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Sweet potatoes (SPs) are a versatile tuberous crop used as subsistence
and cash crop in raw and processed forms. The major issue with SPs
is post-harvest losses, which result in noticeable quality decline because
of inappropriate handling, storage, delayed transit, and sales, as well as
microbiological and enzymatic activity. Drying is an excellent strategy for
managing short postharvest storage life, preserving nutrients, and maximizing
long-term benefits. However, several parameters must be considered before
drying SPs, such as relative humidity, temperature, drying duration, size, and
shape. The current review looks at the factors influencing SPs" moisture loss,
drying kinetics, diverse drying methods, pretreatments, operating conditions,
and their efficacy in improving the drying process, functional, and nutritional
qualities. An optimal drying process is required to preserve SPs to obtain
concentrated nutrients and improve energy efficiency to be ecofriendly.
Drying sweet potatoes using traditional methods such as sun or open-air
drying was found to be a slow process that could result in a lower quality.
Various advanced drying techniques, like vacuum, infrared, freeze drying,
and pretreatments such as ultrasound and osmotic dehydration, have been
developed and are successfully used globally. The best-fit thin-layer models
(Hii, Page, two-term, logarithmic) utilized for drying SPs and appropriate
modeling methods for optimizing drying procedures are also discussed.
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Introduction

The sweet potato is a tuberous vegetable that is a member
of the family Convolvulaceae, cultivated in numerous Asian
countries due to its ease of growth and high productivity.
The leading producers include China, Indonesia, Nigeria,
Uganda, and Vietnam (1). Sweet potato tubers contain
macronutrients like starch, fiber, and protein, as well as
a variety of micronutrients including minerals (manganese,
copper, potassium, and iron), vitamins (primarily B complex, C,
and E), and provitamin A (as carotenoids), anthocyanins (purple
sweet potatoes), flavonoids, and coumarins (2). When compared
to other root and tuber crops, the sweet potato contains more
carbohydrates and proteins, as well as certain vitamins and
minerals, and it contains more provitamin A, vitamin C, and
minerals than wheat or rice (3). Due to its high concentrations
of bioactive secondary metabolites, sweet potatoes are gaining
popularity among the food industry, consumers, and scientists,
not only as a healthy product but also as an ingredient
for functional foods. The consumption methods and health-
associated benefits of sweet potatoes are listed in Figure 1. It is
considered a traditional food crop SPs are classified as perishable
if their moisture level exceeds 70% (4). As the higher moisture
level makes them particularly predisposed to microbial decay,
even when stored at room temperature (5). The postharvest
behavior of sweet potatoes is sensitive to storage under ambient
and cold temperatures due to sprouting and chilling injuries,
respectively. An effective postharvest preservation method such
as drying is recommended to expand the shelf life of SPs
besides processing them into various by-products. Drying can be
performed as a unit operation in agricultural crop processing (6).

Drying is a mass transfer phenomenon, involving the
evaporation of water from food. It entails applying heat to a
material, which causes internal moisture to be transferred to
the surface of the material, which is then removed into the
atmosphere (7, 8). It is the conventional and most common
way of preserving food, increasing shelf-life and product
quality, minimizing the weight and bulk, lowering handling and
packaging efforts, as well as freight costs. The airflow promotes
heat application by generating and eliminating humidity. The
drying process most importantly moisture content, can be easy
to be removed when the relative humidity is lower. The dried
products retain nutrients, color, and fragrance if the drying
process is appropriately controlled. The efficient drying of fruits
and vegetables allows consumers to enjoy these delicacies even
during the off-season.

Food drying includes traditional (sun or wind-drying), and
non-traditional methods (infrared, vacuum drying, microwave,
and freeze drying). Modern drying techniques allow uniform
drying in a shorter period and extended storage life of up
to a year or more. Recent advancements have produced
drying processes that focus on improving existing methods to
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deliver high-quality goods using less energy, such as freeze-
drying, vacuum, microwave, and microwave-combined freeze-
drying (9). Refractance window drying is a popular method
for converting liquid food and other biomaterials into high-
value powders, flakes, or sheets. This drying technique is
simple and affordable for freeze-drying, but it requires large
installations to be cost-effective (10). Finally, microwave drying
can reduce drying time and thus enhance the quality of the final
product (11).

There are many studies on sweet potato drying, however,
they lack collective information that would help researchers who
want to carry out more research. Similarly, different factors must
be considered, such as drying methods, pretreatments, kinetics,
nutrient degradation, energy activation, and mathematical
modeling. The myriad factors make it difficult for researchers
and concerned food industries to understand the pros and
cons of the technologies to adapt an appropriate method
for drying SPs. This study aims to provide a comprehensive
review of the influence of numerous drying techniques on
the water loss ratio of SPs and simplify the drying kinetics
and other necessary operating conditions to achieve quality
and nutrient preservation in the final product. The key
objectives are to explore the impact of operating conditions in
drying SPs, appropriate drying methods, osmotic and chemical
pretreatments, effects of drying processes, nutritional qualities,
models that are most suited for drying, energy consumption,
and further improvement with the recent trends in SPs
drying techniques.

Sweet potato drying approach

The drying process begins with removing unbound surface
moisture and progresses through the removal of bonded
humidity inside the food material until a predefined limit is
achieved. Mass and heat are transferred at the same time in
the drying. Agricultural commodities require a favorable drying
environment, high temperature, and a high capacity of air to
absorb water or low relative humidity during the operation.

The drying process of sweet potatoes product comprises
four stages after a preheating period, as depicted in Figure 2A.
Stage I, with a constant drying rate, refers to the frame of
energy absorption for the moisture release, followed by a
stage of evaporation at a decreasing rate. Both are key factors
influencing the complete drying mechanism (12). During stage
11, evaporation occurs from the food material’s external surface
to remove physically attached moisture (free water) at a fixed
drying rate. This phase did not observe during sweet potato
drying due to an insignificant amount of unbound moisture in
SPs (Figure 2B). For SPs, stages III and IV show a declining
drying rate until the anticipated moisture content is attained.
When the transportation of moisture from the inner of the
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FIGURE 1
Classification of and health benefits of dried sweet potato products.
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material to the outer surface (low concentration gradient) slows
down (as compared to the evaporation at previous stages at a
constant rate) and results in a decline in drying rate. When the
equilibrium moisture content is achieved, no further moisture
exchange occurs between the material and adjacent air, which
is the end of the drying process. Dehumidified air at high
temperatures can be used to continue drying SPs below the
equilibrium moisture content.

The role of operational conditions in
drying sweet potatoes

Improper drying often harms the quality and nutritional
profile of a food item. Therefore, optimal drying conditions
are necessary to produce prime-quality dried SPs with their
optimum nutritive and functional potential. To optimize the
drying method for SPs, certain factors must be considered,
including slice thickness, drying time, and climate conditions.
Furthermore, to get the anticipated moisture level for the food
materials, the relative humidity under isothermal conditions
can be appropriately controlled by drying techniques. Some
industrial dryers suitable for drying SPs are listed in Tables 1-4,
along with their effects on the drying process’ effectiveness.

Relative humidity

Relative humidity (RH) is the ratio of saturated to humid
air’s water vapor pressure. It is an important drying parameter
that affects the transport of mass and heat as well as the quality
and efficiency of drying. It shows the degree of divergence from
saturated moist air and the moisture absorption ability of the
drying medium moist air. However, the mechanism by which
RH influences drying behavior is unclear. As a result, there is no
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definitive RH control strategy for drying fruits and vegetables.
It was found that continuous dehumidification during drying
may increase drying efficiency, and the lower the RH level, the
faster the drying rate, as observed in rapeseed and spaghetti
(59, 60). Only a few studies have considered the effect of RH
in sweet potato drying, thus optimizing RH is still necessary
in this case. According to Sun et al. (19), the elevated drying
temperature may reduce the RH of the drying medium and
increase the vapor pressure shortfall, boosting the degree of
external mass transfer. Similarly, Sabudin et al. (61) discovered
that 40% relative humidity had the highest drying rates and
moisture gradient in sweet potato drying.

