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�Mango powder is a nutrient-dense substance that can be used directly or as a supplement in food items. However, due to 
the high sugar content, the removal of moisture from mango was difficult. This study investigated an infrared drying technique 
for removing moisture from mango pulp to produce powder products. The experiment was designed in a three-factor full 
factorial design with the following variables: drying temperature (70, 75, and 80°C), maltodextrin content (0, 6, and 9 g/100 g 
pulp), and total soluble solid content (11 and 16°Brix). The findings indicated that the Weibull model was the most appro-
priate for describing the moisture removal of mango pulp during infrared drying. Higher temperature and maltodextrin 
content, along with reduced total soluble solid content, resulted in improved quality of the mango powder. Furthermore, 
the optimal drying conditions for mango powder were found as 11°Brix, 80°C, and 9% maltodextrin content, which could 
ensure the highest retention of total phenolics (59.874%), retention of reducing sugars (71.044%), total acidity (10.141%), 
and retention of DPPH radical scavenging activity (65.051%). To fully benefit from the rewards of infrared drying, it is essential 
to establish suitable pretreatment conditions or use additives to preserve component quality.
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INTRODUCTION
Mango (Mangifera indica L.) is one of the most widely consumed 
tropical fruits due to its high nutritional and economic values 
[Occena-Po, 2006]. It has been found to contain numerous bio-
active phytochemicals, including phenolics, terpenoids, caro-
tenoids, and phytosterols with antioxidant, anti-inflammatory, 
immunomodulatory, antibacterial, anti-diabetic, anti-cancer, 
and anti-microbial benefits [Mirza et al., 2021]. However, man-
go fruits are extremely perishable and delicate; thus special care 
must be taken during their transport and storage. Mangoes are 
a very marketable commodity, and the processing sector can 
increase its value by transforming them into frozen goods, pulp, 

and powders among which mango powder holds a lot of pro-
mise as a nutritional supplement because of its high nutritional 
value [Owino & Ambuko, 2021]. Nevertheless, the production 
of mango powder faces many difficulties because the high sugar 
content of the fruits hinders moisture removal to reach the final 
desired moisture content, whereas the stickiness and clumping 
lessen the recovery rate of product and make the drying process 
more challenging to operate [Djantou et al., 2007]. Therefore, 
the main technical problem is to achieve the final moisture con-
tent as well as to prevent the adverse phenomenon of stickiness 
and clumping that occurs during the drying of mango [Truong 
et al., 2005]. The stickiness of high-sugar products has been 
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determined to be directly associated with the glass transition 
temperature (the value at which amorphous polymer chains 
below the phase transition point shift from the crystalline state 
to the elastic state, symbolized as Tg, is low) [Roos et al., 1996]. 
At the same time, dried products are prone to clumping when 
grinding or during storage [Roos et al., 1996; Slade et al., 1991]. 
Two methods commonly used to overcome these problems are 
(i) product formulation, and (ii) process optimization [Djantou 
et al., 2012]. The powder quality and the drying performance can 
be enhanced through the addition of additives to reduce the mo-
isture content to an appropriate value [Bhandari et al., 1993].

Mangoes are dried using a wide variety of techniques around 
the globe; for example, Pott et al. [2005] improved the quality 
of unsulfided mango slices by drying at high temperature (80°C) 
for about 6 h while Wang et al. [2018] evaluated the thermal effi-
ciency of the indirect forced convection solar drying and analyzed 
the drying kinetics of mango. Furthermore, Caparino et al. [2012] 
investigated the physical and microstructural properties of man-
go powder affected by different drying processes and concluded 
that Refractance Window® (RW) drying produced mango powder 
that was on par with that of the freeze-dried powder and even 
higher in quality than the spray-dried one. The same conclusion 
in terms of the drying efficiency of the RW method was verified 
in the study by Zotarelli et al. [2017]. Spray-drying technique is 
considered a suitable technique in the production of fruit pow-
ders thanks to its short drying time, which effectively reduces 
the loss caused by the decomposition of chemical compounds 
in the product along with the product moisture of 2–5 g/100 g, 
water activity of 0.2–0.6, and increased storage stability [Marques 
et al., 2007; Tan et al., 2011]. The application of the RW drying 
technique to mango pulp resulted in the production of high-
-quality mango powder, thereby demonstrating the effective-
ness of the high heat drying technique in removing water from 
mango pulp and overcoming the stickiness that is the primary 
issue with spray drying [Nguyen et al., 2022a,b].

