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A B S T R A C T

Background: This study investigated the effect of traditional and improved solar drying methods on the sensory
quality and nutritional composition of the dried fruit products; using mangoes and pineapples, as a case study. The
fruits were dried under five solar drying methods namely; open sun drying (OSD), black-cloth shade (BCS), white-
cloth shade (WCS), a conventional solar dryer (CSD), and a newly improved solar dryer (ISD) technology. The ISD
unit was made of a modified solar concentrator plate containing multiple metallic solar collectors arranged in
series. The ISD drying cabinet was also enclosed with a specialized greenhouse cover materials. The drying op-
erations were conducted following a completely randomized design (CRD) experimental procedure.
Results: The mean drying air temperatures for the OSD, BCS, WCS, CSD and ISD methods were 26.8, 26.7, 24.5,
32.6 and 40.3 �C; respectively. Results showed that the five solar drying methods were capable of retaining the
sensory quality and nutritional composition of dried mango and pineapples. The nutritional parameters retained
were proximate and mineral content. The sensory quality parameters were taste, aroma, colour and acceptability
of the dried fruit products. However, the sensory quality and nutritional content of the fruit products dried under
the ISD method were higher than that of the products dried under the CSD method, suggesting an enhanced
capacity and superior role of the ISD dryer technology in fruit processing.
Conclusion: The ISD technology was, therefore, recommended as a better fruit drying method than the traditional
solar drying methods. Using the ISD method could be a feasible solution and a strategic pathway to addressing the
high post-harvest losses of fruits as well as other perishable fresh produce in East Africa.
1. Introduction

Most fruits constitute an exclusive source of essential nutrients which
are essential to human health. Thus, increased consumption of fruits
significantly reduces both chronic and malnutrition-related diseases such
as diabetes and obesity (Mozaffarian, 2016). The fruits have large
quantities of phytochemicals; that serve as antioxidants and protect the
humans against cytotoxicity and mutagenicity (Bennett et al., 2011).
Despite the health benefits, availability of fruits is seasonal, and con-
sumption is limited in East Africa. The region is home to one of the
world's lowest intake of nutrient-rich fruits with the mean daily con-
sumption of fruits being below half of 400g per capita, the minimum
threshold recommended by the World Health Organization (Fanzo,
2012).
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Consequently, East Africa is home to one of the most nutritionally
insecure people globally (Ruel et al., 2005). The main hindrance to the
increased consumption of fruits is seasonal scarcity caused by the enor-
mous post-harvest losses of fruits after bumper harvest. The post-harvest
loss is aggravated by the recurring failure of most farmers to adequately
process their fresh fruits to prolong shelf life for future consumption and
marketing, especially during the off-season (Wakholi et al., 2015). The
post-harvest losses (PHL) of the fresh perishable fruits were estimated at
40 and 50% in Uganda and Tanzania; respectively (Wakholi et al., 2015).

To overcome the PHL and seasonality of perishable fruits, farmers
often employ several technologies mainly; drying, canning, freezing,
refrigeration and modified atmospheric storage (Sagar and Suresh
Kumar, 2010). The main ecological and socio-economic factors which
influence the choice of the solar drying technologies are; climatic
une 2020
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conditions, crop type and other socio-economic factors like ease of use,
energy costs and affordability (Chua and Chou, 2003; Kumar et al.,
2016). Comparably, drying, which includes: oven drying, vacuum, mi-
crowave, freeze-drying and solar drying methods is the most preferred
food processing technology in Africa and other developing societies
(Sagar and Suresh Kumar, 2010). This is because the drying process uses
reduced energy and is low-cost; making it appropriate for the
resource-constrained farming communities in East Africa. Besides, the
food drying process tends to dehydrate the fresh produce to safe storage
moisture content levels; which further prolongs shelf life (Kumar et al.,
2016; Sagar and Suresh Kumar, 2010). Drying also causes considerable
losses in weight and volume of food; thereby reducing packaging,
transportation and storage costs of the dried products (Chan et al., 2012;
Sagar and Suresh Kumar, 2010). The food drying process impedes mi-
crobial degradation, including fungi and mould growth on the dried
products (Immaculate et al., 2012).

The oven drying, microwave, vacuum and freeze-drying methods
involve dehydrating the fresh produce under controlled temperatures,
humidity and pressure conditions; which often guarantee high quality of
the dried products (Orphanides et al., 2016). But all the drying methods
are too costly and are high-energy demanding, and are not widely
adopted among the resource-constrained local farming communities in
East Africa, particularly in Uganda and Tanzania (Chua and Chou, 2003).
As a result, most farmers and agro-processors have no option but to rely
on the traditional solar drying methods namely; open sun drying, con-
ventional solar dryers, white-cloth and black-cloth shade drying
methods; since they are sustainable and perceived to be more
cost-effective. This is so because all the traditional solar drying methods
use renewable solar energy; which is freely available in large quantities
even in remote areas (Chua and Chou, 2003; Hii et al., 2012; Orphanides
et al., 2016; Kumar et al., 2016).

However, the literature suggests that solar drying is susceptible to
several drawbacks such as contamination by dust, rain and animals
(Prakash et al., 2016); scavenging by animals (Lamidi et al., 2019);
inadequate and excessive drying of food (Chua and Chou, 2003; Hii et al.,
2012). These drawbacks often compromise the sensory quality attributes
and nutritional composition of the solar-dried products, especially in
fruits and vegetables (Sagar and Suresh Kumar, 2010; Prakash et al.,
2016). In response, a newly improved solar dryer was proposed as an
alternative to the local solar drying methods. In addition to the
cost-effectiveness and renewable energy factors, only the improved solar
drying methods which do not compromise both the sensory attributes
and nutritional content of the dried fruit products should be recom-
mended for scaling. If so, the improved solar drying (ISD) method could
serve to address the enormous PHL of fruits and other fresh horticultural
produce. Consequently, the ISD technology could also be employed
locally to increase the farmers' income, food and nutritional security.