Air velocity

The uniform air circulation defines the drying operation
duration and the final dried product quality. Generally, hot
air maintains a specified temperature range (40-50°C) in the
dryer throughout the drying process. The surrounding fresh air
absorbs the moisture from the product’s outer surface with low
RH%, which increases moisture removal efficiency. The airflow
over the product’s surface ensures rapid moisture removal by
evaporation and the maximum drying rate at a constant air
temperature and changing ambient RH. Fast air circulation has
a high potential to replace the stationary boundary layer of
drying air from the surroundings of a humid product. SPs might
exhibit a similar phenomenon under higher air velocity. A high
drying rate is not usually suggested since it might harm the food
matrix, causing cracking or deformation. Laminar airflow might
be observed when using a low-speed fan, allowing air passage
into the stack, leading to ineffective distribution and lower heat
exchange between the air stream and product surface. Walker
(62) and Zhu and Jiang (17) noted that the drying operation of

frontiersin.org


https://doi.org/10.3389/fnut.2022.1040314
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Rashid et al. 10.3389/fnut.2022.1040314

>
@

20

104

Dimenstionless drying rate (-)

Low High $ T
r T r T T T T T ¥ 1
0 5 10 15 20 25
Dimentionless moisture content (-)

I - Preheated period II - Constant rate period
11T - First falling period IV - Second falling period
V - Equilibrium drying rate period

FIGURE 2
(A) Typical stages of food product drying, (B) drying curve of sweet potatoes.

SPs is highly influenced by air velocity. In the Wang and Singh Thickness of slices
model, air velocity and slice thickness are substantial (18).

The size of slices, especially the thickness, is an equally
important parameter in the drying operation. A reasonable
depth of sweet potato slices is critical to circulate drying air

Drying time through the voidage from channels, particularly in a fixed
bed, conventional, low-capacity tray batch dryer. Thin packable
layers are commonly employed to disperse food ingredients. The

Drying time and air temperature are inversely related;

lowering drying time requires increasing the drying air thick loose layers need for large food items. These materials can

temperature. The heat transfer increases in direct proportion induce airflow resistance and may require slightly more time

to the moisture gradient, speeding up the drying. It is attained for drying. The transportation of the internal moisture becomes

by the amount of heat provided to the material and moist air extremely tough in thick slices, owing to decreased mobility in

the food matrix, resulting in a lower moisture removal rate.

is removed from the surrounding area. The drying operation
Producing dried SPs with the desired moisture content of <7%

of drying is mainly propelled by the moisture gradient. A

higher gradient along the equilibrium might result in faster requires a very long drying process and often generates uneven

drying. Otherwise, the absence of a sufficient gradient can products because of insufficient contact between incoming hot

cause a reduction in the drying rate and, consequently, may air and sweet potato slices (15). Overloading can cause a longer

extend the drying period. Significant quality degradation, drying time with a need for an expansion in air temperature. The

color deterioration, and structural changes can occur because degree of wither and inlet temperature significantly influence the

of prolonging the drying time. Sample thickness, wither calculation of the thickness and pitch of the spread. Drying time

degree, temperature, and air velocity are critical parameters may be reduced, and low-frequency agitation applied to the drier

for calculating the time needed to produce dried SPs. The bed can enhance the quality of dried SPs.
continuous moisture removal decreases the moisture content

as the drying operation proceeds (13). Using de-humidified

drying air and low temperature can enhance the degree of drying Rehydration

and reduce the drying period capture oxidation. During this

drying period, the rate of evaporation increases significantly. Rehydration is a complicated procedure that aims to restore
Retaining the quality and flavor to a high degree is a promising the raw product’s properties. Rehydration capacity is influenced
outcome for the obtained product. Furthermore, the product by drying processes and other parameters such as rehydration
has a longer shelf life and might be used after a long time duration, product composition, and water temperature. A
without degradation. key step in producing dried foods is quick and thorough
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TABLE 1 Hot air-drying (HAD) studies were conducted to dry sweet potatoes.

Drying Size (mm)  Response Main conclusion References

conditions/Temperature

(°C)/Geometry

HAD; T =50-90°C; V = 1.0 m/s; RH = 3-8 Thin layer models, Deg, Hii model showed results for Deg (3.66 10710 t0 2.11 (13)

50%; G = Slices E, 10~° m*/s) and E, (13.48-16.40 KJ/mol)

CD; T =50-90°C; V = 1.5 to 5.5 m/s; 5-12 Thin layer models, D¢, E, was 11.38 KJ/mol; D, increased with temperature. (14)

RH = 23 and 50%; G = Cubes E, Page Model performed better

TD and FBD at 70 and 80°C; G = - Drying, blanching, Fluidized bed dryer temperature didn’t affect shrinkage, (15)

Cylinders shrinkage, color quality and appearance were better, and blanching

improved color

CFD = 42°C, SD = 27-50°C; G = Slices - Provitamin A carotenoid Solar and sun drying retained Provitamins A. Vitamin (16)
analysis, moisture/water A was rich in orange sweet potato flour
activity

Tunnel drying; T = 60-80°C; V = 0.42 - Mathematical modeling, The logarithmic model best fits drying data. (17)

to 1.12 m/s; RH = 10-15%; G = Slices E, E, = 23.29 KJ/mol

OD; T = 50-80°C; G = Slices 5,10, 15 Mathematical modeling, Page model and modified page model best described (18)
E, drying. E, = 11.10-30.40 KJ/mol

HAD; T =40°C, V =1 m/s; G = Slices 5 Hyperspectral imaging, Hyperspectral imaging was a fast way to predict (19)
modeling moisture content, and the RC-MLR model was best

HAD; T = 50-90°C; G = Slices. 5,8,12 Neutral network, MC, ANN models can be used to estimate drying online (20)
drying kinetics

DD; T =120, 130 and 140°C; G = Slices - Phytochemicals and Higher TPC and antioxidant activities at 140°C and (21)
antioxidants drum-dried flour have higher antioxidants

CD; T = 50, 60, and 70°C; G = Slices 30 x 48 x 5 Drying kinetics, The logarithmic model best fit with E, at 23.2 KJ/mol (22)
rehydration ratio

TD; T =50-80°C; V =2.5m/s; RH = - Drying kinetics, Page model fits best, and blanched samples dried faster (23)

10%; G = Slices blanching than unblanched

HAD, hot air dryer/drying; CD, cabinet dryer; TD, tray dryer/drying; OD, oven dryer/drying; DD, drum dryer/drying; ANN, neutral network approaches; US, ultrasound; Dcﬁ, moisture

effective diffusion/moisture diffusivity; Eg, activation energy; SEM, scanning electron microscopy; TPC, total phenolic content.

rehydration. Moreover, drying conditions, pretreatments, and
structural properties of dried products can significantly affect
the rehydration capacity (63). Water content slowly decreases
during the drying process, resulting in irreversible cell damage
and displacement, loss of cell integrity, structural collapse, and
loss of hydrophilicity. The rehydration index can be determined
using Equation (1):

R= (%‘:) x 100, (1)

Wq and W; are the dehydrated and rehydrated sample
masses (g).

As drying temperature increases, the rehydration index
increases as well. The contraction causes the sweet potato’s
cellular structure to be very porous, enabling more water
absorption. SPs demonstrated the least water adsorption by
drying at 40°C, while those at 80°C demonstrated the quickest
adsorption, perhaps because of decreased shrinkage (63).
According to Doymaz (64), SPs have a high moisture content.
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As a result, water molecules enter SPs with relatively little
driving force.

Classification of drying methods for
sweet potatoes

SPs can be dried in various ways, as seen in Figure 3. Table 1
contains descriptions of the drying processes.

Fluidized bed drying

Wet particle drying is accomplished by utilizing FB
dryers. Additionally, suspensions, granular materials, pastes, and
slurries, can also be fluidized in inert solids bed. FB dryers
improve the efficiency of high heat and mass transfer, uniform
moisture reduction, good solid mixing, and accessible material
transportation (65). They maintain a consistent bed temperature
throughout the drying process and extend the constant drying
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TABLE 2 Hot-air drying combined with other drying methods was conducted to dry sweet potatoes.