A new drying technology of the fourth generation, such 
as infrared (IR) drying, can be applied to the drying of mango 
pulp, particularly thin layers with high contact surfaces [Allanic 
et al., 2017]. The emitted radiation is of a narrow wavelength 
and the heat transfer efficiency is between 80% and 90% [Sadin 
et al., 2014]. Uniform heating, reduced processing time, increased 
heat transfer and energy absorption rate, and a better end pro-
duct are some of the benefits of using IR drying [Zhu & Pan, 2009]. 
For instance, the IR approach accelerated the drying process 
of apples by 50% as compared to the convection heat method 
[Nowak & Lewicki, 2004]. Therefore, the combination of IR and hot 
air provides a synergistic effect, which leads to a more efficient 
drying process [Afzal et al., 1999; Nawirska et al., 2009]. The appli-
cation of infrared drying to mango sections has been the sub-
ject of research [Doymaz, 2017; Yao et al., 2020]. Doymaz [2017] 
reported that the final moisture content of dried mango slices 
was around 0.15 g water/g dry weight (DW), which corresponds 
to 13 g/100 g on a wet basis. Another investigation conducted 
by Yao et al. [2020] exposed a moisture content of about 0.20 
g water/g DW, which corresponds to 16.7 g/100 g on a wet 

basis. These moisture contents were considered inappropriate 
for the grinding process performed in the production of fruit 
powder. At this time, empirical evidence regarding the drying 
of mango pulp via infrared is lacking. However, the fruit powder 
manufacturing sector shows great potential for implementing 
infrared drying technology, owing to its easy scalability and re-
markable energy efficiency. Based on the favorable findings 
observed in the production of mango powder via RW drying 
of mango pulp, it is believable to suggest that infrared drying 
could exhibit remarkable efficacy when applied to mango po-
wder. Thus, the purpose of this study was to assess the impact 
of IR drying conditions on drying characteristics and quality of re-
sulting mango powder from mango pulp. These experimental 
results will contribute to the improvement in production towards 
the best quality and lowest production cost. 

MATERIALS AND METHODS
r	 Material and its pretreatment
Mature and evenly ripe mango (Mangifera indica L.) fruits were 
collected in Thanh Phuoc hamlet (Thanh Phong commune, 
Thanh Phu district, Ben Tre province, Vietnam) with soft texture 
and characteristic aroma. After being washed, peeled and sliced, 
mango slices were steamed for 3 min and then cooled immedia-
tely in cold water, followed by grinding in a commercial blender 
and sieving through 16-mesh sieves. Afterward, distilled water 
was used to adjust the mango pulp to 11 and 16°Brix. Mango 
pulp was subsequently sealed in polypropylene bags and frozen 
at –18°C until it could be employed again.

r	 Chemicals
Chemicals used in the study were purchased from Sigma-Aldrich 
(Singapore), including 2,2-diphenyl-1-picrylhydrazyl (DPPH) radi-
cal (purity 99%), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carbo-
xylic acid (Trolox, purity 99%), gallic acid (purity 99%), 3,5-dinitro-
salicylic acid (DNS, purity 99%), and Folin-Ciocalteu reagent (FCR). 
Maltodextrin (dextrose equivalent of 16–20), used as a carrier, was 
purchased from Merck Millipore (Burlington, MA, USA).

r	 Experimental design and infrared drying operation
In this study, an infrared drying system was self-fabricated in a la-
boratory setting which has previously been effectively applied 
to drying avocado powder [Nguyen et al., 2021]. The drying 
system consisted of a drying chamber (length × width × height 
of 64×23×27 cm) equipped with an infrared radiation module 
(ITT 1000W 235V-01X0, maximum capacity of 1,000 W, Germany) 
placed 20 cm away from the surface of drying materials. Infrared 
radiation was controlled through a thermometer with an accu-
racy of 0.5°C and a delay of 0.5 s. The three-factor full factorial 
design including total soluble solids (11 and 16°Brix), drying 
temperature (70, 75, and 80°C), and maltodextrin content (0, 6, 
and 9 g/100 g pulp) was used. The moisture content of the dried 
samples was measured at 5-min intervals by an MB23 moisture 
analyzer (Ohaus, Parsippany, NJ, USA) for which the drying was 
discontinued at the moisture content of 0.04 g/g DW. The ma-
thematical model and kinetic parameters for the infrared drying 

