dimensionless moisture ratio decreased with the increase in the
drying time as shown in Figure 2 (HAD) and Figure 3 (NSD) for SPS
samples with and without pre-drying treatments at 3, 5 and 7 mm
thickness size. The graphs indicate that the drying time increased
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Figure 2. Moisture ratio of (a) ¼ 3 mm, (b) ¼ 5 mm and (c) ¼ 7 mm th
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significantly (P < 0.05) with the increase in thickness size (from 3 to 7
mm) for both HAD and NSD having a longer total drying time. Other
studies reported that the thickness of drying sample has a significant
influence on the drying time (Vivek et al., 2021; Raut et al., 2021). The
shorter drying time in HAD was a result of constant and higher drying air
temperature compared to NSD drying temperature. Asiruet al. (2013)
also reported that as temperature increased, the drying time was
decreased in the drying of cashew kernels and Hussein et al. (2016) re-
ported similar findings in the drying of tomato slices. In both HAD and a
NSD, SPS pre-treated with lemon juice had shorter drying times.

The time taken to reach constant moisture for SPS at 3, 5 and 7 mm
thickness under the HAD was 225 min (4 h), 285 min (5 h), and 345 min
(6 h), respectively, and 11–13 h for the same thickness sizes under NSD.
The drying rates in HAD and NSD were higher at the beginning of the
drying process and gradually decreased as the drying process progressed.
The results showed that the drying rate was rapid at the start of the
drying process and decreased with time. The higher drying rates at the
start of the process are a result of more radiation energy being absorbed
by the water at the product surface initially, resulting in faster drying
(Doymaz, 2011; Jabeen et al. (2015). The drying of SPS in NSD was
observed to vary with the time of the day, due to varying environmental
conditions of air temperature, relative humidity, and air velocity over the
length of the day. Similar observations were made by Khanal and Lei,
2011; Afriyie and Bart-Plange (2012). The shorter drying times for HAD
resulted in higher mass transfer and a higher drying rate. The drying
curves depict that at the start of drying, the drying process occurred in
the falling-rate drying period (Jabeen et al., 2015; Naderinezhad et al.,
2015).

There was almost no constant-rate drying period thoughmoisture was
evaporating from the surface as internal moisture moved towards the
surface at the same rate as that of moisture vaporization. This is analo-
gous to results reported by Diamante and Munro (1991) and Mbegbu
et al. (2021). Therefore, it is safe to assume that internal moisture
diffusion occurs. Sweet potato slices at 3 mm thickness had a faster
drying rate compared to 5 and 7 mm thick SPS for both drying methods.
The reason is that there was a greater distance travelled by moisture to
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the surface of the SPS with a larger thickness size compared to smaller
thickness size. The observed drying rate showed dependency on the
drying temperature and thickness size in both the HAD and NSD. Similar
observations were made by Hashim et al. (2014) and Akpinar (2008)
when modelling the drying process of pumpkins using a convective hot
air dryer and when investigating open sun and solar drying respectively.
3.2. Modelling of sweet potato slices drying curves

The experimental moisture ratios were then fitted to the selected thin-
layer drying models presented in Table 1. The results obtained gave
statistical parameters of each model as shown in Table 2 and Table 3.

From Table 2 and Table 3 the highest values of R2 and the lowest
values of χ2 were obtained from Midilli et al. model for both NSD and
HAD, hence, the model was selected as the best model in predicting the
drying behaviour of SPS for all thickness sizes. The highest R2 for Midilli
et al. model was obtained in drying samples pre-treated with lemon juice
for both the NSD and HAD. This shows the suitability of the model in
describing the drying kinetics of SPS for both drying methods. Various
researchers in the drying of fruits and vegetables obtained similar results.
Taheri-Garavand et al. (2011) and Isa and Oyerinde (2020) reported
Table 2. Statistical parameters of selected thin-layer drying models under a naturally

