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ABSTRACT: Red banana is rich in bioactive compounds and nutrients but deteriorate rapidly due to its abundant
moisture content. To enhance its stability and health benefits, processing it into a more stable form is essential. Spray
drying is an operational technique for producing fruit powders with improved stability and convenience. This study
examines the impact of some spray dryer’s operational parameters on the bioactive attributes of spray-dried ripe red
banana powder. The effects of inlet air temperature (150-180 °C), feed pump speed (20-50 rpm), and maltodextrin
concentration (25-40%) on the stability of total phenolic content (TPC), total flavonoid content (TFC), vitamin C, and
B-carotene were analysed. Results showed satisfactory retention of bioactive compounds, with highest values of 132.20
mg/100 g,45.99 mg/100 g, 18.87 mg/100 g, and 0.065 mg/100 g for TPC, TFC, vitamin C and B-carotene respectively.
These values were obtained at operational parameters of 180 °C IAT, 35 rpm FPS, 25% MDC for TPC; 150°C IAT,
20 rpm FPS, 32.5% MDC for TFC; 165 °C IAT, 20 rpm FPS, 25% MDC for vitamin C and 165 °C IAT, 35 rpm FPS,
32.5% MDC for B-carotene. These findings underscore the importance of selecting suitable spray dryer parameters to
preserve bioactive compounds, offering valuable insights for the food industry in developing functional ingredients

with enhanced nutritional properties.
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L INTRODUCTION

Red banana, also known as red dacca (Musa acuminata
Colla AAA "Red") (Maseko et al., 2024) is regarded as one of
the most important tropical fruits widely cultivated in
numerous tropical regions (Pavethra et al., 2024). However,
there are up to 1000 varieties of banana, such as giant and
dwarf Cavendish, Barangan, Gold finger, red, Pisang and Saba
banana, red banana has gained significant attention as a food
resource due to its exceptional bioactive qualities, nutritional
profile, and health-promoting properties (Elangovan and
Natarajan, 2021). This fruit is abundant in carbohydrates (such
as glucose, fructose, and sucrose), dietary fibres, and organic
acids (primarily citric, succinic, and malic acids). It is also rich
in vitamins (including A, B1, B2, and particularly vitamin C)
and essential minerals like magnesium, potassium, manganese,
calcium and iron (Kumari et al., 2023; Vicent, 2024).
Additionally, red banana is a potent source of bioactive
compounds, which include phenols and flavonoids,
contributing to its association with various health benefits.
Consumption of banana in general and particularly red banana
has been linked to digestive health, protection against cancer,
gastrointestinal disorders, inflammatory and cardiovascular
diseases (Afzal et al., 2022; Chowdhury et al., 2024; Van Tai
et al., 2024).

*Corresponding author: adepoju.al@unilorin.edu.ng

Due to their natural sweetness and firm texture, red bananas
are widely appreciated in both fresh and cooked applications.
They can be consumed raw, blended into smoothies and
yoghurts, or used as toppings for breakfast dishes and desserts
(Mishra et al., 2016; Shini et al., 2024). However, its high sugar
and moisture content make it highly perishable, leading to
rapid physical deterioration and appearance changes within
days of harvest, especially when ripe. Consequently, the
commercialization of red bananas is restricted, predominantly
catering to local markets. This limits its potential applications
on a larger scale, such as in the food or pharmaceutical
industries (Costa et al., 2023; Ferreira and Freitas, 2019). To
address these limitations, preservation methods that retain the
fruit’s nutritional and bioactive attributes while extending its
shelf life are essential.

Drying has emerged as a practical technique for reducing
the moisture content of fruits and other biomaterials, thereby
inhibiting microbial growth and enzymatic or chemical
reactions. This process extends shelf life and makes
transportation and storage easier (Adepoju et al.,, 2021;
Adepoju and Osunde, 2017; Vargas et al., 2022). Various
drying methods have been investigated for bananas, including
solar drying (Elangovan and Natarajan, 2021), hot air drying
(Mishra et al., 2016; Sonawane et al., 2021), forced convective
drying (Taheri-Garavand et al., 2017); freeze-drying (Monteiro
et al., 2016), Pulse vacuum drying (Zhou et al., 2022); foam
mat drying (Marzlan et al., 2020; Noordia et al., 2020; Van Tai
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et al., 2024) and spray drying (Barooah et al., 2018; Wong et
al., 2018), each offering distinct benefits and limitations.
Among these, spray drying has shown considerable potential
for red banana processing due to its success in producing
powdered forms of diverse feedstock (Chavez-Rodriguez et
al., 2013).

Spray drying is a leading industrial technique for producing
powdered foods and microencapsulated food ingredients. The
process involves atomizing a fluid feed material through a hot
medium, usually air, resulting in the rapid development of
powder particles (Darroca et al., 2024; Ferreira et al., 2022).
This method offers several advantages, such as minimal heat
exposure, efficient moisture removal, consistent powder
volume reduction, improved solubility of the resulting powder,
and enhanced organoleptic properties (Acosta-Vega et al.,
2023; Gawatek, 2021; Ledri et al., 2024; Santos et al., 2021).
Various fruits have been successfully processed to powders
using spray drying, including oranges (Sidlagatta et al., 2020),
watermelon (Asnawi et al., 2022; Shi et al., 2018), tamarind
(Cynthia et al., 2015; Muzaffar and Kumar, 2017), mango
(Kongpichitchoke et al., 2021), mangosteen (Setyawati et al.,
2020), pineapple (Sharma et al., 2023; Wong et al., 2015),
guava (Shishir et al., 2014) and banana (Harish et al., 2017;
Wong et al., 2018). This study aimed to investigate the effects
of operational parameters (inlet air temperature, feed pump
speed, and maltodextrin concentration) on total phenolics, total
flavonoids, B-carotene, and ascorbic acid.

