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ABSTRACT
Currently, an estimated 20% of the population in Sub-Saharan Africa is food insecure with
the incidence of hunger and malnutrition still rising. This trend is amplified by the socio-
economic consequences of the COVID-19 pandemic. In contrast, more than a third of the
harvestable perishable produce is lost due to a lack of preservation or failure to utilize pres-
ervation as is the case for underutilized crops (UCs). Moreover, some of the preservation
techniques utilized are poor, leading to the deterioration of food quality, especially the
micronutrients. In this study, we thus exemplarily investigated the impact of different drying
settings on the quality of two highly nutritious UCs, namely cocoyam and orange-flesh
sweet potato (OFSP) (40, 60, and 80 �C for cocoyam and 40, 50, 60, and 70 �C for OFSP) to
deduce the optimum quality retention and further develop a theoretical design of process-
ing units and processing guidelines for decentralized food processing. Drying cocoyam at
80 �C and OFSP at 60 �C, respectively resulted in a relatively shorter drying time (135 and
210min), a lower total color difference (2.29 and 11.49-13.92), greater retentions for total
phenolics (0.43mg GAE/100gDM and 155.0-186.5mg GAE/100 gDM), total flavonoid (128mg
catechin/100gDM and 79.5-81.7mg catechin/100gDM) and total antioxidant activity (80.85%
RSA and 322.58-334.67mg AAE/100 gDM), respectively for cocoyam and OFSP. The b-caro-
tene, ascorbic acid and vitamin A activity per 100gDM of the OFSP flours ranged between
6.91- 9.53mg, 25.90� 35.72mg, and 0.53� 0.73mg RAE, respectively.
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1. Introduction

The incidence of hunger and malnutrition is rising in
Africa, especially Sub-Saharan Africa (SSA) where 20%
of the population is undernourished.[1] An assessment
of the global incidence of hidden hunger found that
SSA has a “severe to an alarmingly high incidence of
hidden hunger.”[2] The severity of hidden hunger is
becoming more entrenched in modern African societies
that are facing an abandonment of agriculture and a
high rate of rural to urban migration. For example, evi-
dence from Tanzania suggests that migrants to urban
areas neglect the consumption of traditional staple
foods in favor of convenient and easy to access foods
that are often unhealthy.[3] The increasing climate

change, population growth, and the worsening effect of
the COVID-19 pandemic on the economies particularly
in SSA will increase the adverse effects on food and
nutrition security.[4]

Despite the numerous edible plant species available
worldwide, more than 60% of human energy needs are
provided by maize, rice, wheat, and potato.[5] However,
with the world population projected to grow beyond
8.5 billion by the year 2030[6] and the competing util-
ization of cereals in livestock farming, the demand for
these crops will exceed their supply.[7] Furthermore,
the overdependence on these carbohydrate-based crops
is one of the causes for the recent increase in malnutri-
tion and chronic diet-related diseases namely
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hypertension, cardiovascular diseases, cancer, and dia-
betes in developing countries.[5]

To combat this, several UCs have shown the poten-
tial to improve food and nutrition as they contain
important health-promoting phytochemicals, vitamins,
macro and micronutrients.[8] Therefore, diversification
of diets to include UCs could be a vital approach for
improving food and nutrition in SSA.[5]

Root and tuber crops are important sources of food
and nutrition in developing countries, only second to
cereals. Cocoyam is characterized by high yields per
acre of land with a high quality of starch, various
micro-nutrients, and medicinal value.[9] Concurrently,
OFSP contains bioactive compounds such as polyphe-
nols, carotenoids, ascorbic acid, and anthocyanins
with health-promoting benefits[10,11] as well as macro-
nutrients including carbohydrates, vitamins, and diet-
ary fiber.[12,13] These aspects make the two crops
nutritionally superior as compared to cereals. As such,
they can be used as raw materials to manufacture
functional foods such as baby formula and food for
people with chronic ailments.[14] However, both crops
are underutilized in the SSA. The uptake and com-
mercialization of cocoyam and OFSP are hampered by
their short storage time due to their high moisture
content.[9] Therefore, processing of the two crops into
dried products such as slices, chips and flour could
not only improve their storability but also improve
their degree of utilization. For instance, the flour from
dried and milled slices and chips could be utilized to
fortify foodstuffs derived from readily available staple
crops and also for partial substitution of wheat flour
in bakery products in SSA.[9]

Within the rural communities in SSA, traditional
food processing techniques such as sun-drying are
commonly utilized to preserve roots and tubers. Sun
drying is not only labor and time-intensive but also
adversely affects the overall quality of the product.[15]

The lack of appropriate technologies, combined with
insufficient dissemination of proper processing meth-
odologies across small-scale farmers and rural com-
munities contribute significantly to quantitative and
qualitative losses of the UCs. In recent years, several
drying methodologies have been developed in the con-
text of retaining essential nutrients in dried products.
Table 1 summarizes the most recent results from
investigations on the processing and preservation of
UCs. The results demonstrate the potential of UCs to
increase food and nutritional security. However, fur-
ther investigations on proper drying techniques, pro-
cess set-ups, and their optimum settings are required
to establish the optimal settings for maximum reten-
tion of product quality.