T [mm] Model Blanching Lemon juice

R2 RMSE χ2 R2 RMS

3 Henderson and Pabis 0.937 0.078 2.16 � 10�3 0.848 0.12

Modified Henderson and
Pabis

0.975 0.060 4.87 � 10�4 0.924 0.10

Logarithmic 0.957 0.067 8.32 � 10�3 0.916 0.09

Two-term 0.937 0.081 1.84 � 10�3 0.848 0.12

Two-term exponential 0.980 0.044 4.32� 10�4 0.950 0.06

Midilli et al. 0.989 0.014 2.08 � 10�5 0.988 0.04

Modified Midilli 0.985 0.042 3.04 � 10�5 0.974 0.05

Hii et al., 0.981 0.049 4.00 � 10�5 0.981 0.04

Demir et al., 0.984 0.046 3.11� 10�5 0.977 0.05

Verma et al., 0.981 0.045 4.00 � 10�5 0.954 0.06

Sigmoid 0.964 0.068 1.42 � 10�4 0.979 0.05

5 Henderson and Pabis 0.877 0.119 5.09 � 10�2 0.870 0.11

Modified Henderson and
Pabis

0.976 0.051 3.75 � 10�3 0.903 0.12

Logarithmic 0.947 0.081 1.63 � 10�3 0.957 0.06

Two-term 0.876 0.124 1.29 � 10�2 0.870 0.11

Modified Two-term 0.968 0.060 8.85 � 10�4 0.951 0.07

Midilli et al. 0.992 0.031 2.39 � 10�6 0.987 0.04

Modified Midilli et al., 0.985 0.042 4.19 � 10�5 0.977 0.98

Hii et al., 0.984 0.049 3.78 � 10�5 0.984 0.03

Derma et al., 0.982 0.050 4.29 � 10�5 0.987 0.05

Verma et al., 0.981 0.049 1.27 � 10�4 0.957 0.06

Sigmoid 0.980 0.055 1.92 � 10�4 0.983 0.02

7 Henderson and Pabis 0.925 0.093 4.43 � 10�4 0.885 0.12

Modified Henderson and
Pabis

0.955 0.088 1.06 � 10�4 0.951 0.09

Logarithmic 0.976 0.055 6.52 � 10�4 0.885 0.12

Two-term 0.925 0.097 4.43 � 10�4 0.963 0.06

Modified Two-term 0.979 0.049 1.42 � 10�4 0.978 0.05

Midilli et al. 0.989 0.033 3.36 � 10�6 0.987 0.05

Modified Midilli et al., 0.984 0.046 6.86 � 10�5 0.981 0.05

Hii et al., 0.983 0.047 9.53 � 10�5 0.966 0.06

Demir et al., 0.983 0.047 1.41� 10�4 0.980 0.05

Verma et al., 0.981 0.049 1.89 � 10�4 0.979 0.05

Sigmoid et al., 0.973 0.065 2.03� 10�4 0.978 0.05

*T [mm] ¼ Slice thickness (in mm), R2 ¼ coefficient of determination, RMSE ¼ root
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similar results and the Midilli et al. model was selected as the best model
in describing the drying kinetics of tomatoes and milled carrots
respectively.
3.3. Estimation of effective moisture diffusivity and activation energy

The variation of ln (MR) with drying time, for the Midilli et al. model
indicates that the moisture transfer during drying was governed by
diffusion in both HAD and NSD, hence, Fick's second law of diffusion and
Midilli et al. model was used to predict the effective moisture diffusion
rate of lemon juice pre-treated SPS at different thickness size. The
effective moisture diffusivity (Deff) determined using Eq. (4) varied with
SPS thickness and the values were 1.02 � 10�8 and 3.32 � 10�9 m2 s�1

for both HAD and NSD respectively. The 3mm thickness slices had higher
moisture diffusivity than the 5 mm and 7 mm ones as shown in Table 4.

Hot-air drying showed a higher effective moisture diffusivity (Deff)
than the NSD. This could be as a result of a relatively high temperature in
HAD compared to the NSD. The diffusivity values obtained from the
experimental data fell within the 10�11

– 10�6 m2 s�1 range reported by
Demiray and Tulek (2011) for hot-air drying methods. Dinrifo (2012)
found a moisture diffusivity range of 7.76 � 10�9 to 1.2 � 10�8 m s�1 in
-ventilated solar-venturi dryer.