In this study, therefore, the effect of using the ISD and the traditional
solar drying methods on the sensory quality attributes and nutritional
content of the dried fruits was evaluated. The sensory quality parameters
assessed were aroma, taste, colour and acceptability of the dried fruit
products. Likewise, the nutritional parameters were proximate compo-
sition, mineral elements and vitamins. It was hypothesized that using the
ISD and the traditional solar drying methods could significantly reduce
the sensory quality attributes and nutritional composition of the dried
fruit products.

2. Materials and methods

The fruit drying experiments were conducted at the Nelson Mandela
African Institution of Science and Technology, NM-AIST (-3.40059 �N;
36.79671�E) in Arusha, Tanzania.

Ethical approval: some of the procedures performed in this study,
especially during the sensory evaluation of the solar-dried fruits involved
human participants. And as such, ethical clearance was obtained from the
Ethics Committee of the ‘National Institute for Medical Research (NIMR)’
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in Tanzania (Approval ID: NIMR-1912-AR). All individual participants
gave ‘written informed consent’ for their participation in the study.
2.1. Selection and preparation of the fruit samples

Mangoes (Mangifera indica L.) and pineapples (Ananas comosus) were
selected among the local fruit types because they constitute one of the
most important sources of macro- and micronutrients including phyto-
chemicals (J€odicke et al., 2019). The most locally-preferred commercial
cultivars of the mango and pineapple fruits were selected and included;
Dodo and Smooth cayenne, respectively. Only physiologically mature and
ripe mango and pineapple fruits were bought from a local market in
Tengeru town, Arusha. Twenty fruits (for the mango and pineapple) were
picked from the same batch at one randomly selected stall, put in a
cool-box and were transported to the NM-AIST for processing. The fruit
samples were processed in the NM-AIST Life Sciences and
Bio-Engineering laboratory. External non-edible portions of the mango
and pineapple samples were washed and peeled off using a kitchen knife.
Edible portions of the mangoes and pineapples were sliced at
cross-sectional portions of 3 mm thickness (Kumar et al., 2016; Tunçkal
et al., 2018). The samples were cut into a uniform oval shape of diameter
2.5 cm using a metallic slicer.

Three replicate fruit drying cycles were performed simultaneously
under the four main traditional solar drying methods namely; Open Sun
Drying (OSD), Conventional Solar Dryer (CSD), White-Cloth Shade
(WCS) and Black-Cloth Shade (BCS) methods as well as under the newly
proposed ‘Improved Solar Drying (ISD)’ technology (Figure 1). And for
each drying cycle, six replicate plates of the fresh mango and pineapple
slices were prepared. Each plate consisted of 20 identical pieces of either
the mango and pineapple slices. The initial mass of each plate (containing
the 20 slices of the fresh fruit samples) was measured using an electric
weighing scale (model: GX4000; range: 0.01–4100g; supplier: A&D Co.,
Japan). And for each fruit sample type, the 1st plate of the fresh slice
samples was kept in a refrigerator and was maintained at temperatures
below -4 �C; to preserve them until nutritional analyses along with the
dried fruits (Tunçkal et al., 2018). These fresh slices provided the base-
line parameters for moisture content, sensory quality and nutritional
composition of the mangoes and pineapples; when assessing the drying
performance of the solar drying methods. The five remaining plates (of
fresh fruit samples) were dried under the OSD, CSD, BCS and WCS and
ISD methods (Figure 1).
2.2. The fruit drying experiments

Experiments to assess the effect of using the five solar drying methods
namely the; OSD, CSD, BCS, WCS and ISD on the sensory quality attri-
butes and nutritional composition of the dried fruit products followed
completely randomized design (CRD) procedures (Mead, 2017). The
solar drying methods constituted the experimental drying units, whereas
the mango and pineapple fruits were the treatment variables. The fruit
drying experiments were started from 8:00 am to 6:00 pm under ambient
solar radiation. Drying operations were conducted in the open ground
from May 3rd to 6th, 2019. The fruit slices were dried until they attained
satisfactory moisture content levels of 8% or below; which is the opti-
mum safe storage moisture level for most fruit types (Wills and Golding,
2016).

The open sun drying (OSD) method was made of a 1 m2 tarpaulin;
which was enclosed in a perforated white drying mesh. The tarpaulin and
mesh were raised at 1.5 m above the ground on wooden-stands to
minimize dust contamination of the mango and pineapple samples dur-
ing the drying process (Figure 1d). Conversely, the White-Cloth Shade
(WCS) and Black-Cloth Shade (BCS) solar drying methods were
mimicked in white-transparent plastic buckets of 10 L by volume; and
were covered with clean white and black silk-cloths, respectively
(Figure 1b).



Figure 1. The four traditional solar drying methods and the proposed improved solar dryer. a) Convention Solar Dryer (CSD) method, b) White-Cloth Shade (WCS)
and Black-Cloth Shade (BCS) methods, c) Improved Solar Dryer (ISD) method, and d) the traditional Open Sun Drying (OSD) method.
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A medium-scale Conventional Solar Drier (CSD) unit was fabricated
following standard protocols described by Hii et al. (2012). The food
drying cabinet of the CSD dryer was customized to a medium-size (vol-
ume: 1m3) of drying capacity (Figure 1a). The cabinet was enclosed with
non-perforated greenhouse plastic polyethene material (type: PVC
UV-treated; Gt4 gauge). The PVC greenhouse cover material was selected
to enclose the drying cabinet because of its distinctive ability to screen
ultraviolet (UV) solar thermal radiations. The PVC greenhouse plastic
material was used because the UV solar thermal radiations destroy most
of the light-sensitive nutrients when exposed to fresh food during drying
(George et al., 2015).