The current study aims to investigate the effect of
different drying conditions on the overall quality
attributes of two UCs namely cocoyam and OFSP.
The overarching objective of this study is to assess the
potential of the use of cocoyam and OFSP to produce
innovative food products to increase food and nutri-
tional security across small-scale holders and women
groups in SSA. Overall, it is expected that the results
from this study will help in the reduction of post-har-
vest losses and provide income-generating options for
small-scale processors by giving an indication of the
optimal process settings for the design of low-tech
decentralized technologies.

2. Materials and methods

2.1. Materials utilized

Cocoyam tubers (Colocasia esculenta L. Schott) and
OFSP roots (Ipomoea batatas L.cv.CRI-Apomuden)
were harvested at maturity. The tubers were carefully
harvested by hand and inspected to discard the ones
with visible blemishes. The freshly harvested tubers
were immediately refrigerated at 4 �C and utilized for
experiments within 1–5 days.

2.2. Sample pre-processing

Cocoyam tubers were peeled with a sharp knife,
washed in deionized water, and carefully dried with a
towel. To ensure uniform material properties, the first
and last 25mm at both ends of the tubers were
trimmed off. The midsection was then sliced into
4mm slice thickness with a Graef Vivo V20EU bench
slicer (GRAEF GmbH, Arnsberg, Germany). A core
cutter was then utilized to cut the slices to 25mm
diameter slices.

For OFSP, roots in two conditions (peeled and
unpeeled) were processed for the drying experiment.
The peeling of the roots was done manually with a
stainless-steel knife after the roots were cleaned with
clean water. The peeled or unpeeled OFSP tubers
were cut into uniform slices of 3mm thickness using
a Ritter E16 bench slicer (Ritterwerk GmbH,
Gr€obenzell, Germany) then pretreated in a 0.5%
Na2S2O5 solution for 5minutes to minimize enzymatic
browning.

2.3. Experimental design and drying experiments

2.3.1. Cocoyam
The experimental plan consisted of one level of drying
air velocity (2m�s�1) and three levels of drying
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Table 1. Summary of selected UCs studied and drying systems used.
UC Drying system Observation on dried product quality attributes References

Cocoyam (Colocasia
esculenta) and yam
(Dioscorea rotundata)
tubers

Cabinet and flash drying � Processing to instant edible flours (‘poundo’) through
drying and milling is popular preservation and value-
addition method.

� Flash drying is more effective in preserving proteins
but degrades crude fiber contents.

� Cabinet drying negatively influenced pasting
properties except for the setback viscosity.

[16]

Orange- and purple-fleshed
sweet potato

Cabinet and drum drying � Drying at high temperature caused severe
degradation of b-carotene in the orange-fleshed
sweet potato

� Drying process significantly improved the anthocyanin
content of the purple-fleshed sweet potato cultivar.

� Phenolic content and antioxidant activity of sweet
potato flours were improved by drying processes

� Drum drying caused gelatinization of flour

[11]

Jute Mallow (Corchorus
olitorius L.) and cowpea
(Vigna unguiculata)

Hot-air oven drying � Increasing drying temperature progressively in the
range of 40–100 �C resulted in a corresponding loss
of ß-carotene, Vitamin C and Vitamin B2. A similar
effect of drying time on nutrient retention
was observed.

� Lower nutrient loss was observed in jute mallow as
compared to cowpea owing to lower initial moisture
content and shorter drying time.

� Sensory evaluation of the fresh and dried vegetables
revealed no significant difference in consumer
preference regardless of drying temperature.

[17]

Grain amaranth
(Amaranthus spp.)

Traditional natural drying and
mechanized drying of grains
for human consumption

� Natural convection solar tent drying safely reduces
the average moisture content of the grains from 64%
to 7% over seven[7] hours with temperatures ranging
from 31.2� 54.7 �C.

[18,19]

Guava and jackfruit Processing of fruit-nutbars
incorporating an
oven-drying step

� The oven-drying step during the production process
reduced the moisture content but negatively
influenced color and nutrient retention and the
texture of the final fruit-nutbars.

� The bottom surface of the fruit-nutbars registered
higher values of CIELAB L� and b� than the top
surface after drying.

� All fruit-nutbars registered very low values of CIELAB
a� after drying.

[20]

Monkey orange
(Strychnos spp.)

Traditional thermal drying
(fire and direct sun drying)

� Fire drying and direct sun drying are popular
preservation methods that reduce the moisture
content from 60� 90% w.b to 18� 24% w.b
depending on the duration of drying.

� However, these techniques negatively influenced the
quality of the dried product in particular vitamin C
but enhanced the antioxidant activity due to
increased concentration of polyphenolic compounds
and Maillard reaction products formed during drying.
Moreover, the browning reactions negatively
influenced the appearance of the dried products.

[21]

Bambara groundnut (Vigna
subterranea L. Verdc.)

Parboiling and oven,
sun and freeze-drying

� Parboiling and drying reduced the resulting cooking
time by 43� 86%.

� Oven and sun-drying resulted in significantly darker
dried beans as compared to the control and freeze-
dried beans.

� A higher reduction in CIELAB L� was observed with
oven drying as compared with open sun drying as a
result of higher drying temperature with oven drying.

� Freeze-drying was observed to increase CIELAB L�
and a�.

� Sensory analysis revealed remarked degradation of
appearance, aroma, taste, texture, and overall
acceptability with oven drying, followed by open sun
drying and freeze-drying in that order.

[22]

Okra (Abelmoschus
esculentus L. Moench)

Solar, open sun, and oven drying � In this study, oven drying is reported to result in a
shorter drying time than solar and open sun drying.