Salting Control

E χ2 R2 RMSE χ2 R2 RMSE χ2

1 2.71 � 10�2 0.920 0.091 1.56 � 10�3 0.912 0.102 2.11 � 10�3

4 1.86 � 10�3 0.953 0.085 1.02 � 10�4 0.968 0.075 3.05 � 10�4

4 1.46 � 10�3 0.942 0.080 1.56 � 10�3 0.952 0.078 1.88 � 10�4

6 2.71 � 10�2 0.920 0.095 1.86 � 10�3 0.912 0.106 2.11 � 10�3

9 8.80 � 10�4 0.974 0.051 8.25 � 10�4 0.937 0.085 2.16 � 10�4

2 3.15 � 10�5 0.984 0.044 3.14 � 10�5 0.992 0.033 1.75 � 10�6

3 4.95 � 10�5 0.983 0.042 3.37 � 10�5 0.992 0.031 1.77 � 10�6

9 4.83 � 10�5 0.986 0.047 1.39 � 10�5 0.988 0.043 5.41 � 10�5

1 4.93 � 10�4 0.984 0.045 3.57 � 10�5 0.994 0.030 4.63 � 10�6

9 5.23 � 10�4 0.974 0.054 5.44 � 10�4 0.985 0.044 2.48 � 10�5

2 1.29 � 10�4 0.982 0.050 3.68 � 10�5 0.991 0.038 3.48 � 10�5

4 3.26 � 10�2 0.862 0.137 4.67 � 10�2 0.906 0.110 2.58 � 10�3

0 2.65 � 10�3 0.976 0.039 3.69 � 10�4 0.970 0.076 7.55 � 10�4

8 1.52 � 10�4 0.927 0.104 3.94 � 10�3 0.940 0.092 3.15 � 10�4

9 3.27 � 10�2 0.862 0.143 4.08 � 10�2 0.906 0.115 3.05 � 10�3

0 1.34 � 10�4 0.958 0.075 1.65 � 10�4 0.977 0.055 7.45 � 10�4

7 2.26 � 10�5 0.985 0.049 4.14 � 10�5 0.992 0.038 2.44 � 10�6

1 3.17 � 10�5 0.985 0.025 4.10 � 10�5 0.990 0.037 2.39 � 10�6

9 2.87 � 10�5 0.978 0.063 1.22 � 10�4 0.983 0.054 1.08 � 10�5

7 5.40 � 10�5 0.985 0.049 4.21 � 10�5 0.991 0.038 2.49 � 10�6

8 2.87 � 10�4 0.964 0.073 1.52 � 10�4 0.978 0.055 3.23 � 10�4

0 3.75 � 10�5 0.985 0.052 4.37 � 10�5 0.970 0.069 4.76 � 10�5

1 3.27 � 10�4 0.905 0.111 2.71 � 10�4 0.915 0.104 2.40 � 10�4

7 1.57 � 10�4 0.986 0.053 4.72 � 10�4 0.967 0.079 8.98 � 10�4

7 2.69 � 10�4 0.946 0.087 2.77 � 10�4 0.942 0.089 2.30 � 10�4

9 3.13 � 10�4 0.905 0.147 2.81 � 10�4 0.915 0.108 2.40 � 10�3

8 1.18 � 10�5 0.978 0.054 5.83 � 10�4 0.969 0.062 8.34 � 10�4

6 6.74 � 10�6 0.987 0.051 3.44 � 10�5 0.982 0.067 5.56 � 10�5

8 6.16 � 10�5 0.983 0.052 5.33 � 10�4 0.980 0.064 6.43 � 10�5

8 5.01 � 10�5 0.992 0.037 1.54 � 10�4 0.984 0.051 1.78 � 10�5

9 6.46 � 10�5 0.981 0.054 5.55 � 10�5 0.971 0.067 8.98 � 10�4

7 5.12 � 10�5 0.980 0.054 1.51 � 10�4 0.970 0.065 2.57 � 10�4

9 1.18 � 10�3 0.973 0.074 2.03 � 10�3 0.969 0.072 1.16 � 10�4

mean square error and χ2 ¼ Chi-squared.