https://www.google.com/search?client=firefox-b-d&sca_esv=598529675&sxsrf=ACQVn09telmk8AHMQ7RHTzHepECKSDZWug:1705312643644&q=Burlington+Middlesex+County,+MA,+Stany+Zjednoczone&si=AKbGX_oBDfquzodaRrfbb9img4kPQ4fCBZjeqAiaW1svvC8uXkdSAdhDLI61z4h4cZqsQ0q4nG-wquVQB1PMInITP4_GtGvk_I6jfLnLQBPktcNsJDpYPm8kIxx82Yd5igAT1OblqyKk5PM2p4au75NhyDokG2sq1iEimPtEtM7JyGA0fnfkRAK8Gc7g5Nc7w3D4Qr_MlKy1laXzzygWvqTReJNBukKfW8Ht4hm5ktq1Ge-5lYs3eDC50Qocp8Dtc0z85K7gs0nl&sa=X&ved=2ahUKEwixtOvSkN-DAxVjRvEDHV_kCFkQmxMoAXoECEIQAw


71

P.B.D. Nguyen et al. 

of mango pulp were then determined based on the experimental 
data of the moisture content change during drying. Besides, 
retention of total phenolic content (TPC), retention of reducing 
sugars (RS), total titratable acidity (TA) and retention of DPPH ra-
dical scavenging activity of mango powder were used to analyze 
the influence of factors on the infrared drying of mango pulp. 

r	 Mathematical models for thin-layer drying curves
During prolonged drying, for the moisture content at equilibrium 
state is comparatively small compared to that at different time 
intervals (Mt, g water/g DW) or the initial value (M0, g water/g 
DW), the moisture ratio (MR) should be determined according 
Equation (1) [Pala et al., 1996]: 

MR = Mt

M0
	 (1)

Many mathematical models have been proposed to predict 
how foods will dry [Onwude et al., 2016]. This study fitted drying 
curves to the semi-theoretical and empirical models.

Newton (Lewis) model (Equation 2): The simplest model to 
describe the drying characteristics of some agricultural products 
with assumptions that the drying material is arranged sufficiently 
thin, the air velocity is high, and temperature and relative humi-
dity are constant during drying.

MR = exp(–kt)	 (2)

Page model (Equation 3): The experimental model evolved 
from the Newton model to reduce the error by adding a dimen-
sionless constant (n).

MR = exp(–ktn)	 (3)

Henderson and Pabis model (Equation 4): The model was 
derived from the initial term in the general solution of the se-
cond Fick diffusion law, operating under the assumption that 
the general solution approaches being equal to the initial 
term when the drying process continues for an extended 
period of time.

MR = a × exp(–kt)	 (4)

Logarithmic model (Equation 5): The model transformed 
from the Henderson and Pabis model by adding the empirical 
constant (c).

MR = a × exp(–kt) + c	 (5)
Midilli model (Equation 6): The model transformed from 

the Henderson and Pabis model by combining exponential 
and linear terms.

MR = a × exp(–ktn) + bt	 (6)

Weibull model (Equation 7): Experimental model, developed 
from experimental data.

MR = a – b × exp –
t α

([ ) ]
β 	 (7)

The coefficient of determination (R2) and the root mean square 
error (RMSE) were calculated to determine the power of the tested 
models according Equation (8) and Equation (9), respectively.

R2 = 1 – ∑N
i=1(Mexp,i − Mpre,i)2

∑N
i=1(MRexp − MRpre,i)2

	 (8)

RMSE = ∑ (Mexp,i − Mpre,i)21
N i=1

N
	 (9)

where, Mexp,i and Mpre,i are the experimental and predicted mois-
ture ratio, MRexp is the mean value of the experimental dimen-
sionless moisture ratio, and N is the number of observations.

r	 Determination of the effective moisture diffusivity
Fick’s second law of diffusion was applied to the mango pulp, 
which was regarded as an infinite flat plate, in order to determine 
the movement of moisture. The equation for diffusion is given 
below (Equation 10):

= Deff    
2M∂M

∂t

Δ

	 (10)

where, M is the moisture content (g water/g DW), Deff is the ef-
fective moisture diffusivity (m2/s), and t is time (s).