� However, solar drying results in better color retention
than open sun drying. Similar observations are made
for aroma, texture, and overall acceptability.

[23]
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temperature (40, 60, and 80 �C). Drying experiments
were conducted using a HT Mini cabinet dryer
(Innotech Ingenieursgesellschaft mbH, Altdorf,
Germany). At the outset of drying, the dryer was
operated with all trays in place at the target settings
for 30minutes to achieve uniform steady-state condi-
tions. The cocoyam slices were then dehydrated until
a final moisture content of 0.11� 0.14 gW/gDM was
reached. As the drying experiments proceeded, 15 sli-
ces were drawn from the dryer at once every
30minutes for weight measurement (3 slices), color
attributes (3 slices), and bioactive composition (9 sli-
ces). The slices drawn for weight measurement and
color attributes were returned to the dryer while the
slices for determination of bioactive composition were
sealed within vacuum-grade bags using a LAVA V300
vacuum sealer (LANDIG Sonderger€atebau, Bad
Saulgau, Germany) and kept in a freezer at �28 �C
until further analysis.

2.3.2. Orange-fleshed sweet potato
The peeled or unpeeled OFSP slices were dried at 4
different temperatures (40, 50, 60, and 70 �C) using
the dryer that was preheated for 30min as described
in sub-section 2.3.1. The treated OFSP slices (300 g)
were spread evenly in a thin –layer on a perforated
tray and dehydrated to a moisture content of
0.10� 0.13 gW/gDM. During the drying experiment,
both the weight of the sample and CIELAB color
parameters were determined at a regular interval of
30min until the termination of the drying experiment.
At the end of drying, samples were drawn from the
drying cabinet for chemical analysis.

2.4. Moisture content determination

For moisture content determination, samples were
weighed using a Sartorius Excellence E2000D digital
weighing balance, ±0.001 g (Sartorius AG, G€ottingen,
Germany) for cocoyam and the weighing scale PCB
10000-1 (KERN & SOHN GmbH, Balingen, Germany)
for OFSP. At the end of each drying run, the slices
were dried in a Memmert Oven Drier (Memmert
GmbH, B€uchenbach, Germany) at 105 �C for 24 hours
to establish the dry matter content (DM). The drying
rate of the slices was calculated using Eqn. (1).

DR ¼ Mt �MtþDt

Dt

� �
(1)

Where DR ¼ drying rate (gW/gDM�min), Mt and
MtþDt ¼ moisture content at drying time t and t þ Dt
(drying timestep, min).

2.5. Color measurement

Instrumental color (L�, a�, b�) values of the cocoyam
and OFSP were taken using Chromameter CR400
(Konica Minolta, Marunouchi, Japan). The total color
difference was calculated using Eqn. (2).

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L�i � L�tð Þ2 þ a�i � a�tð Þ2 þ b�i � b�tð Þ2

q
(2)

Where DE ¼ total color difference, L� ¼ lightness,
a� ¼ greenness/redness and b� ¼ blueness/yellowness,
i ¼ initial value and t ¼ value at time t.

The browning index (BI) of the cocoyam was cal-
culated using Eqns (3) and (4).

BI ¼ 100 x � 0:31ð Þ
0:172

(3)

x ¼ a�þ1:75�L�
5:645�L�þa� � 3:012�b� (4)

2.6. OFSP flour preparation

The drying temperature of 60 �C was selected to fur-
ther dry the peeled and unpeeled OFSP slices for flour
production based on the relatively faster drying rate
and better color retention observed at the temperature
during experiments. The peeled and unpeeled OFSP
slices were prepared as described in sub-section 2.2
and dried to a moisture content of 0.1 gW/gDM. The
dried OFSP samples were milled immediately after
drying and the flour was packaged into high-density
polyethylene bags and stored at 4 �C for fur-
ther analysis.

2.7. Analysis of bioactive compounds

2.7.1. Extraction of cocoyam samples
The slices preserved for analysis of bioactive com-
pounds were dehydrated with a Christ Epsilon 2-40
freeze dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) at �85 �C for
96 h. The dehydrated slices were then milled and flour
kept in airtight containers awaiting chemical process-
ing. During chemical processing, 0.3 g of each sample
was mixed with 10ml of 80% v/v ethanol and homo-
genized using a vortex mixer. The blend was then sep-
arated for 10min at 5000 RPM using a Megafuge 16
centrifuge (Thermo Fisher Scientific, Waltham, United
States). About 10ml supernatant was collected using
disposable pipettes into airtight containers and kept at
�20 �C awaiting further analysis.
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2.7.2. Analysis of total phenolic, flavonoid, and anti-
oxidant activity in cocoyam

The Folin-Ciocalteu method was applied to evaluate
the total phenolic content (TPC). The concentration
of TPC was measured using an Agilent 8453 UV-Vis
spectrophotometer (Agilent Technologies, Waldbronn,
Germany) at 735.8 nm and expressed as mg of gallic
acid per 100 g of dry matter (mg GA/100 gDM). The
aluminum chloride method was utilized to evaluate
the total flavonoid content (TFC). The concentration
of TFC was measured using a spectrophotometer at
425 nm and expressed as mg catechin equivalent per
100 g of dry matter (mg CE/100 gDM). The total anti-
oxidant activity (TAA) was evaluated using the 2,2-
Diphenyl-1-picrylhydrazyl (DPPH) assay. TAA was
measured using a spectrophotometer at 515 nm and
expressed as a percentage of Radical Scavenging
Activity (% RSA).