Drying Drying conditions/Temperature Size (mm) Response Main conclusion References
methods (°C)/Geometry
Air/sun/solar HAD, OSD, and STD; G = Slices. - Provitamin A, carotenoids contents OSD and STD didn’t affect carotenoids. Low-temperature storage (16)
drying decreased provitamin A
Air drying/freeze OD = 30,70 and 100°C; FD = —20°C, G = - CQA derivatives and antioxidants Freeze-drying preserves CQA and antioxidants, while 70 and 100°C (24)
drying leaves; V = 1.5 m/s drying preserve both of them
Air OD =65°C, 9h, P = (800 W, 50 Hz), 5 min, 5 Antioxidants, phenols, ascorbic acid Microwave drying increased TPC and antioxidants. B-carotene (25)
drying/microwave/ FD = —50°C, 36 h; G = Slices reduced sweet potato slice’s antioxidant activity.
vacuum
Spray drying Inlet T = 200°C; Outlet T = 100°C; G = - Physicochemical, antioxidants MD flour had a high antioxidant and retained anthocyanins, total (26)

Puree phenols, and flavonoids.
Sun drying OSD; T = 54°C; T = Slices 1.5 Protein content, fiber, moisture, Matobolwa sweet potato retained more f-carotene than michembe 27)

B-carotene variety after 6 months’ storage
Air/Sun/Solar T=57°C,STD T =45-63°C,OSD T = 1-2 Carotenoid profile, B-carotene, color Forced-air oven drying, STD, and OSD reduced all-trans -carotene by (28)
tunnel drying 30-52°C 12,9 and 16%
Air drying/IR HAD T=50°C, 55 and 60°C, IR T =250 W, 6,8 Drying kinetics, sugar, taste, texture IR radiations assisted thick sweet potatoes at 60°C. IR radiation at (29)
radiations HP T = 180°C; G = chips 60°C for 5h and HP drying was suitable for mass-producing sweet
potato snacks
Spray drying T =85°C; G = slices 2-3 Phytochemicals, antioxidants, color, Encapsulated flour had higher TPC, antioxidant, and water solubility (30)
microstructure than non-encapsulated flour
Intermittent IR and IR=1,100 and 1,400 W/m?; G = slices 4,36 Mathematical simulations, color, IR drying is more effective than convective hot air drying for product (1)
convective drying microstructure quality
Air/Microwave- SBD, HAD = 80°C; MVP =2.0 W/g; VP =5 10 x 10 x10 MC, rehydration ratio, crisp degree, Microwave-spouted bed and MVP showed faster drying, better (32)
vacuum kPa; G = dices expansion ratio rehydration, uniform color, and high p-carotene retention than HAD
drying.
IR drying P =104, 125, 146, 167 W; G = slices 3,5,8 Drying kinetics, rehydration ratio Increasing power reduced drying time. IR affects RR and D.g. The log (33)
model fits drying curves
Air HAD = 50, 60 and 70°C; IR = 1,100, 1,400 4,5 Drying kinetics, energy consumption, Combined IR and HAD drying had the shortest drying time, lowest (34)
drying/IR/Combine (W/m?); G = slices E,, color, microstructure energy consumption, and best color attributes
IR and air drying
(Continued)
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TABLE 2 (Continued)

Drying Drying conditions/Temperature Size (mm) Response Main conclusion References

methods (°C)/Geometry

Sun/Tent/tunnel T =10, 20, 30, 40°C; G = slices 2 Carotenoids, dry matter, drying kinetics OSD decreased carotenoids less than tent and tunnel drying (35)

drying

Air/tray/infrared FBD = 45, 55, 65°C; tray = 3,000 W; IR; - Mathematical modeling, starch Midilli model best explains starch drying. The drying affected starch’s (36)

drying 1,000 W; G = pieces properties color, solubility, and gel texture

HAD/IR drying HAD = 50, 60, 70; V = 1.16 m/s; RH = 45°C; 4-6 Mathematical modeling, E,, color The two-term model explains sweet potato drying kinetics. E, = 12.83 (37)
IR = 1,100, 1,400 W/m* G = Slices to 34.64 KJ/mol

IR-hot air drying IR-HAD = 60°C; G = slices 4 Heat and mass transfer Lambert’s law explains sweet potato heat and mass transfer (38)

IR heating IR = 1,400 W/m?; G = slices 4 Heat and mass transfer, shrinkage Mass and heat transfer coefficients, shrinkage, and IR heating affected (1)

moisture distribution during drying

Tunnel/shade/open- G = chips - Carotenoid contents All dryers lost 9.2% carotenoid. After 4 months of storage, the (39)

air carotenoid loss was 83%

drying

Sun drying OSD, 10 a.m. to 4 p.m.; G = leaves - Proximate analysis, anti-nutrient Purple midrib sweet potato leaves had more fiber, ash, carotenoids, (40)

content iron, calcium, and polyphenols

Microwave drying MSBD = 60°C; Steamed = 100°C; G = 10 x10 Rehydration, color, texture, Steamed coating with sodium alginate reduced drying time, improved (41)
Cubes anthocyanins color, and reduced rehydration

Vacuum drying VD = 100°C, 120°C, and 140°C; P = 2.67 0.80, 1.50 Drying kinetics, B-carotene, color, High-likeability mix temperatures maintain color and -carotene (42)
kPa; G = Chips texture

IR/Air drying IR = 1,100 W/m?, HAD = 50-70°C; G = 4 Drying, phytochemicals, color The two-term model fits best, and IR-HAD was the best method (43)

Slices

HAD, hot air dryer/drying; OSD, open sun drying; STD, solar tunnel dryer/drying; OD, oven dryer/drying; FD, freeze drying; IR, infrared; MVP, microwave-vacuum drying.
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TABLE 3 Application of different pretreatments along with varying methods of drying on drying of sweet potatoes.

Drying Drying Pretreatments Size (mm) Response Main conclusion References
methods conditions/
Temperatures
(°C)/Geometry
Catalytic infrared IR T =60, 70, and 80°C;  Multi-frequency US 3 FTIR, SEM, 40kHz at 70°C reduced (44)
drying G = Slices drying (20, 40 and phytochemicals, drying time. Ellagic acid and
60 kHz) drying kinetics Rutin were higher, and
20 kHz. FTIR showed the OH
group and phenolics
Microwave drying P=700-W; G = Carbonic maceration 5 Drying, Intermittently dried CM has (45)
Circular slices (CM) physicochemical, high phytochemical and
and antioxidant antioxidant activity, reduces
properties drying time, and lowers E,
(DPPH)
Freeze drying FD =13.3Pa; G = Cubes  Heat treatment after 20 x 20 x 10 Rehydration, color, Pretreatments did not affect (46)
high-pressure treatment rheological color or gelatinization rate but
properties improved texture
HAD HAD+US; T = 40, 50, Drying kinetics, 5 Ratio and reduce US power increases reduce (47)
60, 70°C; G = Slices moisture diffusion, energy drying time, color difference,
energy consumption consumption and rehydration
Contact US-HAD at  US-HAD; T = 40°C; G Hyperspectral imaging, 5 - RC-MLR predicts (48)
40°C = Slices anthocyanins anthocyanins best
Natural drying OSD, STD; G = Slices Blanching with boiling 1.50 B-Carotene, mineral ~ Fresh samples had 27)
water content less-Carotene and more fat,
protein, fiber, and
carbohydrates
Air drying HAD; T =50-80°C; G=  Boiled water blanching, 5,10, 15 Drying kinetics, Page and modified were the (18)
Slices slices mathematical best models; E, was 11.1-30.4
modeling, E, KJ/mol
Ai drying HAD; T = 50-80°C; V/ Boiled water and 4 Drying kinetics, The modified page model was (49)
= 1.25 m/s; G = Slices metabisulphite mathematical the best. Boiling water and
blanching, slices modeling metabisulphite improved
drying over control
Air drying HAD; T =55-65°C; G= Sodium hydrogen sulfite 1 Phytochemicals, Pretreated flour showed (50)
Flour (NaHSO3) color, SEM higher phytochemicals and
color change than control
Air drying HAD; T =55-65°C; G=  Citric acid pretreatment 1 B-Carotene, B-carotene, TPC, and ascorbic (51)
slices ascorbic acid, TPC acid values were close to
predictions
Sun drying OSD; G = Slices, chips Sodium metabisulphite, - Total carotenoids, Ascorbic acid, sodium (52)

ascorbic acid, citric acid,

and salt

storage of sweet

potatoes

metabisulphite, citric acid,
and salt improved carotenoids
in the first month of storage

but not after 4-6 months

HAD, hot air dryer/drying; CD, cabinet dryer; TD, tray dryer/drying; OD, oven dryer/drying; DD, drum dryer/drying; US, ultrasound; Deg, moisture effective diffusion/moisture
diffusivity; E,, activation energy; SEM, scanning electron microscopy; TPC, total phenolic content; KMS, potassium metabisulfite; FTIR, Fourier transform infrared spectroscopy; POD,
peroxidase enzyme.

rate period. However, due to high moisture variation, stratified damage and quality loss. Special additives are required to

flow and hotspot formation in FB dryers can cause product handle materials and sticky hygroscopic products in an FB
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TABLE 4 Application of different osmotic solutions as pretreatments along with varying methods of drying for optimizing drying protocols for

sweet potatoes.