II. MATERIALS AND METHODS

A. Materials

Fully ripe red banana fruits (ripeness level 4 as shown in the
red banana ripening chart in Figure 1) used in this study were
procured from a popular agricultural produce market located in
Ganmo (8°29'00"” N, 4°35'00" E), Ilorin in Kwara State, south-
western Nigeria. Laboratory-scale spray dryer used was
situated at the Food Processing Laboratory, Nigerian Stored
Products Research Institute (NSPRI), Ilorin. Maltodextrin
(carrier agent) was purchased from Special Ingredients Ltd,
Foxwood Industrial Park, Chesterfield, S41 9RN, United
Kingdom, Pectinase enzyme was bought from North Mountain
Supply, Mildred, PA, USA and Folin-Ciocalteau’s reagent,
gallic acid and all chemical used were of analytical grade and
were obtained from Sigma-Aldrich, Germany and BDH,
England

1 2 3 4 5

1 — Unripe; 2 — Early Ripening; 3 — Partially Ripe; 4 — Fully
Ripe; 5 — Overripe. Source: Morelli & Kader (2024)
Figure 1: Red Banana Ripening Chart

B.  Methods

1. Feedstock preparation

The banana fruits were washed, drained, peeled and cut into
small pieces directly into a manual food chopper and processed
until a mashed pulp was obtained. The pulp was immediately
treated with pectinase enzyme by using the method of Chang
et al. (2020) with modifications, to obtain banana juice.
Maltodextrin (25-40%) was added directly to the extracted
banana juice according to the experimental design and this
mixture is considered to be the feedstock for the spray drying
process.

2. Spray drying of feedstock

A laboratory-scale co-current spray dryer (Xiamen Ollital,
China) shown in Figure 2 was utilized to produce red banana
powder. A peristaltic pump dispersed the feedstock into the
dryer following the experimental design. The process
conditions, including inlet air temperature (150-180°C), feed
pump speed (20-50 rpm), and maltodextrin concentration (25-
40%), were adjusted accordingly. The spray-dried banana
powders were collected from the product vessel, cyclone, and
cylindrical sections after each experimental run by gently
brushing the chamber walls. The collected powders were then
immediately stored separately in airtight pouches at room
temperature (20-25°C) for further analysis.

Figure 2: Laboratory-Scale Spray Dryer

3. Experimental design

The experiment was designed using Response Surface
Methodology (RSM) of the Design Expert 13.0 software
(Statease Inc., Minneapolis, MN, USA). Box-Behnken
design with five replicates at the centre point was used for
spray drying of ripe banana juice. This particular design was
chosen because it was reported to have better predictive
precision in the centre of the factor space (Bazaria and
Kumar, 2018). Three independent variables namely, inlet air
temperature (150, 165 and 180°C), feed pump speed (20, 35
and 50 rpm) and maltodextrin concentration (DE 17)
concentration (25, 32.5 and 40%) were considered to develop
predictive models for different responses. Seventeen (17)
runs of the experiment were conducted including the central
point. To evaluate the effects of process conditions on the
responses, the quadratic polynomial Equation (1) was fitted
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to the empirical data. The designed experiment is presented
in Table 1.

Y =By + X Bix; + Xy By xf + X1 XLy By xi; (1)

Table 1: Experimental Design for Spray Drying of Red
Banana Powder

Run IAT (°C)  FPS (rpm) MDC (%)
1 165 35 325
2 165 50 25
3 165 35 325
4 165 20 40
5 180 50 325
6 165 35 325
7 150 35 25
8 165 35 325
9 165 20 25
10 150 35 40
11 180 35 25
12 165 35 325
13 180 35 40
14 150 50 325
15 150 20 325
16 180 20 325
17 165 50 40

IAT - Inlet Air Temperature; FPS - Feed Pump Speed; MDC
- Maltodextrin Concentration

C. Analysis of Bioactive Attributes of the Banana Powder
The following bioactive attributes of the spray-dried banana
powder were determined:

1. Determination of Total Phenolic Content (TPC)

Total phenolic content was measured using the Folin—
Ciocalteau method with gallic acid as the standard following
the method of Riya et al (2023) with modifications.
Spectrophotometric readings were taken at 650 nm using a
UV-visible  spectrophotometer  (1902PC  Searchtech
Instrument, England). The results were expressed in
milligrams of gallic acid/100 g of sample.

2. Determination of Total Flavonoid Content (TFC)

The total flavonoid content was determined using the
aluminium chloride colorimetric assay method outlined by
Riya et al. (2023) with modifications, with quercetin as the
standard. Spectrophotometric readings were performed at 450
nm using a UV-visible spectrophotometer (1902PC Searchtech
Instrument, England). The results were reported in milligrams
of quercetin/100 g of sample.