Table 3. Statistical parameters of selected thin-layer drying models under hot-air oven drying.

T [mm] Model Blanching Lemon juice Salting Control

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

3 Henderson and Pabis 0.989 0.030 5.03 � 10�5 0.990 0.037 2.39 � 10�5 0.991 0.035 7.42 � 10�6 0.992 0.032 5.93 � 10�6

Modified Henderson and
Pabis

0.996 0.025 4.28 � 10�6 0.999 0.013 2.34 � 10�6 0.998 0.016 5.33 � 10�6 0.999 0.007 5.94 � 10�6

Logarithmic 0.993 0.030 2.20 � 10�5 0.990 0.037 2.61 � 10�6 0.991 0.036 7.67 � 10�6 0.992 0.032 5.93 � 10�6

Two-term 0.993 0.031 3.93 � 10�5 0.991 0.036 2.38 � 10�6 0.992 0.034 4.92 � 10�6 0.991 0.032 5.55 � 10�6

Modified Two-term 0.989 0.038 3.93 � 10�5 0.990 0.036 2.87 � 10�6 0.985 0.046 7.54 � 10�5 0.990 0.036 5.06 � 10�6

Midilli et al. 0.999 0.012 2.69 � 10�6 0.999 0.012 2.40 � 10�6 0.998 0.016 3.71 � 10�6 0.999 0.013 2.51 � 10�6

Modified Midilli 0.999 0.013 3.31 � 10�6 0.999 0.013 2.40 � 10�6 0.998 0.016 7.46 � 10�6 0.998 0.016 5.57 � 10�6

Hii et al., 0.986 0.045 5.12 � 10�5 0.999 0.010 2.39 � 10�6 0.997 0.017 7.54 � 10�6 0.997 0.018 5.54 � 10�6

Demir et al. 0.988 0.040 4.89 � 10�5 0.999 0.011 2.80 � 10�6 0.998 0.016 6.54 � 10�6 0.999 0.013 5.48 � 10�6

Verma et al., 0.989 0.038 4.39 � 10�5 0.999 0.013 2.95 � 10�6 0.996 0.018 7.46 � 10�6 0.990 0.037 5.67 � 10�5

Sigmoid 0.989 0.013 4.94 � 10�5 0.929 0.182 2.65 � 10�3 0.879 0.183 7.71 � 10�3 0.998 0.014 5.80 � 10�6

5 Henderson and Pabis 0.993 0.030 4.62 � 10�5 0.995 0.026 4.25 � 10�5 0.994 0.028 1.85 � 10�6 0.997 0.021 1.67 � 10�6

Modified Henderson and
Pabis

0.998 0.017 2.36 � 10�6 0.998 0.016 4.17 � 10�6 0.998 0.017 1.83 � 10�6 0.996 0.022 2.13 � 10�6

Logarithmic 0.993 0.030 2.33 � 10�5 0.995 0.026 4.47 � 10�6 0.994 0.028 1.86 � 10�6 0.997 0.021 1.95 � 10�6

Two-term 0.993 0.025 4.62 � 10�5 0.994 0.027 4.07 � 10�6 0.985 0.046 1.67 � 10�5 0.995 0.023 2.01 � 10�6

Modified Two-term 0.990 0.037 2.63 � 10�5 0.996 0.023 4.16 � 10�6 0.985 0.046 1.98 � 10�5 0.996 0.023 2.05 � 10�6

Midilli et al. 0.999 0.012 4.33 � 10�6 0.999 0.011 4.52 � 10�6 0.998 0.016 1.79 � 10�6 0.999 0.012 2.91 � 10�6

Modified Midilli et al., 0.999 0.013 4.64 � 10�6 0.998 0.013 4.50 � 10�6 0.998 0.016 1.90 � 10�6 0.999 0.013 2.00 � 10�6

Hii et al., 0.999 0.011 4.83 � 10�6 0.999 0.010 4.56 � 10�6 0.998 0.017 1.92 � 10�6 0.998 0.012 1.93 � 10�6