2.7.3. Extraction of OFSP flour for TPC, TFC, and
TAA analysis

The OFSP flour samples were analyzed for TPC, TFC,
beta-carotene, ascorbic acid, and TAA. Before the
analyses of TPC, TFC, and TAA, the OFSP flour sam-
ples were extracted as follows; about 2 g of the flour
was added to 16ml of the extraction solvent (80%
methanol and 1% HCl) and kept in a dark enclosure
for 24 h at 25 ± 2 �C. After incubation, the blend was
separated for 30min at 4000 rpm (2701� g) using a
Rotofix 32A centrifuge (Andreas Hettich GmbH &
Co. KG, Tuttlingen, Germany). The supernatant was
carefully transferred into a cleaned empty container
and the residue was extracted two additional times.
The three collections of supernatants were pooled
together and stored at �20 �C until all analyses
were done.

2.7.4. Analysis of TPC, TFC, and TAA in OFSP flour
TPC in the OFSP flour sample was measured follow-
ing the Folin–Ciocalteu method. Extract (0.5ml was
mixed with 5ml of Folin-Ciocalteu reagent (1mol)
after which 4ml of sodium carbonate (7.5%, w/v) was
added followed by a 2 h incubation at 25 ± 2 �C. The
absorbance at 765 nm with a C-7000UV UV-Vis
Spectrophotometer (Peak Instruments, Houston, TX,
USA) was read. Gallic acid was utilized to develop a
standard calibration curve and TPC was expressed as
mg gallic acid equivalence per 100 gDM of the sample.
The colorimetric method was applied for TFC ana-
lysis. About 5mL of the extract was added to 0.15ml
of 5% sodium nitrite solution and 2ml of distilled
water and kept for 5min after which 0.15ml of 10%

AlCl3 solution was added to the mix. The blend was
incubated for 5min under room temperature
(25 ± 2 �C) after which 1ml of 1M NaOH was added,
thoroughly mixed and the blend kept at ambient con-
ditions for 15min. The absorbance value was read at
415 nm using a spectrophotometer. Catechin was used
for the standard calibration curve and TFC was
expressed as mg catechin equivalence per 100 gDM.
The phosphomolybdenum complex method was
applied for the TAA measurement.

2.7.5. Analysis of beta-carotene and ascorbic acid in
OFSP flour

The b-carotene content was analyzed spectrophoto-
metrically where the absorbance was read at 450 nm
using a C-7000UV UV-Vis Spectrophotometer (Peak
Instruments, Houston, TX, USA). The conversion fac-
tor of 13 lg ß-carotene: 1 lg retinol activity equivalent
(RAE) was used to calculate the vitamin A content.
The ascorbic acid content in OFSP flour samples was
measured using the 2,6-dichlorophenolindophenol
titrimetric method.

2.9. Statistical analysis

Statistical analysis was conducted in the Python soft-
ware (Python Software Foundation, Delaware, United
States), using the statsmodels module. Analysis of
Variance (ANOVA) was conducted and means com-
parisons were performed using Tukey’s HSD test.
Statistical tests were evaluated at the 0.05 level of
significance.

3. Results and discussions

3.1. Drying rates for cocoyam and OFSP slices

Figures 1 and 2 show the plots for drying rate against
the moisture content for cocoyam and OFSP, respect-
ively. The fresh cocoyam and OFSP samples utilized
in this experiment had moisture contents of
2.13 ± 0.03 gW/gDM and 3.62 ± 0.14 gW/gDM, respect-
ively. For the cocoyam, the average drying duration to
reduce the moisture ratio to about 0.1 for experiments
conducted at 40, 60, and 80 �C was found to be 330,
210, and 135min, respectively. In the case of the
OFSP, the effective drying time observed for 40, 50,
60, and 70 �C drying air temperatures were 300, 240,
210, and 150min, respectively for the peeled OFSP
and 360, 300, 270, and 180min, respectively for the
unpeeled OFSP. The drying rate curves for both crops
reveal a two-stage falling rate behavior with a fast rate
in the initial stage and a comparatively slower rate in
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the second stage. The effective drying time for the
cocoyam decreased by 59.1% as the drying tempera-
ture increased from 40 to 80 �C whereas the drying
duration for OFSP slices decreased by 50% with an
increase in drying temperature from 40 �C to 70 �C.
At all drying temperatures, the peeled OFSP had a
slightly shorter drying time as compared to the
unpeeled samples.

3.2. Color of dried samples

The color of processed food products is a significant
attribute that is associated with the quality and the
visual appearance of the products.[24,25]

3.2.1. Cocoyam
Table 2 represents the CIELAB color indices (L�, a�,
and b�), the total color difference (DE), and the
browning index (BI) of the fresh and hot air-dried
cocoyam. The drying process caused a slight decrease
in L� value of the cocoyam slices from 86.28 ± 1.18 in
the fresh slices to 80.26 ± 1.61, 82.46 ± 0.21, and