An improved medium-scale solar dryer (ISD) was prototyped and
fabricated following standard construction protocols described by Hii
et al. (2012). The physical ISD unit was fabricated while taking into
account technical performance modifications suggested by Kumar
et al. (2016). But the ISD dryer was further modified to have an
auxiliary improved solar concentrator plate, made of 15 pieces of cy-
lindrical metallic concentrators (Figure 2a). Each metallic solar
concentrator consisted of one focal length, along which solar thermal
Figure 2. The new proposed improved solar dryer (ISD) for tropical fruits. a) the mult
concentrator, c) full ISD with cabinet enclosed with greenhouse cover.
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energy was concentrated. The 15 metallic pieces translated into 15
focal lengths from the metallic solar concentrators in the modified
solar collector plate attached to the new ISD system (Figure 2b). The
modified solar concentrator plates served to enhance absorption and
retention of additional thermal energy into the ISD system; to improve
drying.

Like the CSD drying method, a 1 m3 volume of the ISD drying cabinet
was made, and its drying cabinet was enclosed with a duplicate green-
house plastic polyethene material (Figure 2c). Besides screening the UV-
radiations, the greenhouse materials serve to boost the drying by maxi-
mizing retention of the absorbed solar thermal energy. Absorption of
extra thermal energy increases the internal air temperatures within the
cabinet through the greenhouse effect (Chauhan and Kumar, 2016). The
warmed air dries the food in the cabinet, which generates cumulative
thermal energy which further accelerates drying of the produce by nat-
ural convection (Hii et al., 2012). . The convective effect offset the
excessive internal thermal energy and moisture in the ISD cabinet via the
chimney. It prohibits over-drying and moisture re-absorption during
drying.
iple metallic solar thermal energy concentrators, b) the ISD with a modified solar
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2.3. Data collection

During the drying experiments, data for the ambient weather condi-
tions including solar radiation (Wm�2), air temperatures (oC) and rela-
tive humidity (%) were recorded using solimeters, thermometers and
humidity probes; respectively. The solar radiation energy was recorded
using an integrated solarimeter (model: KIMO; accuracy: �1 Wm-2;
range: 1–1300Wm-2). Air temperatures were recorded by a digital Lutron
thermometer (model: DL-9601A; accuracy: �0.1 �C; range: -200 to 350
�C); and relative humidity was measured by a digital humidity probe
(model: EE181-L-Air; accuracy: �0.1%; range: 0–100%). The in-
struments were embedded in an automated weather station instrument
(model: JL-03-Q4; supplier: Shandong, China); placed on the same vi-
cinity where drying experiments were conducted. The data were
retrieved from the loggers by connecting RS232 cables.

One set of thermocouples (type: T-type; model: TT-T22S; Omega, UK)
and humidity sensors (model: HC2S3-L; supplier: Campbell Scientific
Inc., USA) were attached to the OSD, WCS and BCS methods; and put in
the drying cabinet of the CSD and ISD dryers. The thermocouples and
humidity sensors were remotely connected to the digital data loggers
(model: CR-3000; supplier: Campbell Scientific Inc. Ltd, USA); and
recorded data for the internal drying air temperatures and humidity,
respectively. Mass of the fruit slices was measured using a digital
weighing-scale (model: GX-4000; range: 0.01–4100g; accuracy: �0.01g;
supplier: A&D Co., Japan). The parameters were recorded every 30 min,
and the measurements were continued until the drying samples attained
a constant weight. The mass and moisture content (%) of the slice sam-
ples was estimated using the wet basis method (Wang et al., 2018;
Wankhade et al., 2014).
2.4. Evaluating the organoleptic quality of the fruits

The organoleptic quality of the fresh fruit samples, as well as the
samples dried under the five drying methods (OSD, WCS, BCS, CSD and
ISD), was evaluated using a hedonic scale procedure (Civille and Carr,
2015). The sensory attributes of the dried fruits were assessed by a panel
of 15 trained consumers and agro-processors purposively selected from a
pool of traders in Tengeru market, Arusha. Ethical clearance was ob-
tained from the local food and drug authority. The panellists include
seven female and eight male evaluators aged between 20 and 55 years.
The average age of the panellists was 38 years, with a standard deviation
of 15 years. The number, sex and age bracket of the panellists were
consistent with a standard panel of sensory food evaluators suggested
recommended by Civille and Carr (2015). They suggested that a panel of
Figure 3. Images of the fresh and dried fruit (mango and pineapple) samples. Images
fresh (d), sliced (e) and dried (f) mangoes (cv. Dodo).
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14 evaluators is enough to have reproducible results. The organoleptic
quality attributes of the fruit samples evaluated were aroma, taste, colour
and acceptability. Each of the panellists was randomly presented with the
fresh, and dried fruit slice samples for evaluation and the scoring was
based on the following nine points of the standard hedonic scale; 1 ¼
dislike extremely; 2 ¼ dislike very much; 3 ¼ dislike moderately; 4 ¼
dislike slightly; 5 ¼ neither like nor dislike; 6 ¼ like slightly; 7 ¼ like
moderately; 8 ¼ like very much, and 9 ¼ like extremely.

Figure 3, presents images of both the fresh and dried pineapples and
mangoes.
2.5. Evaluating the proximate and nutritional quality of the fruits

The proximate and nutritional composition parameters evaluated
included the moisture content, dry matter, total carbohydrates, sugars,
acidity and phenols; mineral content (phosphorus, calcium, iron, copper,
zinc and manganese); and vitamins (vitamins A and C).