Drying Drying Osmotic Size (mm)  Response Main conclusion References
methods conditions/ solution
Temperature
(°C)/Geometry
Air drying HAD; T = 30-60°C; G = Sugar solution 40, 3,5 Water loss (WL), At 60°C, a 60% sugar solution had the (53)
Slices 50, and 60% solid gain (SG) best WL and gain. WL and SG were
highest in controls.
Air drying T=60°C; OD = NacCl solution 2,34 B-carotene, Doy Salt did not affect B-carotene (54)
10-15% w/v; G = Slices degradation, but OD decreased.
Air drying OD =0, 5,10% w/w; G Sucrose, sorbitol, 20x20 x5 WL, SG, water Sorbitol's WL was higher than fructose’s (55)
= Slices fructose activity SG. Barbosa Junior showed the best fit
model
Air drying OD = 40% sucrose, 5%  Sucrose, NaCl 0.5 WL, SG Azuara model best fit. WL and SG of (56)
w/w salt; VD = 70°C; G sweet potatoes increased with time
= Slices
Ultrasound HAD; T =65°C; OD =  Sucrose solution 10 WL, SG, expansion  The US rehydrated more. The osmotic ~ (57)
microwave vacuum  35°Bx; MVP =22 W/g; ratio, rehydration  group improved WL, and SG improved
drying (MVD) P =90 KPa; G = Slices ratio, color, texture, color, taste, and texture. Osmotic and
SEM US drying improved
Microwave drying P =180 and 350 W; OD  Sucrose, fructose, 20 Drying kinetics, Weibull fits best. OD and microwave (58)
= 1% w/v; G = Slices sorbitol mathematical power reduce drying time
modeling

HAD, hot air dryer/drying; CD, cabinet dryer; TD, tray dryer/drying; OD, oven dryer/drying; DD, drum dryer/drying; US, ultrasound; D.g, moisture effective diffusion/moisture diffusivity;

E,, activation energy; SEM, scanning electron microscopy; TPC, total phenolic content; WL, water loss; SG, solid gain; HTST, high-temperature short time.

dryer. However, a significant drawback of FBs is the chance
of a decline in particle size reduction owing to collision and
attrition (66). FBD is one of the most effective drying techniques
when solely considering thermal efficiency (67). It is the most
effective drying technique for granulated materials because its
mixing features promote intense mass and heat transference,
resulting in a short drying period (36). Hatamipour et al. (15)
explored the drying characteristics and kinetics of six sweet
potato varieties and concluded that FBD produces excellent
quality and nutritional values for all types. Similarly, a study
conducted by (36) on SPs showed that the effective diffusion
rate (Deﬁr) in dry beds from 45 to 65°C was 4.92 x 1077-7.26
x 1077 m?/s, which was considerably greater than infrared and
tray drying (Table 1). Similarly, the activation energy (Ea) is
almost twice in FBD (17.33 kJ/mol). Because of the high heat
and mass exchange rates, FBD has a rapid drying rate. High
heating rate is produced with tightly controlled temperature in
the bed; when infrared (IR) was combined with the FBD, the
drying rate and quality of the SPs were significantly improved
(68). Continuous high-capacity FBD technology is extensively
utilized in the pharmaceutical, food, fertilizer, and many other
chemical industries.

The potency of using fluidized bed dryers is greatly
influenced by energy efficiency. This is expressed as the amount
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of energy applied to vaporize water from solids (Ey) to
power provided to the air during drying (E;), with the energy
consumed to evaporate moisture calculated as:

Ey = My, x Ly (2)

E,, = evaporated water energy (kJ),

M,, = water mass evaporated (kg),

L= latent heat water vaporization (kJ/kg).

The energy required to heat the air can be calculated
as follows:

Eq =My x Cp x AT 3)

Where,

E,; = the amount of energy used to heat the air (kJ),

M, = mass of air (kg),

Cp = the air’s specific heat (kJ/kg”C),

A7 = temperature difference (°C).

As a result, the thermal dryer efficiency, ny,, can be
calculated as follows:

E
N = — x 100% (4)
Eq

frontiersin.org


https://doi.org/10.3389/fnut.2022.1040314
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Rashid et al. 10.3389/fnut.2022.1040314
Sweet potatoes
: )
Graded me= Sorted me Washed === Peeled === Sliced or cubes
1 )
[
Drying
)
! v
Thermal drying Special plll_rlpose drying Pre-treatments drying
GH solar drying
(—L—l MASB glying
’ 4 P MAFB drying
Nat.ulal chgd convection MAVB drying
drying drying HP drying
Open air drying CIR drying
: CIR & HA drying
Sun drying MR drying
Shade drying Freeze drying
CVB drying
= VF drying
Cabinet drying Cross flow drying Chemical Ultrasound Osmotic
¢ Tray dryer pre-treatments ~ pre-treatments  solutions
Oven dryer 3 Sucrose
Drum dryer it C . Glucose
HD dryer Citric acid Sorbitol
Cabinet dryer Na:$:05 Fructose
FB dryer K38,05 Maltose
Spray dryer NaHSOs Corn syrup
Tunnel dryer M Boiling
= EO dryer Nacl water
FIGURE 3
Classification of different drying methods used for sweet potatoes.

Oven drying

Oven drying (OD) is a simple method for drying food
because it does not require any special or extra equipment
(Table 1). Its drying rate is faster than that of sun-drying
(Figure 4A) and green house dryer (Figure 4B). However, a
significant disadvantage is that it can only be done on a limited
scale. Since thermal ovens generally feature chamber volumes
ranging from 20 to 800 L with a 5-300°C temperature range
above ambient temperature. Heat is transmitted to the chamber
through the air flow. Antonio et al. (55) reported higher water
loss in SPs slices with NaCl and sucrose solution.

Similarly, adding NaCl to the permeable solution increased
the driving force of the process, and the dehydration process
was verified to be mainly affected by changes in the NaCl
concentration. Clifford et al. (54) found similar results: NaCl
solution reduced significant water loss in yellow flesh SPs
(YESP), but the salt solution had no significant effect on B-
carotene reduction, although degraded B-carotene. Bengtsson
et al. (28) studied oven-dried orange-SPs (var. Ejumula) and

Frontiersin Nutrition

observed an 11 and 16% loss of B-carotene content during oven
drying at 57°C.

The total energy was estimated by Beigi (69) in oven drying
using the following equation is:

Er = Eth + Emec (5)

Where E;;, = sum of thermal energy,
Emec = sum of mechanical energy,

Ei, = (Av.pa.CaAT).t (6)
Where A, v, A and T are the area of the tray,
(m?), airflow rate (m/s), and disparity in temperature

(K), respectively.

Also, p, = density (kg/m>) and C, = specific heat capacity

(kJ/kg/K) of inlet air.

Emec = Ap.mgjp-t (7)
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AP = pressure difference (mbar) and myj; =inlet air
mass (kg).

Cabinet drying

Cabinet dryers are the most used in the food industry, as
shown in Figure 4C and listed in Table 1. In contrast to oven
dryers, which usually increase the temperature of the product
to allow preheating or curing, cabinet dryers subject the SPs to
50-80°C temperature for 2.5-24 h. Alternatives to such dryers
are tunnel dryers or biomass dryers using charcoal or firewood,
which also require fuel investments that lead to poor product
quality unless produced sustainably. Despite the drawbacks of
cabinet dryers, several studies have been done on cabinet-dried
SPs’ drying kinetics and nutritional aspects. Kosambo (70) used
an electric cabinet drier to dry. Drying fresh slices of 13 orange
flesh sweet potatoes (OFSP) cultivars at 58°C for 4 h, resulting
in a 35% drop in trans-carotene content. Whereas drying was
performed by using cabinet drying and open-air sun drying,
losses for SPK004 were found to be 28 and 83%, respectively,
and 47 and 72% for Jonathan kinds of SPs samples, respectively.
As a result, cabinet drying retained more provitamin A than
sun drying.