83.18 ± 0.75, respectively in the 40 �C, 60 �C, and
80 �C dried cocoyam. The decrease was statistically
significant at 40 and 60 �C (p< 0.01 and p< 0.05,
respectively) but not at 80 �C. This decline in L� could
be attributed to oxidative reactions during drying as
catalyzed by the drying temperature.[26,27] The
extended duration of drying at 40 �C and 60 �C in
comparison to 80 �C allowed adequate time for the
oxidative reactions to occur with significance.
Although the change in a� value was insignificant
(p> 0.05), the drying process caused an increase in a�
value from an initial value of 1.69 ± 0.39 to between
2.62-3.50 as the drying temperature decreased from
80 �C to 40 �C. The value of b� of 40 �C dried coco-
yam samples (8.47 ± 0.12) increased significantly
(p< 0.05) but decreased at 80 �C drying temperature
(6.35 ± 0.33) as compared to the b� value of the fresh
cocoyam (7.51 ± 0.70) (p> 0.05). The increase in
yellowness, b� values at low drying temperature
(40 �C) could be ascribed to the development of
brown pigments during drying[28] whereas the loss in
b� values in cocoyam for 80 �C drying temperature
can be associated with the degradation of heat-sensi-
tive natural pigments in cocoyam.[26,27]

The DE and BI values of the dried cocoyam slices
indicated in Table 2 revealed significant (p< 0.01)
reductions in DE and BI from 8.64 to 2.29, and 13.99
to 9.68, respectively as the drying temperature
increased from 40 �C to 80 �C. The longer duration of
drying at the lower drying temperatures allowed
enzymatic browning to occur under the action of the
Polyphenol Oxidase enzyme (PPO).[29] However, at
higher drying temperatures, early and intermediate
Maillard Reaction Products (MRP) which are colorless
could have been formed in the short duration of dry-
ing. It is possible that these reactions did not proceed
to the terminal stage where the colorless products
could be converted to brown products.[30]

Figure 1. Drying rate versus moisture content of cocoyam
dried at different air temperatures.

Figure 2. Drying rate versus moisture content of OFSP slices at different temperatures; a) peeled and b) unpeeled.
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3.2.2. OFSP
The L�, a�, b�, and DE values for the fresh and dried
OFSP slices for the different drying air temperatures
are presented in Tables 3a and 3b for the peeled and
unpeeled OFSP slices respectively. The L�, a�, and b�
values of the fresh OFSP slices measured between
73.1 ± 1.58, 20.90 ± 0.67, and 44.26 ± 1.83, for peeled
OFSP and 70.68 ± 2.20, 19.73 ± 0.82, and 42.19 ± 1.45,
for the unpeeled OFSP. The drying process caused
darkening of the OFSP slices as affirmed by the
decrease in L� values of between 58.68-71.69, and
50.19-69.38, respectively for the peeled and unpeeled
dried OFSP slices as the drying temperatures
increased from 40 to 70 �C. The decrease in L� which
could be attributed to oxidative reactions during dry-
ing[26,27] was much higher among the OFSP slices
dried at lower temperatures (40 and 50 �C) as com-
pared with the 60 �C and 70 �C drying temperatures.
Moreover, a significant (p< 0.05) reduction occurred
in a� and b� values for both the peeled and unpeeled
samples as compared to their fresh sample values
(Table 3a and 3b). The degree of change observed in
a� value for both peeled and unpeeled OFSP dried sli-
ces was highest at 70 �C followed by 40 �C and 50 �C
whereas the lowest change in a� value was observed
in samples dried at 60 �C. A similar trend was
observed for the b� where the reduction in b� value
was higher for 40 and 70 �C drying temperatures as

compared to 60 �C. The decrease in a� and b� values
of the dried OFSP slices can be attributed to the deg-
radation of carotenoids and the production of brown
pigments during drying.[24,26,27]

The DE has been used extensively to examine the
color change in food products during processing. The
DE in the final dried OFSP slices was significantly
(p< 0.01) lower for 60 �C dried slices (11.49-13.92) and
higher for the 40 �C (27.01-30.64) and 70 �C (21.77-
22.93) dried samples. Generally, drying peeled and
unpeeled OFSP slices at 60 �C air temperature resulted
in higher retention of carotenoids and other plant pig-
ments as indicated by the higher a� and b� and lower
DE values in the final dried samples as compared with
the 40, 50, and 70 �C drying temperatures.

3.3. Bioactive compounds

Bioactive compounds of plant origin contain antioxi-
dant and anti-inflammatory attributes that are crucial
in the prevention of various acute or chronic
conditions.[31]

3.3.1. Cocoyam
Figure 3 shows the changes in the bioactive composition
of cocoyam slices as a result of the drying experiments.
The TPC, TFC, and TAA content of the fresh cocoyam
roots utilized for experiments were quantified to be

Table 2. CIELAB color values and browning index of fresh and dried cocoyam.
Color index Fresh 40 �C 60 �C 80 �C
L� 86.28 ± 1.18a 80.26 ± 1.61b 82.46 ± 0.21b 83.18 ± 0.75ab

a� 1.69 ± 0.39a 3.50 ± 1.05a 3.25 ± 0.18a 2.62 ± 0.79a

b� 7.51 ± 0.70a 8.47 ± 0.12b 7.39 ± 0.02a 6.35 ± 0.33c

DE – 8.64 ± 0.29a 3.94 ± 1.39b 2.29 ± 1.56b

BI 10.16 ± 0.73a 13.99 ± 0.55b 12.29 ± 0.14b 9.68 ± 0.54a

Values are presented as average ± standard deviation (n¼ 3). Values within a row that have different letters are significantly different (p< 0.05). L� ¼
lightness, a� ¼redness, b�¼yellowness, DE¼ total color difference and BI¼ browning index.