Crank [1975] provided a general analytical solution for 
the thin-layer drying under certain conditions, including but not 
limited to: homogeneous and isotropic product sizes; constant 
product characteristics; minimal shrinkage; minimal external 
resistance to heat and mass transfer; sole surface evaporation; 
uniform initial moisture distribution; constant moisture diffusivity. 
The answer was as follows (Equation 11):

Deff( )L2MR = ∑ exp8 1
π2 (2n + 1)2 – (2n + 1)2 π2 t

n=0

∞
	 (11)

where, MR is the dimensionless moisture ratio, L is the thickness 
(m), n is the term in series expansion, and t is time (s).

The initial term in the previous series expansion (where n=0) 
was regarded as an approximation for extended drying periods 
(Equation 12):

MR = exp8
π2

Deff( )L2– π2 t 	 (12)

The effective moisture diffusivity was calculated using 
the non-linear least square method based on the Levenberg-
-Marquardt method [Marquardt, 1963].

r	 Chemical analysis
r	 Preparation of analytical solution
To prepare the analytical solutions for total phenolic content 
and antioxidant activity determinations, 0.5 g of powder was 
extracted with 10 mL of 60% (v/v) methanol under sonication 
(40 KHz, 240 W, 5 min) in the Pro 100-40D ultrasonic cleaner (Aso-
nic, Ljubljana, Slovenia), followed by being cooled for 20 min at 
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10°C and centrifuged (1,220×g, 10 min) in the PLC-05 centrifuge 
(Gemmy Industrial Corp., Taipei, Taiwan). The extraction was then 
repeated and the supernatant was finally collected for analysis. 
The analytical samples for the determination of reducing sugar 
content and total acidity were prepared following the same 
procedure using distilled water as a solvent.

r	 Total phenolic content determination
Total phenolic content was determined following the Internatio-
nal Organization for Standardization (ISO) 14502-1:2005 method 
[ISO, 2005] which is based on the chromophore formed between 
phenolics and FCR under alkaline conditions. Briefly, aliquots 
(0.6 mL) were mixed successively with 1.5 mL of FCR and 1.2 mL 
of 7.5% Na2CO3 before the absorbance measurement at 765 nm 
using the UV-9000 spectrometer (Metash, Shanghai, China). 
Total phenolic content, which was calculated as mg of gallic 
acid equivalent per g of dried powder (mg GAE/g DW) using 
the gallic acid standard curve, was used to further estimate its 
retention (TPC Ret) during drying according to Equation (13).

TPC Ret (%) = × 100%
CTPC, after drying

CTPC, before drying
	 (13)

where: CTPC, before drying and CTPC, after drying were the TPC in the sample 
before drying and after drying, respectively.

r	 Antioxidant activity determination – DPPH assay
DPPH radical scavenging activity was evaluated according to 
the procedure decribed by Brand-Williams et al. [1995] with 
minor changes, which is based on the reduction in violet color 
caused by the reaction of antioxidants and DPPH radical. Briefly, 
sample aliquots (150 µL) were reacted with 2,850 µL of a working 
DPPH radical solution (absorbance of 1.10±0.02 at 515 nm) for 
30 min in the darkness before being measured for absorbance 
at the same wavelength. DPPH radical scavenging activity (RSA), 
which was calculated as mg Trolox equivalent per g of dried 
powder (mg TE/g DW) using the Trolox standard curve, was 
used to further estimate its retention (RSA Ret) during drying 
according to Equation (14).

RSA Ret (%) = × 100%
CRSA, after drying

CRSA, before drying
	 (14)

where: CRSA, before drying and CRSA, after drying were the DPPH radical 
scavenging activity of the sample before drying and after drying, 
respectively.

r	 Reducing sugar content determination
The reducing sugar (RS) content was determined according to 
DNS assay [Miller, 1959] by mixing 1 mL of samples with 1 mL 
of DNS reagent under boiling conditions for 10 min. After sam-
ple cooling to ambient temperature, distilled water (2 mL) was 
added, and absorbance was measured at 540 nm to estimate 
the RS content and its retention (RS Ret) during drying from 
Equation (15).