Similarly, Lohachoompol et al. (71) investigated the effect
of cabinet drying on the anthocyanin content of blueberries
(Vaccinium corymbosum L.) and discovered a 49% loss after
drying. However, Joykumar Singh and Pandey (72) studied a
different aspect of cabinet drying and observed that the effective
moisture diffusivity augmented with rising temperature. Higher
forced convection drying reduces heat loss and thus, enhances
the dried SPs quality (Figure 4D). The fan or blower propels the
drying medium (typically air) through the heater to increase the
temperature and lower the RH of the air, thereby improving the
heat and mass transfer rate (73). SPs dried at a decreasing rate
with an inconstant drying rate during forced convection drying.
SPs dried in forced air retained more f-carotene than those dried
in open-air (28). To achieve the final moisture level, the drying
time of the forced convection tray dryer was maintained at half
of that of the free convection dryer by (15). The logarithmic
model best fit for the drying data (17). Similarly, Doymaz (64)
reported a logarithmic model indicating the best-fit model with
the shortest drying time in blanched SPs slices.

The energy efficiency was considered as the ratio of energy
used to energy input as below:

g = E;,—E, _ ma(hdci@T - hdco@T)

x 100
E; Mahgci@T

®)

Where ng Is the energy efficiency%, m, is the mass of air
(kg s~1); E; and E,, are the input and output energies in kJ s~ L
hgci@r is the enthalpy of air at the drying chamber’s inlet at
temperature. i@ is the air enthalpy at the drying chamber’s
outlet at temperature T.
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Specially modified dryers

Microwave spouted/assisted bed drying
(MSBD)/(MASBD)

More consistent drying can be achieved with a microwave-
enhanced spouted bed. Pneumatic agitation in spouted bed
dryers allows items to be exposed to microwave energy
uniformly (32). Fluidization also enhances mass and heat
exchanges because of a constantly replenished boundary
layer at the particle surface. As a result, a combined
fluidized-spouted bed is an efficient method for resolving
the irregular problems of MW drying. These dryers are
more effective than standard dryers because of their shorter
drying time and better jet velocity to guarantee excellent
mixing (32). They have been widely employed in various
industrial processes (Table 2). The continual movement of
sweet potato cubes within the microwave chamber accounts
for the rapid drying rate in MSBD (Figure 5F). Furthermore,
the constant movement of the cubes allows various areas of
the system to receive relatively homogeneous MW radiation.
MSBD-dried sweet potato cubes absorb microwave energy
more equally than fluidized samples. Purple flesh sweet
potatoes (PFSP) subjected to be dried in a microwave-assisted
spouted bed drier (MWSP) had a low rehydration capacity
due to the amylose to amylopectin ratio, which is not
suited for microwave heating. Due to the rapid movement
of products with higher microwave power, products were
crispier than those from other driers. A greater microwave
power causes fast moisture evaporation during the MSBD
process, which causes the formation of porous structures
(32). Although steam blanching can help keep color and
anthocyanin content, MASBD drying PFSP cubes is generally
not an appropriate processing technique, even with the coating
treatment (41).

The drying process’s energy efficiency (7,) is described by,

e
Wd[hfg (Mp1 - Mpz) +Cm (T2 — Tim1) + mfy, (hfw2 - hfwl)]
Mg, (h1 — ha) At + AtQpw

©)

Where Wy weight of dry material (kg); cm =
material specific heat (kJ/kg K); hg = is the latent
heat of vaporization, Mp = dry based particle moisture
level (kg water/kg solid); Py
immersed by a dielectric material (kW/cm3); P, energy
is needed to heat material (kW);

energy (kW).

microwave power density

QMw  =microwave
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Drying techniques used for sweet potatoes. (A) Indirect solar dryer. (B) Greenhouse dryer. (C) Cabinet dryer. (D) Drying system. (E) Infrared

Microwave-assisted freeze-drying

Microwave heating replaces traditional conduction heating
during freeze-drying, allowing the benefits of both microwave
drying and freeze-drying to be combined in a process
known as microwave-freeze drying. The combined freeze-
drying and microwave energy use is microwave-assisted freeze-
drying (MWFD) (Table 2). The microwave drying system
adjusts the control sample temperature, sample mass, and
microwave power (74). Huang et al. (75) revealed that
MWEFD chips had the best quality, were preferred by
customers, and had a shorter drying time than FD chips
in restructured mixed potato with apple chips. In addition,
microwave energy increases the drying rate, final product
quality, and energy consumption. A study by Liu et al. (41)
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demonstrated that MWED is a time-consuming process for
drying SPs, and energy consumption was twice as high as
in microwave vacuum drying (MWVD) (Figure 5C). However,
MWED could preserve better anthocyanins, and sensory
evaluation was remarkable concerning the crispiness of SPs. The
potential of this drying technique requires further exploration
of SPs.

An  electric energy meter can calculate the
energy consumption of the three parts during
drying:  the  vacuum  system, cold trap, and
heating system.

ES = (10)

R|m=
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vacuum dryer. (D) Freeze dryer and far-infrared dryer. (E) Combined hot air

Special purpose drying techniques are used for sweet potatoes. (A) Vacuum microwave dryer. (B) Continuous vacuum belt dryer. (C) Microwave

and infrared dryer. (F) Microwave spouted bed dryer.

Where ES denotes specific energy consumption (kJ/kg), E
denotes total energy consumption (kJ), and M represents the
weight of moisture reduced from the samples (kg).

Microwave vacuum drying

It is a new technology that operates microwave radiation as a
heat source in a sub-climatic pressure environment (Figure 5A)
and exhibits the benefits of both microwave and vacuum
drying. Likewise, sublimation drying, vacuum and microwave
energy’s instantaneous and direct volume heating, and low
drying temperature can both increase energy efficiency and
quality of products (76). Marzuki et al. (77) revealed that
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PESP dried in 6-12 mins under microwave vacuum drying
(MVD) conditions, significantly faster than hot-air drying (600
mins) and total phenolic content (TPC), color, and antioxidant
activity improved. Similar findings were described by Lagnika
et al. (78), who found that anthocyanins and total phenolics
were abundant in PFSP. Correspondingly, total carotenoid and
vitamin-C levels were abundant in OFSP. As microwave vacuum
drying produces excellent nutritional and sensory quality food
with slight shrinkage. Monteiro et al. (79) found that MVD
is an appropriate procedure for making highly porous sweet
potato chips, enhancing the value and prolonging the shelf life of
vegetables. Furthermore, research on the bioactive components
of purple and orange sweet potato slices impacted by MVD after
pretreatment is restricted. This knowledge gap may affect the
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efficient production of premium products from these two sweet
potato varieties.

The following equation can calculate microwave-vacuum
drying’s energy efficiency:

tonp(1 — ms)107°
g onPC T (11)
M;(m; — myg)
Where ton (s) = microwave drying exposure time at the
applied power input, P (W), Mi = the sample’s initial mass
(kg). The initial and final moisture levels are mi (kg) and

my(kg), respectively.

Catalytic infrared drying

The catalytic infrared drying (CIR) emitter is motorized by
propane or petroleum gas to generate thermal radiant energy
via a synergistic reaction with a catalyst pad inside the CIR
transmitter (Figures 4E,F) (Table 3). The CIR emitter uses less
energy than traditional infrared emitters, which use electricity to
convert natural gas straight into radiant radiation (80). Manu
et al. (81) used a flameless gas infrared catalytic drier to dry
mango-sweet potato leather with a moisture content of 15.4%
at 45, 50, and 55°C. The cabinet, oven, and solar-dried jack fruit
leather moisture levels were 18.85, 14.79, and 18.5%, respectively
(82). They determined that a catalytic infrared drier was more
feasible in drying mango-sweet potato leather than a cabinet,
oven, or sun dryer. Similarly, Rashid et al. (83) noted a faster
drying rate in a CIR drier at 20 and 40 kHz US frequencies at
70°C compared to HAD at 60, 70, and 80°C for SPs dried by
Onwude et al. (37).

The energy efficiency calculated by Coskun et al. (84) of an

infrared dryer can be calculated below.
Er =Ry +Eg (12)

where E;j is the energy consumed by infrared lamps and E, is
the energy used by the centrifugal blower.

Ej=kxt (13)
k represents lamp power, and t represents drying time.
3
Ey = Xt 14
b = ( 16600 ) (14)

V represents the air velocity (m/s).