Table 3a. CIELAB color values of fresh and peeled OFSP dried slices.
Color index Fresh 40 �C 50 �C 60 �C 70 �C
L� 73.1 ± 1.58a 58.68 ± 2.48d 63.2 ± 1.79c 68.59 ± 2.04b 71.69 ± 1.79a

a� 20.90 ± 0.67a 11.07 ± 0.17d 14.32 ± 0.95c 17.01 ± 0.33b 9.86 ± 0.46e

b� 44.26 ± 1.83a 23.64 ± 0.26d 30.72 ± 1.15c 34.43 ± 1.90b 25.78 ± 1.51d

DE – 27.01 ± 0.11a 18.02 ± 0.08c 11.49 ± 0.13d 21.57 ± 0.72b

Values are presented as average ± standard deviation (n¼ 3). Values within a row that have different letters are significantly different (p< 0.05). L� ¼
lightness, a� ¼redness, b�¼yellowness, and DE¼ total color difference.

Table 3b. CIELAB color values of fresh and unpeeled OFSP dried slices.
Color index Fresh 40 �C 50 �C 60 �C 70 �C
L� 70.68 ± 2.20a 50.19 ± 1.13d 55.59 ± 1.25c 64.91 ± 0.94b 69.38 ± 1.68a

a� 19.73 ± 0.82a 10.87 ± 0.21d 13.61 ± 0.54c 16.08 ± 0.27b 9.49 ± 0.53d

b� 42.19 ± 1.45a 23.20 ± 0.18d 28.37 ± 1.06c 33.85 ± 1.34b 21.72 ± 1.02e

DE – 30.64 ± 0.27a 20.72 ± 0.22c 13.92 ± 0.16d 22.93 ± 0.80b

Values are presented as average ± standard deviation (n¼ 3). Values within a row that have different letters are significantly different (p< 0.05). L� ¼
lightness, a� ¼redness, b�¼yellowness, and DE¼ total color difference.
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0.48 ± 0.02mg GA/100 gDM, 143.31 ± 3.71mg/100 gDM,

and 80.98 ± 0.30% RSA, respectively.
TPC was observed to significantly decrease after

drying at 40 �C and 60 �C (p< 0.01). However, the
change in TPC after drying at 80 �C was insignificant
(p> 0.05). TFC was observed to be significantly
decreased after drying at 40 �C (p< 0.01) as compared
to the higher temperature settings. The decrease in
phenolic compounds at 40 �C may be related to the
degradation of phenolic compounds under the action
of partial inactivation of oxidative enzymes possibly at
the low drying temperatures.[32] TAA was significantly
reduced as a result of drying at 40 �C and 60 �C
(p< 0.001) but no significant change was observed at
80 �C. At 80 �C, rapid inactivation of oxidative
enzymes and the short duration of drying preserved
the phenolic compounds which are known to exert
antioxidant activity.[33] Additionally, the early and
intermediate MRP formed in the short duration of
drying at 80 �C also possess radical scavenging activity
and have an inhibitory effect on the Polyphenol
Oxidase enzyme (PPO).[30] These factors could have
contributed to preventing the decrease in TAA at the
higher temperature setting.

3.3.2. OFSP flour
Table 4 shows the contents of bioactive compounds and
total antioxidant activity in peeled and unpeeled OFSP
flours. In this study, both the peeled and unpeeled OFSP
flour contained significant levels of bioactive com-
pounds. The values of b-carotene content and vitamin
A activity of unpeeled OFSP flour (9.53 ± 0.31mg/
100 gDM and 0.73 ± 0.01mg RAE/100 gDM, respectively)
were about 27.49% higher than the values measured for
the peeled OFSP flour (6.91 ± 0.42mg/100gDM and

0.53 ± 0.01mg RAE/100 gDM respectively). This suggests
that the peeling caused a significant loss of b-carotene
that consequently reduces the vitamin A activity in the
flour. The ß-carotene values measured for OFSP flour
in this study were higher than the 56.74mg/100 gDM for
peeled OFSP flour dried at 60 �C in a cabinet dryer
reported by Ruttarattanamongkol et al.[11] but lower
than the 33.5-91.6mg/100 gDM mentioned for flour of
some OFSP cultivars by other authors.[13]

Nevertheless, both flour types contained considerable
amounts of ascorbic acid, the amount in the peeled
OFSP flour (35.72 ± 0.66mg/100 gDM) was about 1.38
times higher than the values determined in the unpeeled
flour (25.90 ± 0.18mg/100 gDM). The higher loss of
ascorbic acid in unpeeled OFSP samples as compared to
the peeled samples could be a result of extensive oxida-
tion and thermal breakdown due to the longer duration
of drying time.[34] Total phenolics and flavonoids are
also important bioactive compounds with antioxidant
properties. The TPC, TFP, and TAA values of the
unpeeled OFSP flours were higher by 16.87%, 2.69%,
and 3.61%, respectively than the corresponding values
for the peeled OFSP flour. The values of TPC observed
in the current study (155.0-186.5mg/100 gDM) for both
peeled and unpeeled OFSP flours were higher than the
49.8-107.9mg GAE/100 g reported for OFSP flours pro-
duced from 1mm slice thickness, pretreated with 1%
and 3% citric acid and dried at 55-65 �C reported by
Kuyu et al..[13] The variations in the results could be
ascribed to differences in cultivar, pre-drying, and dry-
ing operations.[35] TFC and TAA values were higher
among the unpeeled OFSP flour than the peeled OFSP
flour sample. This study has shown that both peeled and
unpeeled OFSP flours are good sources of bioactive
compounds for biofortification in other raw materials
or food products low in these compounds.