2.5.1. Evaluation of the moisture content and dry matter content
The moisture content of the dried fruit samples was estimated on a

wet basis method (Wang et al., 2018; Wankhade et al., 2014). The initial
(100g) and final masses of the fresh and dried fruit samples were
determined, respectively using a digital weighing scale. The moisture
was estimated was as the ratio equivalent of the difference in the initial
and final mass of the fruit samples to 100 g of the fresh sample. The dry
matter content of the samples was evaluated using the dry basis method
following standard protocols described by the Association of Official
Analytical Chemists (AOAC, 1995). Exactly 10 g of the samples were
weighed and put in a porcelain crucible of known mass. The samples
were dried to a constant mass in the oven set at 100 �C for 18 h. The mass
of the dried fruits samples was taken for dry matter analysis using the
AOAC procedure.

2.5.2. Determination of total carbohydrates
Carbohydrate content in the fresh and dried slice samples for both

mangoes and pineapples were determined using the titrimetric method
while following the standard AOAC procedures (AOAC, 1995). Exactly 5
g of both the fresh and dried slice samples were measured using the
digital weighing scale. The samples were put in porcelain crucibles and
mixed with 5 ml of 1M hydrochloric acid (HCl). The mixture was heated
for 3–5 min to complete acid hydrolysis. About 20 ml of 2M NaOH (so-
dium hydroxide) was added, and the mixture was neutralized by addition
of 10 ml of Fehling solution. A standard glucose (Sigma-Aldrich) solution
was used to build calibration titrimetric points and curves (as the
of fresh (a), sliced (b) and dried (c) pineapples (cv. Smooth cayenne); Images of
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standards). The total carbohydrates content of the sample solutions were
estimated and expressed as g of glucose equivalent per 100 g of the
samples as guided by the standard calibration curves.

2.5.3. Determination of total sugars (or soluble carbohydrates)
The total sugar sugars (glucose, fructose and sucrose) content in the

fresh and dried fruits (mangoes and pineapples) were analyzed using the
high-performance liquid chromatography (HPLC) procedures while
following the slight modifications outlined by Sadasivam and Manickam
(1992).

Exactly 2 g of the fresh sample and that dried using the five drying
methods (thus the OSD, WCS, BCS, CSD and ISD), were put in a beaker
and were serially diluted with 700 μL of distilled and de-ionized water.
Five 5 ml of 0.5M Sulphuric acid (H2SO4) was added to the sample so-
lution followed by 20 ml of CH3CN (Acetonitrile of methanol). The so-
lution was mixed to homogeneity for 1 h using a tissue homogenizer
device and afterwards centrifuged for 15 min at 3 600 rpm. The super-
natant was removed using a plastic syringe (of 10 ml) and the Whatman
filter paper. An additional 1 ml of the supernatant was further filtered
into the HPLC vial. The Vial was sealed with a septum and a plastic cup
until the HPLC analyses were done.

The total sugar content was determined by injection of 20 μL of each
sample solution into the HPLC using a LiChrospher 100-NH2 (5 μm; 4� 4
mm pre-column; number: 1.50966.0001); together with the LiChrospher
100-NH2 (4 � 250 mm separation column; number: 50834.0001). The
HPLC column temperature was using thermostat Jetstream-2 and main-
tained at 20 �C. A mobile phase consisting of 80:20 (V/v) of distilled
water to acetonitrile solution was also maintained at a constant flow rate
of 1 ml per minute.

2.5.4. Determination of total acidity
The total acidity was determined using a potentiometric titration

method, where the acid content in the slice sample solutions was
neutralized following protocols outlined by Polish (1990). Exactly 25 g of
the mango and pineapple slide samples each dried using the five solar
drying methods (OSD, WCS, BCS, CSD and ISD) were homogenized by
crushing into powder using a blender. The homogenized mixture of the
sample powder was put in a volumetric flask (of 250 cm3) and was
diluted with distilled water up to the 250 cm3 mark. The mixture was
boiled in a water bath for 30 min on a stove. Afterwards, the mixture was
re-diluted with distilled water to the original 250 cm3 volume and was
filtered using aWhatman filter paper. Exactly 25 ml of the filtrate was put
in a beaker, and titrated with 0.1M NaOH solution at room temperature
(of 26 �C). During titration, a glass electrode pH-meter was dipped into
the solution, and the titration was stopped when a pH of 8.0 was ach-
ieved. The volume of the NaOH used corresponded to the total acidity of
the sample, and the titrimetric values expressed as mmoles of acid per
100 g of the dried fruit products.

2.5.5. Determination of total phenol
The total phenolic content (TPC) from the mango and pineapple fruit

samples were estimated using Folin–Ciocalteu procedure (Singleton
Ascorbic Acidð mg
100 g

Þ¼Ascorbic Acid acid absorbance� Volume of HPO3 made up� 100
Volume of the sample analysed� sample mass� 1000

(1)
et al., 1999); and gallic acid as the standard solution while following
protocols outlined by the AOAC (1995). The mango and pineapple slice
sample products dried using the OSD, WCS, BCS, CSD and ISD methods
were homogenized by crushing them into powder form using the
blender. The homogeneous samples were analyzed using an
5

ultraviolet-visible spectrophotometer (model: Agilent Cary-60; Agilent
Technology Co., Santa Clara, USA). The TPC in the homogeneous sample
was extracted by shaking 0.5 g of the samples with 10ml of methanol and
HCl at concentrations of 50% and 1M, respectively for 30 min. The TPC
extraction process was repeated twice and the resultant supernatants
were combined into one beaker. The solution was filtered using the
Whatman filter paper and the extracts were kept in the refrigerator which
was kept at -20 �C until the samples were analyzed.