Combine hot-air and infrared drying

Traditional drying processes are widely utilized in
agricultural commodities to preserve and process agricultural
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goods. In particular, hot air drying (HAD) is extensively
employed for commercial and industrial food preparation. It
consumes a lot of energy and may impact the final product
quality due to a longer drying time (38, 64). As a result, novel
and inventive drying procedures have attracted considerable
attention. It has been revealed that combining infrared and
hot air-drying techniques (Figure 5E; Table 2) can increase
energy efficiency and dried agricultural products quality.
However, research on its applicability to drying commercial
crops, such as SPs, is limited because it is a new drying process.
The only study conducted by Onwude et al. (37) reported that
combining IR and HAD techniques resulted in shorter drying
times and lower energy consumption than HAD and IR dryers.
Meanwhile, different combinations of IR + HAD substantially
influenced the phytochemical characteristics of dried SPs,
resulting in improvements in TFC, TPC, and DPPH. Overall,
the combination of IR and HAD showed significant potential,
providing more valuable knowledge of the sweet potato drying
process than traditional dryers.

Energy efficiency is calculated by dividing the energy
required for moisture evaporation from the drying product by
the total energy SEC consumed during the drying process.

Eevap

SEC

Ne = ( ) x 100 (15)
where 7, denotes energy efficiency, and Eevap indicates the

amount of energy required to evaporate moisture (kJ).

Continuous vacuum belt dryer/vacuum
freeze-drying

A continuous vacuum belt drying system (Table 2) was
developed so that the product moves along the belt under a
vacuum and is heated by conduction or radiation (Figure 5B).
It has been used to commercialize instant tea, high-quality
citrus crystals, and medicines. The only study by Xu et al. (42)
examined the application of comparatively low-temperature
vacuum belt drying to eliminate water without significantly
changing the phytonutrients of vegetables while creating a crisp
structure. Crispy sweet potato chips with nice color preserve a
significant amount of B-carotene and are preferred by customers
can be produced via vacuum-belt drying at 100-120°C or a
specified temperature amalgamation.

The drying efficiency is the amount of heat energy used to
evaporate moisture from fruits to the total energy consumed.

My,.L
Er

n= (16)

Where MW = mass of water evaporated in kg, and L =latent
heat of vaporization in KJ/kg.
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FIGURE 6
The mechanism of vacuum freeze drying.

Vacuum freeze-drying (VED) is a technique for solidified
materials drying by water sublimation under a vacuum
(Figure 6; Table 2). It is the best method for removing water from
the final product in comparison with other drying techniques
(85). VFD highly preserved p-carotene in SPs compared to
microwave and hot-air drying (HAD), but VFD and HAD
require days to dry samples, whereas microwaves can dry in only
minutes. Yang et al. (85) further noted that microwave and hot
air drying provided more phenolics and antioxidants. Similarly,
the drying time in VFD improved the brightness of purple SPs
but had little effect on other color variables (86). Deng and Jiang
(87) concluded that VED has the lowest comprehensive effect on
sweet potato flour than HAD and vacuum drying (Figure 5D).
Therefore, VED is the most cost-effective method of obtaining
sweet potato flour and requires further exploration.

The energy efficiency of vacuum drying can be calculated
as below,

Er = Ey + Er + Ec + Ey + Es (17)

E}, = denotes hydraulic energy.

E; = stands for refrigeration energy.
E¢ = stands for circulatory energy.

Ey = is the vacuum’s energy.

Es = stands for energy for sublimation.

Drying pretreatments

To reduce nutritional loss and enhance the quality of
dried food materials, pretreatments are commonly used with
the drying method. The effects of chemical and osmosis
pretreatment on dry SPs’ nutritional and bioactive properties are
summarized below and in Table 3.
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Chemical pretreatments

These can significantly improve drying kinetics; however,
they can also result in the loss of soluble nutrients and chemical
residues, producing food safety issues.

Citric acid is an organic acid used in fruits and vegetables
as a texture modifier for anti-browning treatments. Meanwhile,
citric acid has been shown to speed up drying because pectin
loosens in an acidic environment, allowing water to be removed
(88). Table 1 highlights the effect of CA pretreatment on
sweet potato color retention and drying rate. Singh et al.
(63) discovered that pieces of sweet potato treated with 1%
CA at 50°C had improved color and required less energy
to dry. Another study found that pieces treated with KMS
(1.0%) (Potassium Metabisulfite) and CA (1%) at 50°C had
improved color with less energy to dry (89). On the other hand,
treatment with 1% CA preserved fewer bioactive compounds
and antioxidants after drying at 55°C than 3% CA treatment,
showing that 3% CA pretreatment resulted in better preservation
effects (90).

Sulfidation, often known as sulfuring, is a standard
technique for reducing obscuring throughout drying and
maintaining quality during food processing and storage on
an industrial scale (25). Commonly utilized sulfur dioxide gas
or water-soluble sulfide salts include potassium metabisulfite
(K25,05), sodium metabisulfite (NaS;0s5), and sodium
hydrogen sulfite (NaHSO3). The drying methods (hot-air and
drum dryer) increased the anthocyanin content of SPs by 1.8 to
3.8 times by pretreatment with (0.5% w/v) sodium metabisulfite;
however, the drying process resulted in a considerable loss
of P-carotene. Compared to hot-air drying, drum drying
produces sweet potato flour (SPF) with superior color, TPC,
and antioxidant activity (91). Desulfurization treatment can
improve the quality of SPs, such as rehydration ratio, 3-carotene
content, and color (35, 63). The quality improvements in sweet
potato chips after potassium metabisulfite and sodium chloride
treatment (92). The flour quality of OFSP was also increased by
sodium hydrogen sulfite solution (50).

The carbonic maceration (CM) strategy is used in its general
application. It involves placing samples in a carbon dioxide-
rich sealed tank an adaptation that is immediately reflected in
the transition of plant internal materials from respiratory to
fermentative anaerobic digestion (93). Mainly, pretreatments
of CM have been used in drying chili and raisins (94, 95),
respectively. However, only one study explores the impact of
CM pretreatment on sweet potato drying behavior. SPs were
processed with CM, which upgraded the drying procedure and
improved the dried good quality. CM pretreatment reduced
sweet potato drying time by 38.1-34.6%, and the phytochemicals
(phenols, anthocyanin, flavonoids, -carotene substance, and
ascorbic acid) and DPPH radical activity was 13.83-78.18
and 10.04-14.09% higher than those of untreated samples,
respectively (45).
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FIGURE 7
Osmotic dehydration principle of sweet potato drying.

NaCl is used as an antioxidant, improving sulfurous acid’s
antioxidative activity. NaCl also restrains the movement of
oxidizing catalysts, for example, the polyphenol involved in
peeling and cutting fruits and vegetables with discoloration (96).
Osmotic solutions, such as salt, mainly reduce SPs’ drying time
and product quality. The same trend was noted by Singh et al.
(92) for the quality enhancement of sweet potato chips using
NaCl as an osmotic agent. On the other hand, the salt solution
had no leaching effect on B-carotene and acted as an antioxidant
agent for P-carotene in SPs (54). On other aspects of SPs in
a NaCl solution and found that the salt solution reduced the
drying time and effective diffusivity according to Fick’s equation
diverse from 3.82 x 10710 to 7.46x 10710 m?/s for water and
118 x 1077 to 338 x 10710 m?%/s for solids (55). Similar
findings were confirmed by Clifford et al. (54), who reported that
salt solution could be an energy-saving cost for the dehydration
of SPs.

Osmotic pretreatments

Osmotic dehydration removes water from fresh food by
immersing it in a solution with high permeation pressure, which
has less water activity (Table 4). As demonstrated in Figure 7,
during osmotic pretreatments, the cellular structure works as
a semi-permeable barrier, allowing for countercurrent mass
transfer. As the solute enters the products, internal moisture
is transferred to the hypertonic solution (97). Researchers have
compared different types of osmotic solutions, such as sucrose,
glucose, fructose, and sorbitol (54, 56, 57, 89, 98-103).

Sucrose is the most often used osmotic agent in sugar
pretreatments due to its low cost and high mass transfer (104).
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Adding sucrose to a product improves the dried products
sweetness and calorie content. Substances e.g., fructose and
sorbitol may be utilized to minimize water activity. Fruit-
derived agents have smaller molecular weights than sucrose,
a sweet flavor, and lesser calories (105-107). They inhibit
enzymatic and non-enzymatic browning activities, reducing
energy consumption while preserving color and smell. They also
remove surface and intercellular gases, which prevent oxidation,
browning, softness, and off-flavor formation. Most sweet potato
OD studies used sucrose and NaCl as osmotic agents (55). There
have been few studies on the nutritional aspects, shrinkage, and
drying kinetics that occur throughout the process and non-ionic
agents like sorbitol, glucose, and fructose for the OD of sweet
potato. One of the studies by Brochier et al. (106) observed that
OD (sucrose, sorbitol, fructose) was an excellent pretreatment
for microwave drying of SPs with a shorter drying time. Weibull
models gave a best-fit model for microwave drying.