3.4. General discussions

Diversification of diets to include UCs could play a sig-
nificant role in improving food and nutrition security

Figure 3. Bioactive compounds in fresh and dried cocoyam.
Identical letters on bars indicate no significant differ-
ence (p> 0.05).

Table 4. Average bioactive compounds values (expressed per
100 gDM) of peeled and unpeeled OFSP flour processed from
60 �C air-dried OFSP.
Parameter Peeled OFSP flour Unpeeled OFSP flour

ß-Carotene (mg) 6.91 ± 0.42b 9.53 ± 0.31a

Ascorbic acid (mg) 35.72 ± 0.66a 25.90 ± 0.18b

Vitamin A (mg RAE) 531.54 ± 0.58b 733.08 ± 0.79a

TPC (mg GAE) 155.00 ± 0.79b 186.50 ± 0.11a

TFC (mg Catechin) 79.50 ± 0.58a 81.70 ± 0.98a

TAA (mg AAE) 322.58 ± 1.63b 334.67 ± 1.60a

Values are presented as average ± standard deviation (n¼ 3). Values
within a row that have different letters are significantly different
(p< 0.05). AAE¼ ascorbic acid equivalent, GAE¼ gallic acid equivalent
and RAE¼ retinol activity equivalent.
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and household incomes, especially for women in rural
communities in developing countries.[5] While UCs
contribute significantly to the macro-and micro-
nutrients consumed by rural communities, their season-
ality and perishability prevent their utilization to their
full potential.[5,29] Decentralized processing of UCs
using a combination of improved traditional methods
to produce novel products with extended shelf life could
improve their storability, marketing, and diversification
of household nutritional sources and incomes.[5] Sun
and solar drying, production of blended flours and
soups, and production of baked products are appropri-
ate and fairly-utilized methods of decentralized process-
ing in SSA.[12,16] However, insufficient knowledge on
suitable process set-ups and settings as well as quality
control could result in quantitative and qualitative losses
of the product.[15] Very often the definition of quality
parameters differs between processors and consumers;
with processors being more concerned with sugar con-
tent, firmness, and color while consumers tend to focus
on the overall appearance.[36] Food processors, there-
fore, aspire to minimize changes in the overall easily
perceptible quality during food drying. However, with
increasing consumer awareness of food nutrition, it is
also essential to produce products that appeal to and
meet all the demands.[16] Furthermore, in disadvan-
taged population groups, particularly in SSA but also
globally, natural food additives developed from UCs can
offer as an alternative resource for micro-nutrients, vita-
mins, and minerals and thus play a crucial role in allevi-
ating malnutrition and severe consequences of
hidden hunger.[37]

This study provides an exemplary approach to the
establishment of optimal processing settings with the
product quality in mind for cocoyam and OFSP which
are common UCs in various countries in SSA. Based on
this information, the central needs for the design of
appropriate decentralized processing units were defined.

In this study, experiments were conducted to investi-
gate the influence of different temperatures (40, 60, and
80 �C for cocoyam and 40, 50, 60, and 70 �C for OFSP)
on quality attributes such as color and bioactive com-
pounds of slices and flour. For cocoyam, extensive color
changes were observed for the lowest temperature
(40 �C, DE¼ 8.64) and further reduced by 59.87% for
60 �C and 73.46% for 80 �C. The longer duration of dry-
ing at the lower drying temperatures (i.e., 40, 60 �C)
allowed enzymatic browning to occur under the action
of the Polyphenol Oxidase enzyme (PPO).[29] However,
as a result of the short drying duration at the higher dry-
ing temperature (i.e., 80 �C), Maillard reactions may
have produced colorless products which did not

proceed to the terminal stage of conversion to brown
products.[30] For peeled and unpeeled OFSP, higher
color changes were found in samples dried at 40 �C
which could be attributed to enzymatic degradation of
plant pigments worsened by the longer drying time,[32]

and at 70 �C as a result of the thermal degradation of
natural pigments at the high drying temperature.[34]

Similar findings were also obtained by Saxena et al.[38]

for jackfruits and Md Saleh et al.[39] for carrots.
Cocoyam and OFSP tubers contain various bio-

active compounds including phenolic compounds
such as flavonoids and in particular anthocya-
nins.[29,40] The combined effect of these compounds
and the rich vitamin content in the tubers exhibit a
strong antioxidant potential.[40,41] In comparison to
control samples, hot-air drying at 40 �C and 60 �C
resulted in a decrease in TPC, TFC, and TAA. This
could be attributed to the enzymatic degradation of
phenolic compounds at lower drying temperatures.[32]

However, the change in TPC, TFC, and TAA at 80 �C
was insignificant. This could be because rapid inacti-
vation of oxidative enzymes and the short duration of
drying preserved the phenolic compounds which are
known to exert antioxidant activity.[33] Moreover,
Maillard reaction products formed at 80 �C could
have inhibited the Polyphenol Oxidase enzyme (PPO)
in the short duration of drying.[30]