During analyses, 0.5 ml of the sample extracts were shaken with 2.5
ml of the Folin-Ciocalteu medium, and the solution was incubated at 37
�C in the oven for 1 min. The solution was mixed with 2 ml of 7.5 %
Sodium carbonate solution. The resultant mixture was again incubated at
30 �C for 30 min, and absorbance readings of TPC of the samples were
measured calorimetrically using the spectrophotometer machine. The
spectrophotometer was set at 760 nm, and the TPC readings were
measured against the standard calibration curves of the gallic acid. The
TPC readings were expressed as mg of the gallic acid equivalents per 100
g of the fresh slice samples.

2.5.6. Determination of the mineral content
The phosphorus (P) content was determined using the spectropho-

tometer set at 420 nm, after treating the fruit samples with ammonium
molybdate followed by ascorbic acid. Calcium (Ca) content was esti-
mated using a flame photometer following the protocols outlined by
Allen (1989). The micro-mineral elements namely; iron (Fe), copper
(Cu), zinc (Zn) and manganese (Mn) were analyzed using device and
method of an Atomic Absorption Spectrophotometer (AAS), following
procedures described by Tee et al. (1996).

2.5.7. Determination of vitamin A
Vitamin A (or β-carotene) content was analyzed using a modified

ultraviolet scanning method while following protocols described by Prior
et al. (2005). The carotenoid content in the fresh and dried fruit samples
was quantified by the KoneLab spectrophotometer; which was set at 450
nm. Sigma-Aldrich media were selected as the standard media for the
β-carotene and were used to build the standard calibration curves for
which the carotenoid levels in the samples were measured. The aggregate
carotenoid content in the fresh and dried samples for the mango and
pineapple slices was quantified as μg of β-carotene equivalent per 100 g
of the fruit sample.

2.5.8. Determination of vitamin C
Vitamin C (L ascorbic acid) was determined using a colourimetric

method (Ranganna, 1986). The mango and pineapple samples were
mixed with 50 ml of 3% metaphosphoric acid (HPO3) and diluted with
additional 50ml of HPO3. Each fruit sample mixture was homogenized
using a tissue homogenizer (model: PT3100-D; Polytron, Switzerland).
The slurry was centrifuged and filtered using Whatman-42 filter paper.
Exactly 5 ml of the filtrate were mixed with 10 ml of 2,6-dichloropheno-
l-indophenol dye, and absorbance of the dye was measured by the
spectrophotometer (model: SICAN-2301; Inkarp, India). The ascorbic
acid (mg/100g of the sample solution) was estimated using Eq. (1).
2.6. Data analyses

Analyses of the sensory and nutritional parameters were performed
in triplicates, and all data were analyzed using Analysis of Variance
(ANOVA) in the GenStat software (Payne et al., 1995). A one-way



Figure 4. Mean ambient solar thermal energy and drying air temperatures of the five local solar drying methods (OSD, BCS, WCS, CSD and ISD) at NM-AIST,
Arusha, Tanzania.

S. Mohammed et al. Heliyon 6 (2020) e04163
ANOVA was used to compare means of the nutritional parameters be-
tween the drying methods. The means were separated using a Tukey's
HSD test, and their statistical significance was determined at 5% (p <

0.05) level.

3. Results

3.1. Solar drying conditions for the mangoes and pineapples

The solar drying experiments were performed out-door with mean
daily temperature and relative humidity of 26.8 �C and 26.7%, respec-
tively. Figure 4 presents the ambient solar radiation during the experi-
ment run and drying air temperatures achieved by the five solar drying
methods.

Themeandrying air temperatures for theOSD, BCS,WCS, CSD and ISD
methods were 26.8, 26.7, 24.5, 32.6 and 40.3 �C; respectively (Figure 4).
Figure 5. Variation in the moisture content with drying time for the mango slices
AIST, Tanzania.

6

Results suggest that modifying the ISD by incorporating multiple metallic
solar concentrators increases the drying air temperatures by 7.7 and 13.5
�C above that of the CSD and OSD methods, respectively.

Figure 5 presents variations in the moisture content of the mango
slices with drying time. It was observed that the mango slices put
under the CSD and ISD methods dried faster than the slices dried
under the OSD, BCS and WCS methods. On average, it took 6 and 9 h
to dry the mango slices under the ISD and CSD methods respectively as
compared to the 16 h taken by the OSD, BCS and WCS methods
(Figure 5).

The rate of dehydration and quantity of moisture desiccated from
mango samples dried under the OSD method was comparable to that of
the BCS and WCS methods. Figure 6 shows the variations in the moisture
content of the pineapples with drying time.

Like the mango fruits, it was observed that the pineapples slices put in
the CSD and ISD methods dried faster than the slices dried under the
dried under the solar drying methods (OSD, BCS, WCS, CSD and ISD) at NM-



Figure 6. Mean variations in the moisture content of the pineapples with drying time.

Figure 7. A radar chart showing the average scores for the organoleptic attributes for the; (a) mangoes and (b) pineapple fruits. Values are means of ranks for the 15
panellist determinations of the desired organoleptic properties, namely taste, colour, aroma and acceptability of the dried products.
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OSD, BCS and WCS methods (Figure 6). But both the mango and pine-
apple fruits dried faster in the ISD method than the CSD methods, sug-
gesting a better role of the proposed ISD dryer in accelerating the fruit
drying process.

3.2. Organoleptic quality

Evaluation of the organoleptic quality of the fresh and dried fruits was
done based on the sensory attributes, namely taste, aroma, colour and
acceptability. Figure 7 shows the average scores of organoleptic prop-
erties tested for the mango and pineapple fruits. The desirable organo-
leptic attributes of the dried fruit products significantly varied between
the solar drying methods. Matching scores were got for both mangoes
and pineapples. The mean rank of desirable organoleptic attributes for
the mangoes and pineapples ranged from 4 (dislike slightly) to 9 (like
extremely). The organoleptic attributes of the dried pineapple slices were
scored higher than that of the fresh slices, with the highest acceptability
scores for the products dried under the CSD and ISDmethods (Figure 7b).