3. Determination of ascorbic acid content
The determination of ascorbic acid (or vitamin C) content was
determined using the titration method, involving the reduction
of standardized 2,6-dichloroindophenol in the presence of
oxalic acid as described by Hussain et al. ( 2024). The results
were expressed in milligrams of ascorbic acid/100 g of sample.

4.  Determination of -carotene content

The B-carotene content in the spray-dried banana powder
samples was analysed using the solvent extraction method
described by Arebo et al. (2023). The absorbance of the
extracted sample was measured at 450 nm using a UV-Vis
spectrophotometer. The B-carotene concentration was then
determined based on a calibration curve generated from
standard analytical-grade B-carotene solutions.

D. Statistical Analysis

Design Expert 13.0, (Stat-ease Inc., Minneapolis, USA) was
used to correlate the relationship between the independent
variables (inlet air temperature, feed pump speed and
maltodextrin concentration) and the responses (total phenolic
contents, total flavonoid contents, vitamin C, and pB-carotene).
Analysis of variance (ANOVA), along with coefficient of
determination R? and adjusted R?> were used to assess the
quality, accuracy and adequacy of the models. Lack of fit tests
were used to determine the appropriateness of the fit. The F-
values and R? values of the responses were calculated as a
function of variables. The 3-D surface plots were generated to
study the interactive effect of independent variables on the
responses by keeping two factors constant and varying the
other factor.

III. RESULTS AND DISCUSSION

The effects of spray drying operational parameters on the
bioactive attributes of red banana powder is presented in Table
2.

A. Effect of Operational parameters on Total Phenolic
Content (TPC) of the Banana Powder

Phenolic compounds are essential secondary metabolites that
are relatively high in bananas compared to other fruits. They
have been associated with health benefits that include the
prevention of several cardiovascular diseases (Anyasi et al.,
2018). Banana juice dried at inlet air temperature of 180°C,
feed pump speed of 35 rpm and maltodextrin concentration of
25 % has the highest TPC of 132.20 mg/100 g while the lowest
value of 77.18 mg/100 g was observed at a temperature of
180°C, feed pump speed of 35 rpm and maltodextrin
concentration of 40%.
The ANOVA results (Table 3) showed F- and p-values of
3349.81 and <0.000, indicating that, the quadratic model is
statistically significant and explains most of the variations in
TPC. All linear, interaction and quadratic terms are significant
(p<0.0001), and this implied that the operational parameters
contribute meaningfully to the model. The p-value for lack of
fit is greater than 0.05 (0.0613), implying that the lack of fit is
not significant. This shows that the model adequately fits the
experimental data. The high R? (0.9998) and adjusted R?
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Table 2: Bioactive Properties of the Banana Powder as Affected by Process Parameter

Run IAT (°C) FPS (rpm) MDC (%) TPC TFC Vitamin C B-Carotene
(mg/100g) (mg/100g) (mg/100g) (mg/100g)
1 165 35 32.5 89.711 25.119 9.574 0.065
2 165 50 25.0 128.543 26.174 12.637 0.045
3 165 35 32.5 89.411 25.111 9.589 0.064
4 165 20 40.0 117.758 29.794 14.680 0.041
5 180 50 32.5 90.630 26.607 9.318 0.048
6 165 35 32.5 89.468 25.107 9.543 0.064
7 150 35 25.0 88.045 33.298 17.012 0.034
8 165 35 32.5 89.197 24912 9.572 0.065
9 165 20 25.0 114.577 31.253 18.868 0.047
10 150 35 40.0 115.909 31.355 13.851 0.049
11 180 35 25.0 132.203 23.700 12.064 0.063
12 165 35 32.5 89.197 24912 9.572 0.065
13 180 35 40.0 77.183 17.491 12.162 0.036
14 150 50 32.5 86.527 24.675 12.034 0.043
15 150 20 32.5 92.328 45.990 16.260 0.040
16 180 20 32.5 91.378 20.144 12.252 0.051
17 165 50 40.0 98.334 19.676 13.672 0.043
RBJ 270.938 60.935 22.440 0.083

RBJ — Red Banana Juice

(0.9995) values indicated that the quadratic model explains
99.98% of the variability in the TPC. The minimal difference
between R? and Adjusted R? implies a well-fitted model with
no overfitting. The predicted R? (0.9969) is in reasonable
agreement with the adjusted R?, suggesting strong predictive
ability of the model. The exceptionally high ratio (191.174)
indicated a very strong signal and confirmed the model's
reliability for navigating the design space. Equation (2) showed
the quadratic model for TPC.

TPC = 84.40 + 1.07A — 1.50B — 6.77C + 1.26AB —
20.72AC — 8.35BC — 5.324% + 6.14B* + 19.26C? 2)

The coefficients indicate the magnitude and direction of each
factor's effect. For example, the inlet air temperature (A) has a
linear effect on the TPC and a positive coefficient of +1.07
suggests that an increase in [AT slightly enhances TPC within
the studied range. This could be due to various mechanisms
explained in literatures such as possible polymerization of
polyphenols at high temperatures leading to an increase in
TPC, formation of new phenolics and cleaving of ester bonds
from phenolics-containing compounds, thereby releasing free
phenolics (Huynh ef al., 2023; Zhang et al., 2020). However,
a negative quadratic coefficient (—5.32) indicates that very
high IAT lead to a decline in TPC, which may be due to thermal
degradation of heat-sensitive phenolic compounds.