This could be associated with the degradation of
the phenolic compounds by oxidative enzymes at the
low drying temperatures and aggravated by the pro-
longed dying time.[32] For OFSP flour, the unpeeled
samples showed high retention of TPC, TFC, and
TAA as compared to the peeled flour samples.
Moreover, b-carotene retention and vitamin A activity
were higher in unpeeled OFSP flour by 27.49% as
compared to the peeled flour. This observation can be
attributed to the considerably higher contents of bio-
active compounds in the peels of OFSP as compared
to the flesh.[42] Conversely, unpeeled OFSP flours
exhibited a 37.92% decrease in ascorbic acid as com-
pared to peeled OFSP flours possibly as a result of
extensive oxidation and thermal breakdown due to
the longer drying duration.[34]

The process of identification and selection of opti-
mal drying settings is a balancing act between preser-
vation of product quality, optimization of process
throughput, reduction of production costs, and ensur-
ing resource efficiency.[43] Therefore, a multi-objective
approach rather than a singular objective (i.e., drying
temperature or drying time) approach is required for
holistic optimization of the process. Previous studies
have shown that focusing on temperature alone can
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lead to significant degradation in quality attributes.[44]

At the same time, focusing on the reduction of drying
time (i.e., using higher temperatures) can also lead to
a myriad of reactions that can destroy heat-labile
nutrients and structural attributes within the
product.[30,43]

In SSA, as summarized in Table 1 several drying
techniques are implemented to dehydrate UCs. While
traditional open air and direct sun drying are the easi-
est to adopt at a low cost and technological know-
ledge;[45] the unpredictable weather conditions render
the drying process uncontrollable. As a result,
throughput is uncertain and the quality of the final
product is non-uniform. Therefore, it is essential to
adopt solar-assisted drying techniques for better proc-
essing of UCs. Solar dryers such as solar greenhouse
dryers, solar mixed-mode dryers, solar tunnel dryers,
and solar-hybrid dryers provide various advantages
over traditional open-air drying such as increased dry-
ing rates while preserving product quality.[46] During
peak daily insolation, drying temperatures greater
than 30 �C can be attained depending on the solar
drying technology.[45] In the context of rural com-
munities and this study, utilization of low-tech and
low-cost solar units for agro-processing is justified.
However, such units should be developed with the
process and quality criteria recommended in this
study in mind.

Through the investigations conducted within the
current study, it can be concluded that a drying tem-
perature of 80 �C and 60 �C are the optimal processing
temperatures of cocoyam and OFSP respectively for

the majority of quality attributes considered. Drying
of cocoyam at 80 �C and OFSP at 60 �C not only
reduces drying time but also preserves quality attrib-
utes including color, phenolic content; b-carotene,
vitamin A, and antioxidant activity. However, the
retention of yellow pigments (b�) in dried cocoyam
was better at the drying temperature of 60 �C while
retention of TFC was similar at both 60 �C and 80 �C.
Additionally, the best retention of TPC was at the
drying temperature of 80 �C.

Since higher temperatures of up to 80 �C are more
technologically challenging to obtain for solar-assisted
dryers while it is economically sound to utilize a sin-
gle drying unit for multiple products, such a unit
should be designed for temperatures up to 60 �C. This
would enable rural farmers to process both cocoyam
and OFSP as well as other products using a single
unit with a reasonable compromise on product qual-
ity. The UPGRADE Plus project developed a modular
solar-assisted low-tech drying unit which can be built
from locally available materials and that enabled oper-
ation in rural areas of West Africa. Figure 4 provides
a schematic of the dryer with an inside view of the
drying chamber.

The modular dryer allows decentralized processing
of multiple products. Due to ease of transportation
and assembly it can also be used in a flexible manner.
Replication of such solar assisted dryer systems for
local processing of UCs such as cocoyam and OFSP
could open up new market channels for small-scale
farmers and reduce rural poverty. Furthermore, the
income generated from value-added UCs products has

Figure 4. Schematic of the dryer developed in the UPGRADE Plus project, including a front view of the drying chamber’s inside.
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the potential to promote self-sufficiency and
empowerment of disadvantaged groups including
women groups within SSA. The combination of opti-
mal processing techniques and decentralized modular
solar-driven units will thus contribute to improving
the overall food and nutrition security in SSA.

4. Conclusion

The results obtained from the investigation conducted
reveal that both cocoyam and OFSP products are rich
sources of bioactive compounds and natural antioxi-
dants. The overall retention of quality attributes in the
final dried products strongly depends on the com-
bined effect of drying time and temperature as well as
pre-drying processes. TPC, TFC, and TAA of coco-
yam declined significantly (p< 0.05) after drying at
40 �C as compared to 80 �C drying temperature. In
the case of OFSP, the unpeeled had higher retention
for TPC, TFC, b-carotene, vitamin A activity, and
TAA but low ascorbic acid content than the peeled
OFSP dried slices. In the range of drying settings
investigated, hot air drying of cocoyam at 80 �C and
OFSP at 60 �C resulted in a relatively shorter time,
less color change, higher retention of bioactive com-
pounds, and antioxidant activity in the dried products.
Due to energetic and feasibility considerations for the
realization of solar assisted drying systems the best
compromise in terms of drying temperature was
found to be 60 �C.

These results provide drying settings for decentral-
ized processing of cocoyam and OFSP into innovative
dried products with improved nutritional quality.
Further investigations should focus on the optimiza-
tion and further development of low-tech, off-grid,
and renewable energy-driven processing technology
including but not limited to the drying technology.
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