Similarly, de Junqueira et al. (89) found sorbitol as the finest
osmotic agent, with the most significant water loss and the
minimum gain of solid. Fructose was more efficient at reducing
water activity (a,,) in the samples, although it resulted in more
solid absorption. The absolute sugar concentrations of the SPs
studied ranged from 4.8 to 12.5%, with glucose, fructose, and
sucrose levels in fresh roots varying between genotypes (108).

Ultrasound pretreatments

Ultrasound (US) is a developing technology in the food
industry because it has many advantages over traditional
food processing methods (Table4). The sponge effect was
also induced by ultrasound, which created a fast alternate
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compression and expansion of the food matrix. Sonication
also generates cavitation in a liquid medium, forming bubbles
that can explode and cause confined pressure and temperature
expansion (Figure 8). Compared to untreated samples, US
pretreatment might enhance the B-carotene concentration by
4-42%. As a result, pretreatments developed in the US can
increase the quality of SPs though lowering the drying period
(109). Tayyab Rashid et al. (1) conducted a series of studies
on the ultrasonic drying of SPs. They found that vitamin C
was better maintained in the combination ultrasound/glucose
treatment, while antioxidant assays were more significant
in ultrasound- and glucose-pretreated samples. The effective
moisture diffusivity was raised by conducting ultrasound
pretreatment to minimize drying duration.

In contrast, according to the findings of ultrasonic-osmotic
dehydration, the osmotic solution did not influence moisture
diffusivity. Among the various US pretreatment timings, the
30 min ultrasonically osmotic treatment (US/GC-10%-3) was
the most effective drying time reduction (100). In another
study of multi-frequency ultrasound with infrared drying,
an optimized US frequency (40kHz) at 70°C reduced the
drying time to 20kHz, resulting in higher phytochemical
quality in dried samples than in fresh samples (101). Similarly,
pretreatment with ultrasound at 40kHz (70°C) retained the
phytochemicals in dried SPs. According to HPLC analysis, the
most common phenolic acids were ellagic and chlorogenic (44).
The ultrasound treatment had a great impact on the morphology
of sweet potatoes for its cavitation and turbulence effect. Lv
et al. (110) also reported that generated debris and irregular
pores of the ultrasound-treated egg white sample were due to
ultrasonic cavitation and the mechanical effect. This led to an
increase in water loss and solid gain and the more the water
loss and solid gain, the more collapse the cell structure (111).
This finding is similar to those reported on egg white by using
ultrasound (112). The ultrasound-treated sweet potato samples
considerably reduced drying duration from 110 to 60 min in
contrast with the control samples. Amongst the 13 explored
mathematical models, the Hii, Page, and Silva models adequately
reflected drying kinetics (1).

The effect of drying techniques on
sweet potato nutritional qualities

can dramatically change food products’

Drying
phytochemical properties and other quality attributes. The
main characteristics of SPs that must be considered when
drying are their proximate composition (fat, fiber, carbohydrate,
ash, and protein), vitamins, minerals, anti-nutrients, sensory
characteristics, and antioxidant properties (phenols, flavonols,
ABTS, DPPH). In general, drying increases the nutritional

value (83).
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Drying methods, time, and temperature significantly affect
SPs’ nutritional value. Fat, vitamin C, protein, total carotenoids,
and beta-carotene decrease with drying temperatures, while
fiber,
significantly (50, 113). Studies on the proximate composition

mineral, ash, and carbohydrate content increase
of SPs revealed that fresh samples had substantially lower
proximate composition (protein, fat, fiber, and carbohydrate)
and mineral content compared to dried samples because of
the significant amount of moisture loss during drying, leading
to a rise in the level of other nutrients (113-115). Sun-drying
(40, 114, 116) and oven drying (50, 115) are the best methods
for preserving the quality of dried SPs. Because of their short
drying times, infrared and microwave drying was the most
cost-effective of all drying technologies. Onwude et al. (37)
revealed that average SEC values obtained were lesser than those
acquired for other fruits dried by various drying techniques
e.g., convective hot-air drying of mushrooms (47.88-93.45 kW
h/kg) (117), vacuum drying of mushrooms (41.97-124.34 kW
h/kg) (117), and combined microwave and hot-air drying of
longan (8.23-10.08 kW h/kg). Under quicker drying conditions,
the qualitative characteristics of SPs used for food were
better retained.

Minerals and vitamins are essential nutrients required by our
body to function correctly. As with the approximate ingredients,
minerals and vitamins significantly affect the drying time, drying
method, and drying temperature. Kosambo (70) stated that
cabinet drying usually retains more ascorbic acid than sun
drying. The loss of trans-carotene (Provitamin A) during sun-
drying was higher than that of cabinet drying in SPs. There
is little difference between the preservation of vitamin A in
the tunnel and the open-air solar dryer of SPs (13 and 10%,
respectively) (16). According to Bechoff (35), hot-air crossflow
drying preserves more vitamin A than sun-drying. In addition
to magnesium, the temperature positively impacts the mineral
quality of SPs. The discrete mineral composition of SP flour has
seldom been deliberated, whereas the amount of ash is usually
reported as the estimated total mineral content. Results from
Olatunde et al. (118) indicate that sweet potato roots are a good
source of minerals, particularly essential micronutrients like Cu,
7Zn, iron, and Mn.

Mathematical models used in drying
sweet potatoes

The drying process modeling is a critical component of
drying technology, particularly in industrial operations. The
essential characteristics of thin layer drying technology are
the mathematical modeling of the drying procedure and the
design of equipment to select the most suitable operating
conditions. These models are often used to describe dried SPs.
The developed model has been used for calculations, including
designing, and constructing new drying systems, optimizing the
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drying techniques, and describing the drying behavior, including
combined macroscopic-microscopic media for mass and heat
transmission. Drying conditions, dryer type, and the material’s
properties to be dried all affect drying kinetics. These actions
speed up the drying process since the material is completely
subjected to hot air and temperature drying conditions. These
models account for exterior resistance to the moisture transport
method between the atmosphere and material, providing a
greater degree of accuracy, better predicting the behavior of
the drying process, and making fewer assumptions as they
rely on experimental information. Therefore, these models
have proven most valuable to dryer engineers and designers
(11). Though, they are only efficient under particular dry
circumstances. Alternatively, the theoretical models include
numerous hypotheses, leading to many errors and restricting
their use in dryer design (18). To fit the drying data, various
drying models were applied. The model parameters k, n, and
a were determined by fitting the curve. The determination
coefficient was utilized to evaluate the experimental datas
fit (R?). The model with the least possible RMSE and chi-
square x? and the uppermost R? was chosen as the best fit
for sweet potato thin layer drying characteristics. The better
the fit, the greater the R? value. Generally, an R’ value
of 0.97 or above is considered an excellent match (36, 37).
Table 5 summarizes the mathematical models suitable for drying
various SPs.

Activation energy (E;)

E; is the least amount of energy needed for drying.
It is assessed from the association between sample average
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temperature and effective moisture diffusivity by following
Arrhenius Equation (18):

E,
D= Dgexp(—————)

R(T +273.15) (18)

Dy denotes the diffusion factor (m?/s), R = universal gas
constant (8.3145 kJ/mol). E, = activation energy (kJ/mol), and
T = samples average temperature (135, 136). Equation (19)
predicted the E, values for various product thicknesses by
drawing the fitting curve between In D and 1/(T + 273.15).

E,
Slope = — —2
ope R

(19)

E, values of the SPs are tabulated in Table 6. The Ea results
summarized in Table 6 are within the acceptable range of 12—
43.26 kJ/mol for vegetables and fruits (6). Greater activation
energy derives from the increased energy needed to commence
moisture diffusion in a large-thick material.