Feed pump speed (B) has a linear effect with a negative
coefficient (—1.50) and this shows that increasing FPS reduces
TPC. This is probably due to less residence time in the drying

chamber, resulting in incomplete evaporation and lower
encapsulation of phenolic compounds. A similar observation
was noted in studies on the spray drying of mango juice (Pham
et al., 2022). Other authors noted that increasing FPS results in
shorter residence time, which can lead to lower TPC due to
insufficient drying (Silva et al., 2024). However, a positive
coefficient (+6.14) of the quadratic effect (B?) implies that
moderate FPS can improve TPC, balancing efficient drying
and encapsulation. Maltodextrin Concentration (C) has a
strong negative coefficient (—6.77) on the TPC, and this
indicates that higher MDC significantly decreases TPC. It was
also noted that the highest value of TPC was obtained at the
lowest MD concentration within the design matrix (25%). This
observation is in tandem with previous studies that established
a dilution effect of TPC at higher carrier concentrations
(Leyva-Porras et al., 2021; Tan et al., 2021; Wirivutthikorn,
2024).

However, a very large positive coefficient (+19.26) of the
quadratic effect of maltodextrin concentration (C?) suggests
that at optimal levels, MDC can protect phenolic from
degradation during spray drying by acting as a stabilizing
agent. The most significant interaction (—20.72) occurs with
the interactive effects of inlet air temperature and maltodextrin
concentration, and this indicates that the combination of high
IAT and high MDC leads to substantial TPC reduction. This
reflects the dual effect of heat-induced degradation and
excessive dilution of phenolic compounds in the banana juice
powder. A negative interaction (—8.35) which shows that
higher MDC combined with faster FPS reduces TPC was also
noted. This may likely results due to inadequate encapsulation
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Table 3: Analysis of variance (ANOVA) of quadratic model for TPC and TFC

TPC TFC

Source Sum of Mean F Value P value Sum of Mean F Value P value
df  squares square squares  square

Model 9 4240.25 471.14  3349.81 <0.0001 671.88  74.65 5602.84 <0.0001
A-IAT 1 9.21 9.21 65.48 <0.0001 280.56 280.56 21056.54 < 0.0001
B-FPS 1 18.02 18.02 128.13 <0.0001 112.88 112.88 847140  <0.0001
C-MDC 1 366.99 366.99  2609.32 <0.0001 32.44 32.44 2434.65  <0.0001
AB 1 6.38 6.38 45.38 0.0003 192.92 192.92 14478.49 < 0.0001
AC 1 1717.44 1717.44 12211.03 <0.0001 4.55 4.55 341.36 <0.0001
BC 1 278.72 278.72 1981.69 <0.0001 6.35 6.35 476.53 <0.0001
A? 1 119.37 119.37  848.71 <0.0001 17.33 17.33 1300.99 < 0.0001
B2 1 158.92 158.92 1129.94 <0.0001 22.13 22.13 1660.91 <0.0001
C? 1 1562.34 1562.34 11108.25 <0.0001 1.52 1.52 113.95 <0.0001
Residual 7 0.9845 0.1406 0.0933  0.0133
Lack of Fit 3 0.8004 0.2668  5.80 0.0613 0.0452  0.0151 1.25 0.4021
Pure Error 4 0.1841 0.0460 0.0481  0.0120
Cor Total 16 4241.23 671.98

R2=0.9998 R?=10.9999

Adjusted R?=0.9995
Predicted R?=0.9969
Adeq Precision = 191.1738

Adjusted R?=0.9997
Predicted R?=0.9988
Adeq Precision = 322.1247

at high flow rates and excessive carrier content. A smaller but
significant positive interaction (+1.26) indicates that the
combined optimisation of IAT and FPS can enhance TPC,

TPC (mg/100g)
TPC (mg/100g)

provided these are within optimal ranges. 3D surface curves
showing the interactive effects of the operational parameters
on TPC of banana powders are shown in Figure 3

TPC (mg/100)

Figure 3: Interactive effects of the operational parameters on TPC of banana powders as depicted by 3D plots