Demir et al., 0.890 0.070 4.53� 10�3 0.999 0.012 3.54 � 10�6 0.998 0.017 1.87 � 10�6 0.999 0.012 1.98 � 10�6

Verma et al., 0.999 0.012 4.61 � 10�5 0.993 0.031 4.30 � 10�6 0.990 0.038 1.90 � 10�6 0.996 0.023 2.02 � 10�6

Sigmoid 0.890 0.126 4.60 � 10�3 0.870 0.185 4.09 � 10�3 0.880 0.127 1.79 � 10�3 0.935 0.095 1.98 � 10�3

7 Henderson and Pabis 0.995 0.025 3.37 � 10�6 0.997 0.021 3.33 � 10�6 0.995 0.025 3.10 � 10�6 0.996 0.023 5.27 � 10�6

Modified Henderson and
Pabis

0.999 0.011 3.59 � 10�6 0.998 0.010 3.36 � 10�6 0.999 0.014 3.04 � 10�6 0.998 0.018 4.88 � 10�6

Logarithmic 0.995 0.025 3.49 � 10�6 0.997 0.021 3.72 � 10�6 0.995 0.026 3.11 � 10�6 0.996 0.023 5.01 � 10�6

Two-term 0.995 0.023 1.62 � 10�6 0.996 0.020 3.43 � 10�6 0.992 0.033 3.13 � 10�5 0.996 0.024 5.10 � 10�6

Modified Two-term 0.993 0.031 9.32 � 10�5 0.995 0.026 3.42 � 10�6 0.989 0.036 3.01 � 10�5 0.998 0.012 4.84 � 10�6

Midilli et al. 0.999 0.011 2.14 � 10�6 0.999 0.011 3.38 � 10�6 0.999 0.014 3.61 � 10�6 0.999 0.011 4.60 � 10�6

Modified Midilli et al., 0.998 0.012 1.68 � 10�6 0.998 0.016 3.42 � 10�6 0.998 0.015 7.52 � 10�6 0.999 0.014 4.91 � 10�6

Hii et al., 0.997 0.010 2.69 � 10�6 0.998 0.010 3.04 � 10�6 0.999 0.014 3.11 � 10�6 0.998 0.015 4.94 � 10�6

Demir et al., 0.998 0.011 1.61� 10�6 0.997 0.016 3.42 � 10�6 0.997 0.018 2.87 � 10�6 0.988 0.041 4.94 � 10�5

Verma et al., 0.996 0.023 1.58 � 10�6 0.995 0.027 3.50 � 10�6 0.998 0.016 3.21 � 10�6 0.999 0.011 5.05 � 10�6

Sigmoid 0.966 0.070 1.37 � 10�5 0.879 0.183 3.51 � 10�3 0.879 0.127 2.78 � 10�3 0.923 0.106 4.92 � 10�3

*T (mm) ¼ Thickness (in mm), R2 ¼ coefficient of determination, RMSE ¼ root mean square error and χ2 ¼ Chi-squared.

Table 4. Effective moisture diffusivities of sweet potato slices in different
thickness sizes.

Drying method Thickness [mm] Deff [m2.s�1]

HAD 3 2.19 � 10�8

5 1.56 � 10�8

7 1.02 � 10�8

NSD 3 6.31 � 10�9

5 4.16 � 10�9

7 3.32 � 10�9

*HAD – hot air oven dryer, NSD – solar venturi dryer, Deff – effective moisture
diffusivity.
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the drying of SPS using the hot-air drying method, which is within the
range for most dried food materials.

3.4. Physical and microstructure changes

The physical appearance and colour is one of the most important
parameters with a major influence on the buyers’ choice (Nazmi
7

et al., 2018; Oyebanji et al., 2013). The difference in colour images
taken after drying shows that the pre-drying treatment, drying
method and drying temperature influenced the physical characteris-
tics of the SPS as shown in Figures 4 and 5. Naturally-ventilated,
solar-venturi dried SPS were darker compared to HAD treated sam-
ples. This was presumed to be the result of the drying temperature
and time, and formation of browning pigments, which inhibited
change in colour of SPS. The presence of oxygen and polyphenol
oxidase activity causes enzymatic browning in low-temperature dry-
ing (Sehrawat et al., 2018). Blanched SPS had the worst lightness
values for both drying methods when compared with the other
treatments. This indicates that blanching did not improve the colour
of the dried samples and hot water treatment influenced the physical
characteristics of dried samples.