RS Ret (%) = × 100%
CRS, after drying

CRS, before drying
	 (15)

where: CRS, before drying and CRS, after drying were the reducing sugar 
of the sample before drying and after drying, respectively.

r	 Total titratable acidity determination
The extract (10 mL) was titrated with standard NaOH solution 
in the presence of phenolphthalein as an indicator. The titration 
stopped when the solution attained a pale pink color that persisted 
for 30 s. Total titratable acidity (TA) was calculated by Equation (16).

TA (%) = × 0.0064 × 1,000
VNaOH

Vsample
	 (16)

where: VNaOH and Vsample were the volume of titrated NaOH solu-
tion and extract sample, respectivley.

r	 Optimization method
The study employed a numerical optimization technique to 
simultaneously optimize multiple responses using Design Expert 
version 13.0 (Stat-Ease, Inc., Minneapolis, MN, USA). To address 
the desire to find a solution that accommodates various respon-
ses, the objectives were combined into an overall composite 
function, denoted as D(x), referred to as the desirability function. 
This function is defined by Equation (17) [Myers et al., 2016].

D(x) = √d1 × d2 × … × dn
n 	 (17)

where: d1, d2, …, dn are responses and n is the total number 
of responses in the observations.

The function D(x) represents the optimal intervals for each 
response (di). Desirability is a quantitative measure that varies 
between zero (indicating the least desirable condition) and one 
(representing the most desirable condition) at the desired out-
come. Numerical optimization identifies the point that maxi-
mizes the desirability function [Myers et al., 2016].

r	 Statistical analysis
Experiments were conducted in triplicates, and data were fitted 
by the non-linear least square method based on the Leven-
berg-Marquardt method. After one-way analysis of variance 
(ANOVA), Tukey’s honestly significant difference test was perfor-
med. StatPlus software (AnalystSoft, Brandon, FL, USA) was used 
to analyze the Pearson correlations between variables. 

RESULTS AND DISCUSSION
r	 Drying characteristics of mango pulp during infrared 

drying
The changes in moisture ratio and drying rate under different IR 
drying conditions of mango pulp are shown in Figures 1 and 2, 
respectively. As can be seen in Figure 1, drying times can be re-
duced by increasing drying temperatures. Drying time, however, 
was proportional to the amount of maltodextrin or total soluble 
solids in the mango pulp. In the meantime, the lower total solu-
ble solids required a lower amount of maltodextrin, and higher 
drying temperature led to the higher drying rate. Also, based on 
the drying rate curve data (Figure 2), infrared drying of mango 
pulp proceeded primarily in the deceleration stage.
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mean square error (RMSE), all of which were presented as mean 
values (Table 1). The high R2 values accompanied with the low 
errors were used to rank the mathematical models in the de-
scending order of Weibull > Midilli > Logarithmic > Page > 

Experimental data on moisture ratio was used to select 
a model that characterizes the moisture removal in mango pulp 
during IR drying. The mathematical model was chosen based on 
its highest coefficient of determination (R2) and the lowest root 
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Figure 1. The change of moisture content vs time in infrared drying of mango pulp under different conditions including temperature of 70–80°C, maltrodextrin 
content of 0–9 g/100 g pulp, and total soluble solids of pulp at 11 and 16°Brix. DW, dry weight.
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Henderson and Pabis > Newton models. Apparently, the Weibull 
model was the best predictive among the models investigated. 
This conclusion is not in agreement with the report of Onwude 
et al. [2016], who suggested that the Midilli model was the best 
to characterize the thin layer drying of fruits and vegetables. 

However, the experimental data was not assessed on the Weibull 
model in these investigations. On the other hand, Midilli and We-
ibull models have been reported as the most compatible with 
experimental data in several research, including those looking 
at the drying of persimmon slices [Doymaz, 2012] and sliced 
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Figure 2. Drying rate curves of infrared drying of mango pulp at different conditions including temperature of 70–80°C, maltrodextrin content of 0–9 g/100 g 
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lemongrass [Nguyen et al., 2019] while the latter model can also 
be utilized to identify the drying kinetics such as convective 
drying of sliced mango [Corzo et al., 2010], pepino fruit (Sola-
num muricatum Ait.) [Uribe et al., 2011], quince [Tzempelikos 
et al., 2015], and longan [Ju et al., 2018]. Therefore, in this study, 
we confirm that the Weibull model is the most suitable to cha-
racterize the moisture removal of mango pulp under IR drying.