The TPC values recorded in this study are higher than the range
(29.91-71.46 mg/100g) obtained by Alam et al. (2023) for
banana flour dried with freeze drying and other methods.
Several studies have also reported lower or similar values of
TPC for different spray-dried fruit powder. Notably, 105
mg/100g for bilberry juice powder (Halahlah et al., 2023);
116.90-218.50 mg/100g cantaloupe powder (Tan et al., 2021);
116.87 mg/100 for blackcurrant powder (Archaina et al.,
2018); 5.9-10.8 mg/g for strawberry juice powder (Leyva-
Porras et al., 2021) and 50.36-78.30 mg/g for palmyrah fruit
powder (Sangeetha et al., 2023). TPC ranging from 61.28-
96.11 mg/100 g was also obtained for lemon juice powders
(Rohini et al., 2024). However, Khoza et al. (2021) reported

higher range of values (298.73-524.87 mg/100g) for different
cultivars of green banana flour. This is possibly because of
differences in the stage of ripening, the growth conditions and
other environmental practices. Moreover, the extent of
maturity has been reported to substantially affect the total
phenolic content in banana powder (Khoza et al., 2021). It was
reported that over-ripe banana flour had 52% less phenolic
content than green banana flour (GBF), while ripe banana flour
had 15-45% less phenolic content than GBF (Anyasi et al.,
2018). Additionally, Huynh et al. (2023) recorded a TPC of
1011-1268 mg/100 g for spray-dried lime powder.
Furthermore, phenolic compounds are of interest in the food
industry due to their antimicrobial, anticarcinogenic,
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antitumorigenic and antioxidant properties (Ferreira et al.,
2022). With the value of TPC obtained in this study, the banana
powder produced has the potential for being used as a raw
ingredient in functional foods.

B.  Effect of Operational parameters on Total Flavonoid

Content (TFC) of the Banana Powder

Flavonoids are potent antioxidants, neutralizing free radicals
and preventing oxidative stress. They help in lowering the risks
of chronic diseases such as cardiovascular issues and
neurodegenerative disorders and have been reported to have
anticancer, anti-inflammatory, antidiabetic and antimicrobial
properties (Raman et al., 2020; Silva et al., 2024). The highest
TFC 0f45.99 mg/100 g for the spray-dried banana powder was
observed in experimental run 15 with 150°C IAT, 20 rpm FPS
and 32.5% MDC while the lowest value of 17.49 mg/100 g was
obtained at 180°C IAT, 35 rpm FPS and 40% MDC.
The results obtained in this study corroborate previous reports
in literature that lower IAT helps to preserve heat-sensitive
flavonoids, minimizing thermal degradation. Studies
confirmed that temperatures around 140-160°C optimise

S S S S S
S TS S
— u:‘r“'_*."‘o‘- e
N

TFC (mg/100g)
TFC (mg/100g)

25 150

20150

A IAT (C)

= .!‘
8
SO

CROCS
SSSoRSes
SSST
‘..““
e

A IAT £C)

NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 22, NO.3, JUNE 2025

flavonoid retention in banana and other fruit powders
(Demircan et al., 2023; Hadree et al., 2023; Sharma et al.,
2023). Moreover, lower FPS allowed sufficient drying time
without overheating, reducing oxidative and thermal damage
to flavonoids and other bioactive compounds in fruit powders,
leading to higher retention of phenolic compounds (Chang et
al., 2021; Singh and Hathan, 2017). In addition, a moderate
maltodextrin concentration balances the protection of
flavonoids during spray drying without excessively diluting
the juice. Studies suggest that maltodextrin levels around 25-
35% provide effective encapsulation without significant
dilution of active compounds (Lee ef al., 2013; Wirivutthikorn,
2024).

All factors (linear, quadratic and interaction) showed
significant effects on TFC (p < 0.0001) as shown in the
ANOVA in Table 3. Equation (3) showed the quadratic model
used to evaluate the impact of the operational parameters on
TFC. The 3D surface plots illustrating the relationships
between the operational parameters and TFC are presented in
Figure 4.
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Figure 4: Response surface plots showing the interactive effects of the operational parameters on TFC of the banana powders

The lowest TFC of 17.49 mg/100 g was obtained at process
conditions, 180°C IAT, 35 rpm FPS, 40% MDC. This
observation is in line with some research stating that high inlet
air temperature causes thermal degradation of flavonoids,
which are sensitive to heat. The present findings were
consistent with the results obtained for spray-dried Japanese
apricot (Kim ef al., 2023) and chokeberry powder (Gawatek
and Domian, 2020).

TFC = 25.03 —5.924 — 3.76B — 2.01C + 6.94AB —
1.07AC — 1.26BC + 2.034% + 2.29B% — 0.60C? 3)
Studies highlight that temperatures above 170°C lead to
significant losses in flavonoid content due to oxidation and
breakdown (Feszterova et al., 2023; Kuck and Norefia, 2016).
Higher feed rates result in insufficient drying, leading to
uneven moisture content, which can accelerate degradation
processes during and after drying, compromise powder quality
and bioactive retention (Pham et al., 2022). Further, high MDC
dilute the flavonoid content in the final powder. While carriers
protect bioactives during drying, excessive amounts lower the
apparent concentration of bioactives in the powder, causing a
reduction in TPC (Tran et al., 2023). The interaction between
these parameters (inlet air temperature, feed pump speed, and

maltodextrin concentration) can significantly affect the total
flavonoid content. For instance, a combination of lower IAT
with appropriate FPS can enhance flavonoid retention as seen
in the model equation. The findings in this study align with
recent literature emphasizing the importance of optimizing
spray drying parameters to preserve bioactive compounds
(Huynh et al., 2023). The significant influence of IAT, FPS,
and MDC on TFC corroborates broader trends in food
processing research, highlighting spray drying as a reliable
technique for producing nutrient-rich banana powder.
Several studies have reported different values for TFC for
varieties of spray-dried fruit powders. A range of 15.25-25.94
mg/100 g was obtained for cantaloupe powder (Tan et al.,
2021), 56.34-98.85 mg/100 g for lemon juice powders (Rohini
et al., 2024). Saikia et al., (2015) noted 34.16 mg/100 g for
khasi mandarin, 16.93 mg/100 g for carambola, 14.59 mg/100
g for pineapple and 2.41 mg/100 g for watermelon powders
respectively.