Specific energy consumption

When selecting a proper drying technique to minimize
process costs, energy consumption during various drying
methods should be considered. According to Xie et al. (139),
the lowest and greater specific energy consumption were 81.537
and 173.761 (MJ kg~! water) at infrared drying at 70°C,
respectively. The lowest specific energy consumption (SEC)
value (0.680 MJ kg~! water) for drying samples was attained
with a thickness of 3.5m at a microwave power level of
200 W. Whereas, the highest value (2.591 MJ kg~! water) was
achieved 9 mm thick sample and a power level of 800 W (138).

frontiersin.org


https://doi.org/10.3389/fnut.2022.1040314
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Rashid et al.

10.3389/fnut.2022.1040314

TABLE 5 Thin layer models were reported in previous studies for sweet potato drying.

S. no. Model name Model References
1 Newton Mr = exp(—kt) (119)
2 Page Mr = exp(—kt") (120)
3 Modified page 1 Mr = aexp(—kt") (23)
4 Handerson and Pabis Mr = aexp(—kt") (121)
5 Modified Henderson and Pabis Mr = aexp (—kt) + bexp (—gt) + cexp(—ht) (122)
6 Logarithmic Mr = aexp (—kt) + ¢ (123)
7 Midilli Mr = aexp (—kt) + bt (124)
8 Two-term Mr = aexp (—kit) + bexp (—kat) (125)
9 Two-term exponential Mr = aexp (—kt) + (1 — a) exp (—kat) (36)
10 Hii Mr = aexp (7k1 t") + bexp (7k2t”) (126)
11 Verma Mr = aexp (7kt) + (1 — a) exp(—gt) (127)
12 Modified Midilli Mr = aexp (—kt) + b (128)
13 Aghbashlo Mr = exp (kit/1 + kpt) (129)
14 Wang and Singh Mr =1+ at + bt* (130)
15 Silva Mr = exp(—at — by/1) (131)
16 Jena and Das Mr = aexp (—kt + bt%) +C (132)
17 Parabolic Mr = a+ bt + ct? (133)
18 Weibull model Mr =a—b exp(—kt") (134)
19 Approximation of diffusion Mr = aexp (—kt) + (1 — a) exp(—kbt) (36)

When drying SP, Onwude et al. (8) convective hot-air drying
can consume ~337.79 (M] kg_1 water) of specific energy at
70°C for 4mm slices. According to other research findings,
a lower drying temperature results in higher specific energy
consumption (142). SEC was 227.39 and 265.99 (M] kgf1 water)
at 50 and 60°C, respectively. Infrared-assisted convective hot-
air drying, on the other hand, reduced energy consumption
by 69.34-85.59% (8). Limited investigations have assessed the
specific energy consumption of enhanced drying approaches,
such as microwave-assisted convective drying, particularly
when drying SPs. Further study should be conducted using
combined drying methods to determine SPs’ specific energy
consumption. However, SER is stated as the amount of energy
consumption (EC) on the dry basis to sample mass MS (g), or
the EC ratio removed from the sample during drying to water
mass MW (g)

E

SER = -C (20)
myg
E

SER = -C Q1)
My

During the drying process, the SER value slowly declines
as the moisture removal is significantly reduced as a result of
inadequate moisture of the dried product surface.
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Major issues and future
recommendation

The positive aspects of a controlled drying method include
rapid drying, preservation of nutrients, color, and shelf life.

A few future research hotspots are found in detailed
literature surveys mentioned below.

1. Optimization conditions could be used in dryers and
quality parameters to diminish the drying time and
make higher-quality foodstuffs more attractive to product
developers and consumers.

2. Osmotic pretreatments, such as sugars, improve the
nutritional quality while making the product difficult
to dry.

3. Using US application alone or combined with osmotic
pretreatment enhances the mass transfer ratio with
minimal reduction in the structure and quality of SPs.

4. Combined dryers including hot air, IR, and microwave
drying reduce the drying time and cost of regular dryers,
i.e., cabinet or oven drying.

5. Further studies on improving quality parameters and
mathematical modeling, hyperspectral imaging, FTIR, and
NIR techniques might be employed as an alternative non-
destructive tool for fast, accurate, and rapid determination
in the drying process.
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TABLE 6 Activation energy and energy consumption summarized from previous studies for sweet potato drying.

Drying Size (mm) R? Activation Energy consumption References
conditions/Temperature energy E, (M].kg_l water)
(°C) (KJ/mol)
CHAD, IRD, IRD-CHAD; T = 4-6 0.784-0.999 13.24-14.87, 6 mm CHAD 220.39, IRD (34)
50-70°C, 1,100-1,400 W/m? TR 12.22-18.76, 0.34 kW h/kg
11.57-36.44 4mm CHAD 337.79, 2.06 IRD
IR = (1,100 and 1,400 W/m?) 4-6 0.999 12.83-34.64 Varied from 0.91 to 4.82 (34)
HAD; T = 50-80°C 5,10, 15 0.987 11.1,30.4 - (18)
HAD; T = 40-70°C; US = 0, 30, 5 - - Varied from 1.4 to 2.6 (47)
60 W
HAD; T = 50-80°C SMB, WAT, 4 - 11.25,9.13,17.5 - (49)
UNT treated
100 Pa MWED, 4.5 kPa MWVD, 10 - - MWED 10,027.33, MWVD (137)
80°C MWSBD 4,259.33, MWSBD 3,004.33
HAD; T = 10-40°C - - 64.2 - (35)
P =200, 400, 600, 800 W 3.5,5,7,9 - 1.621,1.597, 1.451 Minimum 0.680 and (138)
and 1.423 maximum 2.591
HAD; T = 50-90°C 5,8, 12 0.990 6.18-19.04 - (14)
IR; T=70°C 3 - - Minimum 81.537 and (139)
maximum 173.761
HAD; T= 50-90°C 3-8 - 13.48-16.50 (13)
Far-IR; T = 60, 70, 80°C 8,10 - - 8 mm was <2.42-3.41 (140)
HAD; T = 50-80°C - 0.987 23.29 - (17)
Tray, IR, FBD; T = 45, 55, 65°C - - 35.88, 33.21, and - (36)
17.33
HAD; T = 50-70°C - - 232and 22.7 - (64)
IR-HAD; T = 60-70°C 4 - 11.38 27.67-41.44 (37)
HAD; T = 50, 60, 70°C; IR = 1,100 4 - 8.74-34.76 - (141)
W/m?
MWED, WVD, MWSBD (—38, 4.5 10 - - - (137)
KPa, 80°C)

6. Further research is needed to improve model parameters
or modify existing models, such as heat transfer coefficients
and standardized experimental temperature measurement
methods, and apply the development model to SPs.

7. Due to the increase in experimental costs, the focus is on
computer-based solutions, namely online approximation
of drying kinetics and drying techniques that also need to
control industrial operations. To achieve more dependable
and precise findings, the correctness of these simulations
was determined by utilizing a suitable mathematical model
for drying.

Conclusion

This review examines sweet potato drying methods and
offers the findings of previous studies. The various drying
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processes, drying rates, and impacts on product quality
are outlined, and operational requirements for increasing
drying quality are mentioned. This detailed study includes
mathematical models for estimating sweet potato water ratios.
A greater drying temperature, lower relative humidity, and
better velocity contribute to a faster drying rate. The drying
speed of sweet potatoes is also affected by their quality
qualities. Osmosis dehydration minimizes the drying time,
initial water content, energy consumption, and product quality
and. chemical pretreatments can improve the drying procedure
and uphold food quality. Furthermore, novel non-thermal
methods, such as ultrasonic waves, have been developed as
alternative pretreatments for reducing drying periods and
improving quality.

Natural drying procedures, such as sun, shadow, and wind
drying, are low-cost and ecologically benign. Electric heating
dryers (oven dryers) consume a lot of energy and only have
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a limited impact on product quality. Infrared and microwave
dryers are resources and provide total control over the quality of
dried items. The relative humidity and drying temperatures can
be modified to get the final product with minimal nutritional
loss. Low relative humidity, medium air temperatures (40-
70°C), and high velocity are critical operating parameters for
an effective drying operation. Several scholars have presented
mathematical models of sweet potato drying, including the
Page, Hii, and Midilli models, which give the optimum
fitting when characterizing sweet potato drying behavior. Most
recent research has found that drying sweet potatoes at lower
temperatures preserves their nutrients.

The future challenge in food drying is to optimize the
dryers and reduce both the equipment cost and running cost to
improve the quality of the product and to use renewable energy
for drying to reduce emissions. As the expense of trials rises,
more emphasis is being placed on computer-based solutions
such as FTIR online assessment of quality parameters, NIR
spectroscopy to simulate drying difficulties, and selecting the
appropriate dryer.
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