The average scores for the taste, aroma and colour of the mango
products dried under the CSD and ISD methods were higher than those
dried under the OSD, WCS and BCS methods (Figure 7a). The overall
acceptability of the fresh mango slices was lower than that of the solar-
dried slices, despite the component organoleptic attributes being
scored high. However, the organoleptic attributes were highest in the
mango and pineapple products dried under the ISD method, suggesting
higher acceptability of the fruit products dried using the ISD dryer
(Figure 7).
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3.3. Nutritional quality of the fresh and dried fruits

Table 1 presents the proximate composition parameters for the fresh
and dried mangoes and pineapples. There were significant (p < 0.05)
variation in the concentration of the proximate parameters of the solar-
dried fruit products between the five drying methods (Table 1).

Irrespective of the drying method, the quantity of moisture dehy-
drated from both the mangoes and pineapples samples as well as the
concentration of the dry matter content, carbohydrates and total sugars
significantly (p < 0.05) increased in the dried products. The increase in
the concentration of the dry matter content, carbohydrates and total
sugars were more pronounced in the fruits dried using the improved solar
drying (CSD and ISD) methods than the traditional solar drying methods
(Table 1).

Conversely, the fruits dried under the OSD, WCS and BCS methods
lost significantly (p < 0.05) higher quantities of total acidity and phenols
than the CSD and ISD methods. And there was no significant (p > 0.05)
variation in the concentration of the proximate composition of both the
mango and pineapple samples dried under the OSD, WCS and BCS
methods. All the proximate composition parameters for the mangoes and
pineapples dried under the ISD method were significantly (p < 0.05)
higher than the CSD method, suggesting an upgraded and superior ca-
pacity of the ISD in retaining the proximate content in the dried fruit
(mango and pineapple) products.

Table2presents themineral andvitamincompositionof the freshaswell
as the driedmangoandpineapple samples. All thefive solar dryingmethods
caused a significant (p < 0.05) increase in the macro- and micro mineral



Table 1. Proximate composition of the mango and pineapples dried under the five solar drying methods at NM-AIST, Tanzania.

Proximate parameters Fresh/raw (Control) OSD Method WCS Method BCS Method CSD Method ISD Method

Mangoes

Moisture content (g/100g) 89.73 � 1.12a 84.55 � 1.75b 84.67 � 1.75b 84.77 � 1.75b 87.21 � 1.78c 89.43 � 1.78d

Dry matter content (%) 24.74 � 0.3a 27.6 � 1.2b 26.3 � 1.2b 26.1 � 1.3b 29.7 � 1.5c 34.5 � 1.6d

Carbohydrates (g/100g) 10.6 � 0.5a 11.7 � 0.6b 12.1 � 0.6b 12.2 � 0.7b 14.9 � 0.4c 16.5 � 0.5d

Total sugars (g/100g) 9.1 � 0.3a 9.2 � 0.4b 9.7 � 0.4b 9.8 � 0.4b 11.2 � 0.6c 14.3 � 0.3d

Total acidity (%) 0.53 � 0.02a 0.47 � 0.05b 0.43 � 0.04b 0.45 � 0.03bc 0.32 � 0.03c 0.24 � 0.03d

Total Phenols (g/100g) 0.85 � 0.02a 0.44 � 0.06b 0.46 � 0.04b 0.51 � 0.04b 0.72 � 0.03c 0.75 � 0.03c

Pineapples

Moisture content (g/100g) 43.75 � 0.72a 45.85 � 1.01b 46.12 � 1.05b 46.45 � 1.06b 47.42 � 1.11c 48.98 � 1.13d

Dry matter content (%) 18.47 � 0.1a 23.6 � 0.5b 23.9 � 0.6b 24.1 � 0.4b 25.8 � 0.3c 26.9 � 0.3d

Carbohydrates (g/100g) 23.3 � 0.2a 24.4 � 0.3b 24.9 � 0.4b 25.3 � 0.5b 26.8 � 0.5c 27.9 � 0.6d

Total sugar (g/100g) 15.7 � 0.1a 16.8 � 0.3b 17.0 � 0.3b 17.4 � 0.4b 21.9 � 0.3c 24.2 � 0.3d

Total acidity (%) 3.4 � 0.01a 2.9 � 0.01b 2.8 � 0.02b 2.7 � 0.01b 2.3 � 0.02c 1.8 � 0.02d

Total Phenols (g/100g) 0.43 � 0.02a 0.30 � 0.04b 0.32 � 0.03b 0.31 � 0.02b 0.39 � 0.02c 0.41 � 0.03b

Values are the arithmetic means of measurements taken from three replicate fruit samples, with their corresponding standard errors (SE). The values per solar drying
method (OSD, WCS, BCS, CSD and ISD) within the same row, followed by different alphabetical letters were significantly different (p < 0.05).
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elements of the dried mango and pineapple samples. There was no signifi-
cant difference in the mineral gains between the OSD, WCS and BCS
methods. The mineral content was higher in the fruit samples dried under
the CSD and ISD dryers than the OSD, WCS and BCS methods. The relative
increase in the concentrationof themineral contentwas significantlyhigher
(p < 0.05) in the fruits dried under the ISD method than CSD method,
further confirming the enhanced capacity of the proposed ISD dryer in
retaining the mineral composition during the drying process (Table 2).