C. Effect of Operational parameters on Ascorbic Acid

Contents of the Banana Powder

Ascorbic acid (vitamin C) is a potent antioxidant that functions
as a preservative in foods by preventing browning and other
oxidative reactions, acting as a free radical scavenger. It plays
a crucial role in various physiological processes, including
immune system support, prevention of mucosal bleeding, and
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regulation of blood glucose levels (Garcia-Chacon et al., 2024;
Silva et al., 2024). It is also one of the important nutrient in
humans’ diet due to the inability of the human body to
synthesize it (Muniz et al., 2020). The ascorbic acid in banana
juice was 22.44 mg/100 g while the one found in the banana
powder ranged from 9.32-18.87 mg/100 g, indicating a
significant influence of the process parameters. The highest
obtainable value of ascorbic acid for the powder in this study
was close to those observed for the juice, indicating a lesser
effect of the spray drying process on this bioactive compound.
The ANOVA of the quadratic model (Table 4) revealed that
IAT (A), FPS (B), and MDC (C) significantly affect vitamin C
retention, both individually and through interactions. The
model’s F-value (27599.48) and p <0.0001 indicate that it is
highly significant. This suggests that the independent variables
(IAT, FPS, and MDC) and their interactions significantly
influence vitamin C retention. The R? value of 1.0000 implied
that the model, demonstrating excellent fit, explains the
variability in vitamin C retention. The adjusted R? (0.9999) and
predicted R? (0.9997) showed strong agreement between
predicted and observed values, with a difference of less than
0.2, confirming the model's reliability. The lack of fit is not
significant, indicating the model adequately captures the data
without random noise interference. The robustness of the
model to navigate the design space is indicated by the high
value of adequate precision (529.6759). The model equation
fitted for vitamin C is presented in Equation (4).

Ascorbic acid = 9.57 — 1.674 — 1.80B — 0.78C +

0.324B + 0.82AC + 1.31BC + 0.85A% + 2.04B? + 3.35C?
“4)

Negative Coefficient (—1.67) of IAT indicated that vitamin C

retention decreased with increase in temperature. This

observation is in alignment with previous studies on spray-

dried powder, which stated that elevated IATs negatively
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influence vitamin C retention due to thermal degradation and
possible oxidation (Huynh et al, 2023; Khwanpruk et al.,
2018; Lee et al., 2013; Pham et al., 2022). A study on sweet
orange juice powder reported that vitamin C retention was
higher at lower inlet air temperatures, with significant
degradation observed as temperatures increased (Sidlagatta et
al., 2020). Similar behaviour of vitamin C with respect to the
process temperatures was reported for pineapple powder
(Cardona et al., 2023). Thermal degradation of heat-sensitive
vitamin C can also occur through the conversion of ascorbic
acid to dehydroascorbic acid, which further degrades into
inactive compounds (Sarkar et al., 2023).

The negative coefficient (—1.80) of the FPS implied that higher
feed pump speeds reduced vitamin C retention (Huynh et al.,
2023). Faster flow rates caused uneven drying, leading to
incomplete evaporation and dripping of the banana juice
directly into the waste collection chamber of the spray dryer.
Feed pump speed affects the residence time of the feed in the
drying chamber, thereby influencing vitamin C retention. A
study on cupuassu powder found that an inlet air temperature
of 130°C and a feed flow rate of 30 mL/min produced high-
quality spray-dried powder, suggesting that moderate FPSs can
enhance vitamin C retention by reducing exposure to heat
(Acosta-Vega et al., 2023).

However, a contrary observation was reported by Muzaffar et
al. (2016) that higher feed pump speed showed a positive effect
on the vitamin C content of pomegranate powder as a result of
slower heat and the mass transfer. The negative coefficient
(—0.78) for MDC implied that higher concentration of
maltodextrin leads to a decrease in vitamin C retention due to
dilution effect, that is, increasing MDC reduced the effective
concentration of vitamin C in the feed mixture, leading to
lower measured retention.

Table 4: Analysis of variance (ANOVA) of quadratic model for Vitamin C and p-carotene