Scanning electron micrographs (SEM) were used for comparing the
surface microstructure of fresh and dried SPS using micrographs of fresh
and dried SPS, as shown in Figures 6 and 7. This investigation was done
to determine the effect of pre-treatments and drying method on final
dried SPS. Starch morphological images were taken at the centre of each
SPS. Fresh SPS starch granules were observed to have regular oval and
spherical structures.



Figure 4. Naturally-ventilated solar dried SPS (A1 ¼ Control, A2 ¼ Salting, A3 ¼ Blanching, A4 ¼ Lemon juice).

Figure 5. Hot-air oven dried SPS (B1 ¼ Control, B2-Salting, B3 ¼ Blanching, B4 ¼ Lemon juice).
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Dried SPS had varying sizes of starch granules, depending on the
treatments and drying methods (Hartiningsih et al., 2020). However,
most of the starch granules were oval-shaped, and in various sizes.
Blanched SPS were observed to have flat deformed starch surface gran-
ules after both drying methods (HAD and NSD), as a of result hydro-
thermal treatment which alters the starch properties of sweet potatoes by
causing modified starch granules. This is analogous to a study by Babu
et al. (2015) and Iheagwara (2012). Control, salted and lemon juice
treated samples dried in the HAD displayed an oval shape, while SPS
dried in the NSD had oval-flat shape starch granules. Lemon juice
pre-treated samples dried using both HAD and NSD retained oval-shaped
8

starch granules after drying; hence, the lemon juice treatment was found
to be the best pre-drying treatment method for the dehydration of SPS.

4. Conclusions

Selected thin-layer models were evaluated to illustrate the drying
characteristics of SPS under HAD and NSD, select the drying models that
best fit the drying data, and estimate the effective moisture diffusivity.
Hot air drying took a shorter drying time compared to NSD, as the
temperature of the HAD was relatively higher than that of NSD. The
thickness of the SPS influenced the drying characteristics (drying time



Figure 6. Solar dried SPS (NSD1 ¼ Control, NSD2 ¼ Salted, NSD3 ¼ Blanched, NSD4 ¼ Lemon juice) and Oven dried SPS (OVD1 ¼ Control, OVD2 ¼ Salted).

Figure 7. HAD dried SPS (OVD3 ¼ Blanched, OVD4 ¼ Lemon juice) and Fresh SPS (SPS1 ¼ Control, SPS2 ¼ Salting, SPS3 ¼ Blanched, SPS4 ¼ Lemon juice).
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and drying rate). The 3 mm slices dried faster in both HAD and NSD,
compared to 5 and 7 mm thickness slices. Consequently, the moisture
diffusivity in 3 mm thick SPS was relatively higher. Although the drying
of SPS in NSD had a longer drying time, the moisture removal rate was
relatively high and drying occurred at the falling-rate drying period,
enabling moisture removal by diffusion, and this resulted in better
product quality. Therefore, the drying conditions (temperature and
relative humidity) in NSD are suitable for drying SPS together with
lemon juice as pre-drying treatment to maintain the chemical properties
of SPS. However, an increase in drying air velocity is recommended to
eliminate challenges resulting from energy-intensive methods. Naturally-
ventilated solar-venturi drying is, therefore, a practical method for use in
the drying of large quantities of a product and it allows for the use of
renewable energy as an alternative to electricity. This study found Midilli
et al. model to be the best fit for experimental moisture ratio data that can
be used to estimate the moisture ratio of SPS during drying. Furthermore,
the study showed that NSD is a practical solution for small-scale farmers.
However, the study recommends an increase in airflow velocity to in-
crease the drying rate, hence effectiveness for the use of the NSD.
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