All the solar drying methods caused significant (p < 0.05) reductions
in the concentration of the vitamin content in the dried mango and
pineapple products except for the ISD. The losses were less pronounced in
the fruits dried under the improved solar drying (CSD and ISD) methods
than the traditional solar drying methods. The decline in the vitamin
content was not significantly (p > 0.05) different between the OSD, WCS
and BCS methods. However, loss of vitamins was lower in the fruits dried
using the ISD method than the CSD method, proposing better suitability
of the ISD dryer in retaining volatile vitamins.
Table 2. Mineral and vitamin content of the mango and pineapples dried under the

Nutritional parameters Fresh/raw (Control) OSD Method WCS M

Mangoes

Calcium (g/100g) 8.48 � 0.11a 9.61 � 0.12b 9.78 �
Phosphorus (g/100g) 6.01 � 0.11a 6.52 � 0.12b 6.62 �
Iron (g/100g) 0.015 � 0.005a 0.053 � 0.008b 0.057 �
Manganese (g/100g) 0.008 � 0.001 0.013 � 0.005b 0.017 �
Zinc (g/100g) 0.110 � 0.002a 0.133 � 0.004b 0.136 �
Copper (g/100g) 0.022 � 0.005a 0.026 � 0.002b 0.025 �
Vitamin C (mg/100g) 36.4 � 0.3a 27.5 � 0.4b 29.6 �
Vitamin A (mg/100g) 851�3a 820�4b 825�5

Pineapples

Calcium (g/100g) 4.31 � 0.13a 5.21 � 0.14b 5.72 �
Phosphorus (g/100g) 4.03 � 0.13a 4.73 � 0.11b 4.67 �
Iron (g/100g) 0.145 � 0.003a 0.491 � 0.002b 0.498 �
Manganese (g/100g) 1.15 � 0.03a 1.52 � 0.02b 1.65 �
Zinc (g/100g) 0.051 � 0.002a 0.059 � 0.004b 0.058 �
Copper (g/100g) 0.124 � 0.003b 0.127 � 0.002b 0.129 �
Vitamin C (mg/100g) 23.4 � 0.2a 17.8 � 0.2b 17.9 �
Vitamin A (mg/100g) 11.8 � 0.4a 8.8 � 0.5b 9.2 � 0

Values are the arithmetic means of measurements taken from three replicate fruit
quantified on a wet basis. The values per solar drying method (OSD, WCS, BCS, CSD
significantly different (p < 0.05).
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4. Discussion

4.1. The organoleptic quality of the fruit

Relative to the organoleptic quality attributes of the fresh mango and
pineapple fruits, the solar-dried fruits were considered acceptable. The
overall acceptability of the dried fruit products could have been influ-
enced by the type of solar drying methods used. The results collaborate
with the findings of Calín-S�anchez et al. (2013), who reported that,
drying using improved and modern food drying technologies signifi-
cantly improved the sensory properties of the pomegranate fruits. Elias
et al. (2008) also reported that drying improved the taste and texture of
the persimmons, and consequently influenced over 80% consumer
acceptability of the dried fruit products.

However, the panellists were from diverse social settings and had
limited exposure to the solar-dried fruits particularly the dried mango
slices, which could have influenced their perception and assessed the
five solar drying methods at NM-AIST, Tanzania.

ethod BCS Method CSD dryer Method ISD dryer Method

0.11b 9.98 � 0.12b 11.61 � 0.13c 13.22 � 0.14d

0.13b 6.69 � 0.12b 7.35 � 0.13c 7.99 � 0.14d

0.007b 0.059 � 0.006b 0.076 � 0.010c 0.083 � 0.011d

0.004b 0.019 � 0.003b 0.026 � 0.004b 0.032 � 0.005b

0.003b 0.139 � 0.005b 0.143 � 0.007c 0.162 � 0.006d

0.001b 0.028 � 0.003b 0.034 � 0.004c 0.039 � 0.004c

0.5b 30.6 � 0.4b 33.5 � 0.5c 35.6 � 0.4a

b 827�5b 836�4c 849�6a

0.15b 5.98 � 0.14b 6.81 � 0.16c 8.02 � 0.15d

0.09b 4.79 � 0.11b 5.25 � 0.14c 6.49 � 0.14d

0.004b 0.494 � 0.003b 0.523 � 0.004c 0.591 � 0.006d

0.04b 1.66 � 0.03b 1.98 � 0.05c 2.31 � 0.06d

0.005b 0.061 � 0.005b 0.763 � 0.003c 0.837 � 0.005c

0.001b 0.301 � 0.002b 0.347 � 0.003c 0.392 � 0.003d

0.1b 18.5 � 0.2b 19.9 � 0.3c 22.1 � 0.2a

.6b 9.4 � 0.5b 10.5 � 0.7a 11.6 � 0.8a

samples, with their corresponding standard errors (SE). Values indicated were
and ISD) within the same row, followed by different alphabetical letters were
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overall acceptability of the dried mangoes as ‘dislike slightly’. The results
are consistent with the findings of Owureku-Asare et al. (2017), who
identified the knowledge, exposure and perceived quality as the leading
social factors influencing consumer acceptability of the dried fruits. The
higher organoleptic quality of the mangoes and pineapples dried under
the CSD and ISD methods than the OSD, WCS and BCS methods was
probably contributed by the better drying conditions mainly drying rate
and uniformity. The transition from direct solar drying to solar dryers
increases the drying air temperatures, thermal energy and drying rate of
the fresh agro-produce (Hii et al., 2012; Kumar et al., 2016; Orphanides
et al., 2016); which could have consequently improved the organoleptic
quality of the dried mango and pineapple fruits.