Vitamin C B-carotene

Sum of Mean F Value Sum of Mean
Source df p-value F-value p-value

squares square Squares Square
Model 9 136.65 15.18 27599.48 <0.0001 0.0658 0.0073 166.43 <0.0001
A-IAT 1 22.31 22.31 40557.49 <0.0001 0.0000 0.0000 1.03 0.3429
B-FPS 1 25.92 25.92 47116.54 <0.0001 0.0105 0.0105 238.91 <0.0001
C-MDC 1 4.83 4.83 8777.53  <0.0001  0.0050 0.0050 113.04 <0.0001
AB 1 0.4173 0.4173 758.60 <0.0001  0.0007 0.0007 16.79 0.0046
AC 1 2.66 2.66 4826.51  <0.0001  0.0001 0.0001 1.89 0.2121
BC 1 6.82 6.82 12399.50 <0.0001  0.0284 0.0284 647.40 < 0.0001
A? 1 3.06 3.06 5554.68  <0.0001  0.0060 0.0060 136.55 < 0.0001
B? 1 17.59 17.59 31973.40 <0.0001  0.0075 0.0075 170.55 <0.0001
C? 1 47.27 47.27 85916.10 <0.0001  0.0081 0.0081 183.82 < 0.0001
Residual 7 0.0039 0.0006 0.0003 0.0000
Lack of Fit 3 0.0027 0.0009 3.28 0.1408 0.0002 0.0001 2.36 0.2123
Pure Error 4 0.0011 0.0003 0.0001 0.0000
Cor Total 16 136.66 0.0020
R2=1.0000 R2=0.9981

Adjusted R?=0.9999
Predicted R?=0.9997
Adeq Precision = 529.6759

Adjusted R?=0.9957
Predicted R?=0.9766
Adeq Precision = 55.2570
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While maltodextrin served as a protective carrier, too much
MDC can alter particle structure, reducing encapsulation
efficiency. In addition, maltodextrin attracts moisture due to its
hygroscopic nature, and excess moisture can accelerate
vitamin C degradation through hydrolysis and oxidation. A
contrary observation was reported by Mohanty et al. (2021)
that increase in additive concentration led to increased vitamin
C content in palm powder. The authors stated that vitamin C
was well encapsulated and less affected on exposure to a higher
temperature with increased additive concentration. Ribeiro et
al. (2019) also reported a similar trend.

The interaction effects of AB (IATxFPS) with a positive
coefficient (+0.32) on vitamin C retention means that while
both high IAT and FPS individually decrease Vitamin C, their
combined effect is less severe than expected. This is because
high flow rates may shorten drying time, partially offsetting the
damage from high temperatures. Likewise, the interactive
effects of IAT and MDC (AC) showed that higher MDC
combined with increased drying temperature (IAT) improves
vitamin C retention, suggesting that maltodextrin provides
some thermal protection at moderate levels by forming a

Vitamin C (mg/100g)
Vitamin € (mg/100g)

20 150

protective layer around vitamin C, reducing direct exposure to
heat. However, excessive MDC at high temperatures may
increase viscosity of the feed, leading to incomplete drying and
degradation.

Moreover, Higher MDC and increased FPS (BC with
coefficient +1.31) enhanced retention as maltodextrin acts as a
protective carrier when applied with optimised feed rates in
spray drying. A high feed pump speed prevents overheating,
which helps maintain Vitamin C stability. The nonlinear
(quadratic) effects of IAT on vitamin C retention showed that
its degradation accelerates at extreme temperatures, but a
moderate temperature range were less harmful. In addition,
very high or very low feed pump speeds were detrimental to
vitamin C and a moderate FPS was observed to balance
uniform drying and minimize exposure time. Likewise, the
quadratic effect of MDC suggested that both very low and very
high MDC levels reduce vitamin C retention. However, a
contrary view was reported by for spray-dried umbu powder
where the authors observed vitamin C retention at high
maltodextrin concentration (Muniz et al., 2020). The response
surface plots for vitamin C are depicted in Figures 5.

Vitamin C (mg/100g)

Figure 5: Response surface plots showing the interactive effects of the operational parameters on vitamin C of banana powders

Several authors have reported varying values for vitamin
Clascorbic acid retention in spray-dried fruit powders. An
increase in ascorbic acid from 33.32-97.62 mg/100 g was
recorded for muskmelon powder (Vennila et al., 2020). In
another study, mean values of vitamin C for pineapple powder
were reported to fluctuate between 5.9 and 39.1 mg/100 g
(Cardona et al., 2023). Vitamin C of 5.2% and 10.5% for ripe
and unripe spray-dried banana powder were reported by Harish
et al. (2017). A decrease in vitamin C content of spray-dried
mango from 21.13 mg/100 g to 13.44+0.63 g/100 g was also
noted for mango powder (Pham et al., 2022)

D. Effect of operational parameters on [p-carotene
contents of the banana powder

B-carotene is a precursor of vitamin A, essential for vision and
immune function. It helps to reduce inflammatory responses
and aids in the regulation of cell signalling in the human body.
Lebaka et al. (2021) reported that high concentrations of f3-
carotene coupled with other phytochemicals have the potential
of preventing leukaemia and progression of certain cancers in
the body. Retention during spray drying enhances the

nutritional value of the powder for use in fortified foods. The
values of B-carotene obtained in this study for spray-dried red
banana powder was in the range of 0.034-0.065 mg/100 g.
The ANOVA and model fit for the B-carotene contents of
banana juice powders are presented in Table 4. The high F-
value (166.43) and very low p-value (<0.0001) indicate that the
model is highly significant, and the operational parameters
evaluated have a strong influence on the B-carotene contents.
The model’s R? (0.9953) and adjusted R? (0.9894) show
excellent predictive accuracy and agreement with the observed
values. The parameters feed pump speed (FPS), maltodextrin
concentration (MDC), and their quadratic terms (B?, C?) are
significant contributors to fB-carotene retention (p 0.05). The
model shows a non-significant lack of fit (p=0.2123),
indicating that it adequately captures the variability in the data.
The predicted R? of 0.9498 is in reasonable agreement with the
adjusted R? (0.9894) with a difference of less than 0.2.
Adequate precision, which measures the signal-to-noise ratio
is 53.982 and this showed that the model could be used to
navigate the design space.
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Figures 6 illustrates the 3D surface plots showing the influence
of the operational parameters on the B-carotene contents of the
banana juice powder. The second order polynomial equation
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Figure 6: Response surface plots showing the interactive effects of the operational parameters on B-carotene of banana powders

showing the relationship between operational parameters and
B-carotene contents is written as Equation (5).

B-carotene = 0.052 + 0.036B + 0.025C + 0.084BC —
0.0384% + 0.042B? + 0.044C*> (5)

In this study, it was observed that though IAT was not a
primary driver of B-carotene retention (as shown in the
insignificance of temperature in the ANOVA), it still
influenced drying kinetics and if it is excessively high, it can
degrade B-carotene due to thermal sensitivity. Several studies
have highlighted that the B-carotene content of spray-dried
fruit/food powders declined with an increase in inlet air
temperature due to thermal and oxidative degradation (Arebo
et al., 2023; Deshmukh et al., 2017; Pui et al., 2020;
Thumthanaruk et al., 2021). However, Hadree et al. (2023)
alluded to a study that suggested that spray drying at high
temperatures produced a large number of small powder
particles, which helped to protect f-carotene from oxidation.
A controlled feed pump speed ensures proper atomization and
minimizes exposure to temperatures, reducing thermal
degradation of B-carotene. It was observed from this study that
higher feed pump speed resulted in insufficient contact time
between feed droplets and hot air, and led to less efficient heat
and mass transfer. A similar observation was reported by
Arebo et al. (2023). On the other hand, very low FPS resulted
in burnt powders, which adhered to the wall of the drying
chamber. In both scenarios, the retention of B-carotene was not
satisfactory. Therefore, for better B-carotene retention, a
moderate FPS coupled with other operational parameters
should be selected. Anisuzzaman et al. (2022) noted in their
review on spray drying of tomatoes that increased feed flow
rates, which are a function of the feed pump speed, lower yield,
as some feed will not be atomised but drip directly into the
waste collection bottle of the dryer, thereby lowering the -
carotene contents and other nutrients in the powder. Similar
observations were noted in this study.

MDC positively correlates with p-carotene retention.
Maltodextrin acts as a carrier and encapsulating agent, forming

a protective matrix around [-carotene molecules. This
minimizes oxidative and thermal degradation during spray
drying. The interaction term FPSxMDC (BC) has the highest
impact, as indicated by the F-value (647.40). This suggested
that a moderate combination of MDC with FPS enhanced -
carotene retention by balancing thermal exposure and matrix
protection. A synergistic interaction which prevented
stickiness (from low MDC), and incomplete drying (from high
FPS) was observed. Research consistently supports the
protective role of carrier agents like maltodextrin in
carotenoid-rich powders (Chang et al., 2018; Garcia-Chacén et
al., 2024). Encapsulation through maltodextrin not only
protects P-carotene during drying but also enhances the
powder's shelf stability by reducing oxidative degradation.
Pertiwi et al. (2020) reported a negative relationship between
maltodextrin and [-carotene of overripe canistel powder,
where increased maltodextrin addition led to reduced pB-
carotene retention in the powder. They stated that the increase
in maltodextrin influenced the B-carotene content due to the
dilution of pigment. They recorded predicted and validated
values of B-carotene as 2.65 mg/kg and 0.63 mg/kg for the
powder. A similar trend was observed in this study with the
quadratic terms of MDC indicating diminishing returns beyond
optimal levels, connoting that excessive maltodextrin could
dilute the active compounds and reduce the powders’ -
carotene contents. The B-carotene contents of the banana
powder were observed to be lower after spray drying. The f-
carotene content of the juice was 0.083 mg/100 g while those
of the powder ranged between 0.034-0.065 mg/100 g. A
similar observation was reported for kuini powder where the
B-carotene content reduced from 14.12 pug/g (1.412 mg/100 g)
in the juice to 5.54 pg/g (0.554 mg/100 g) after spray drying
(Chng et al., 2020). The B-carotene contents of the developed
banana powder in this study are lower than those reported for
carrot waste extract (Seregelj et al., 2021) and muskmelon
powder (Vennila et al., 2020). The red banana powder with
retained f-carotene can be used as a supplementary, nutrient-
dense ingredient for fortified foods, smoothies, or health
supplements.
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IV. CONCLUSION

This study highlighted the effects of spray dryer operational
parameters on the retention of bioactive compounds in red
banana powder. The findings demonstrated that the studied
operational parameters had varying effects on the retention of
total phenolics, flavonoids, vitamin C, and B-carotene. The
results underscored the significance of carefully selecting
drying conditions to enhance the bioactive properties of the
dried powder. The ripe red banana powder produced is
recommended as a functional ingredient in food formulations.
Overall, this research provides valuable insights for the food
industry in developing stable, nutrient-rich fruit powders for
health-conscious consumers.
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