4.2. The nutritional quality of the fruits

All the solar drying methods caused a significant increase in the
concentration of the proximate composition of the dried mangoes and
pineapples except for the hydrated moisture and phenolic content, and
the increase could be associated with the fruit dehydration process. The
increase in proximate composition was because all the solar drying
processes, irrespective of the dryer modifications, cause considerable
changes in biological, physical and chemical composition in all the fresh
succulent fruit types including mangoes and pineapples (Hii et al., 2012;
Kumar et al., 2016; Orphanides et al., 2016; Prakash et al., 2016). The
relatively higher quantities of the proximate content in the fruits dried
under the CSD and ISD methods than those dried under the OSD, WCS
and BCS methods could be due to the increased temperatures and
reduced drying times which have probably accelerated the fruit drying
process. For instance, the increase in total acidity, carbohydrates and
total sugars were probably caused by enhanced dehydration that led to
the excessive moisture removal from the fruits, and this could have
amplified the concentration effect of the proximate nutrients (Abrol
et al., 2014). Similarly, Abrol et al. (2014) further attributed the increase
in the total acidity of the dried fruits to the development of additional
acids from the inter-conversion of soluble and related biochemical re-
actions of sugars.

Some phenols, including esters, have an aromatic ring with hydroxyl-
substituents and are highly vulnerable to thermal and oxidative degra-
dation (Bennett et al., 2011; Grajek and Anna, 2010). Therefore, sub-
stantial quantities of the phenols could have been lost from the mango
and pineapple fruits during the preparation processes of peeling and
slicing, since they were directly exposed to oxygen. The results are
consistent with the findings of Grajek and Anna (2010) and Bennett et al.
(2011), who also reported a high loss of phenols from the fruits due to
increased oxidative degradation under oxygen during the peeling pro-
cess. On the other hand, the higher loss of the total phenolic content from
the fruit slices dried under the OSD, WCS and BCS methods than the
slices dried under the CSD and ISD methods could have been caused by
the prolonged solar drying process. This is so because, the prolonged fruit
drying process causes additional loss of volatile nutrients from the dried
fruits (Abrol et al., 2014). The results also collaborate the observations
made by An et al. (2016) and Bennett et al. (2011); who observed sig-
nificant reductions in the total phenolic content from the solar-dried
fruits when subjected to the prolonged drying times. Additional loss of
phenols could have also been caused by the direct exposure of the fruits
to ultraviolet solar radiations and prolonged oxidation; as it was also the
case for the same type of fruits solar-dried by Abrol et al. (2014), and
Bennett et al. (2011).

Composition of mineral elements in the dried mangoes and pineap-
ples increased in the five solar drying methods, and the increase could be
linked to the excessive desiccation coupled with the ultimate substantial
increase in dry matter content of the dried fruits. The high dehydration of
the fruit slices to a moisture level of 10% or lower was probably the
leading cause of the substantial increase in the dry matter and mineral
content, as a result of enriched concentration-effect after the drying
process (Abrol et al., 2014). The results further collaborated with
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findings of Suna et al. (2014), who reported strong positive correlation
relationships between the dry matter and mineral elements, and the
moisture content in different fruit types during and after the drying
process.

The OSD method caused the highest loss of vitamins from the dried
fruits, and this was probably because the fruits were fully exposed to
uncontrolled thermal UV radiations during the open sun drying process.
The vitamins (mostly vitamin A, B6 and C) in fruits are highly vulnerable
to the UV radiations and oxidative damage, especially in the presence of
moisture, metal ions and light (George et al., 2015; Li et al., 2017). The
solar UV radiations stimulate the β-carotene oxidation process (George
et al., 2015; Li et al., 2017); and was responsible for the loss of vitamins in
the fruits samples.

The fruits dried under the OSD, WCS and BCS methods were slowly
dehydrated and as such retained higher (above 16%) moisture content
for a longer drying time during the drying process relative to the fruits
dried under the CSD and ISD methods. Retention of higher moisture
levels during the prolonged drying process could have also increased the
loss of vitamins from the fruits dried under the OSD, WCS and BCS
methods. This was so because maintaining the moisture content of fruits
above 15% for an extended duration during drying catalyzes enzymatic
reactions and related biochemical processes, which increase the loss of
vitamins (Abrol et al., 2014; Grajek and Anna, 2010).

However, the drying cabinets of the CSD and ISD dryers were covered
with UV-treated greenhouse material which screened out the thermal UV
radiations, and simultaneously increased the internal temperatures of the
drying air through the greenhouse effect (Chauhan and Kumar, 2016).
Therefore, enclosing the drying cabinet with the specialized UV-treated
greenhouse cover material also improved the fruit drying for the CSD
and ISD dryers in terms of enhancing the nutrient retention and
increasing the drying air temperatures.

5. Conclusion

Amodified passive-mode solar dryer dubbed an ‘improved solar dryer
(ISD)’ prototype was developed. In this study, the effects of using the
traditional solar drying methods and the ISD on both the sensory quality
attributes and nutritional content of dried fruit products were evaluated,
using mangoes and pineapples.

Results show that the sensory quality attributes were better retained
in the mango and pineapple products dried using the ISD dryer than that
dried using the traditional solar drying methods. Correspondingly, the
highest retention in the concentration of the nutritional content was
attained in the mango and pineapple products dried using the ISD dryer
than the fruit products dried using the traditional solar drying methods.
Therefore, results confirm the superior role of the ISD dryer in retaining
the sensory quality attributes and nutritional content of the dried fruit
products.

The ISD technology is, therefore, recommended against the tradi-
tional solar drying methods. If successfully deployed, the ISD technology
could serve to address the seasonality of fresh fruits and associated post-
harvest losses of perishable horticultural produce through effective dry-
ing and value-addition. It could also increase the availability of dried
food products in East Africa.

However, future efforts should be devoted to economic feasibility
assessment to ascertain the cost implication vis-�a-vis profitability; of
replacing the traditional solar drying methods with the new ISD tech-
nology mainly within the resource-constrained farming communities in
East Africa.
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