The effective moisture diffusivity during the IR drying of man-
go pulp has been determined and values are presented in Ta-
ble 1. The correlation between the effective moisture diffusivity 
and process condition paremeters (R2=0.99, p<0.0001) was de-
scribed by Equation (18):

Deff × 1010 = 8.356 − 3.372x1 + 1.935x2 − 0.724x3 − 
0.893x1x2 − 0.297x1x3	 (18)

where, x1, x2, and x3 correspond to the coding levels of total 
soluble solids, drying temperature, and maltodextrin content, 
respectively. 

It is shown that the lowest effective moisture diffusivity 
(3.086×10–10 m2/s) was observed at drying conditions of 70°C, 
16°Brix, and 9% maltodextrin, whereas 80°C, 11°Brix, and 0% 
maltodextrin resulted in the highest Deff value of 14.78×10–

10 m2/s. These results were consistent with those reported for 
thin layer drying of fruits and vegetables [Onwude et al., 2016] 
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Figure 3. The retention of total phenolic content in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for drying pulp 
with total soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that the values 
are not significantly different (p≥0.05).

Figure 4. The retention of DPPH radical scavenging activity in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for 
drying pulp with total soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that 
the values are not significantly different (p≥0.05).



77

P.B.D. Nguyen et al. 

and IR drying of tomatoes at 60–80°C (1.094×10–9 to 4.468×10–9 
m2/s) [Sadin et  al., 2014], carrots at 60–80°C (2.38×10–9 to 
10.30×10–9 m2/s) [Wu et al., 2014], bell peppers at 50–80°C 
(1.75×10–10 to 8.97×10–10 m2/s) [Nasiroglu & Kocabiyik, 2009], 
anise at 60–80°C (5.022×10–10 to 9.557×10–10 m2/s) [Wen et al., 
2020], and blueberries at 60–90°C (2.24×10–10 to 16.4×10–10 
m2/s) [Shi et al., 2008]. It is possible to infer that even supposing 
the same IR drying temperature, the drying of mango pulp 
showed a greater Deff value than the drying of bell peppers, 
anise, and blueberries, but a lower value than during drying 
of tomatoes and carrots.

r	 Effects of infrared drying on the quality of mango powder
The effects of IR drying conditions on the quality of mango 
powder including the retention of total phenolic content, DPPH 
radical scavenging activity, reducing sugars and the value of total 
titratable acidity are presented in Figure 3, 4, 5 and 6, respectively. 
The results demonstrate that higher temperatures and increased 
maltodextrin content, together with decreased total soluble solid 
content, enhanced the retention of TPC, RS, RSA (TPC Ret, RS 
Ret, and RSA Ret, respectively), and TA. The correlation between 
the quality indicators of mango powder and process condition 
parameters were described by Equations (19)–(22).
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Figure 5. The retention of reducing sugars in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for drying pulp with 
total soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that the values are 
not significantly different (p≥0.05).

Figure 6. The total titratable acidity in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for drying pulp with total 
soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that the values are not 
significantly different (p≥0.05).
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TPC Ret (%) = 41.68 − 1.97x1 + 2.07x2 + 8.03x3 + 6.12x3
2	 (19)

(R2 = 0.86, p<0.0001)

RSA Ret (%) = 46.58 − 0.11x1 + 1.57x2 + 11.43x3 + 5.36x3
2	 (20)

(R2 = 0.88, p<0.0001)

RS Ret (%) = 55.60 − 5.94x1 + 0.39x2 + 9.11x3	 (21)
(R2 = 0.81, p<0.0001)

TA (%) = 7.83 − 0.51x1 − 0.067x2 + 0.92x3 + 0.95x3
2	 (22)

(R2 = 0.90, p<0.0001)

where, x1, x2, and x3 are corresponding to the coding levels 
of total soluble solids, drying temperature, and maltodextrin 
content, respectively. 

The above regression equations also clearly indicate that 
the retention of TPC, RS, RSA, and the value of TA were all positi-
vely correlated with either the IR temperature or the maltodextrin 
content. 

During thermal processes, the degradation of phenolics is 
mainly due to the action of enzymes, such as polyphenol oxidase 
(PPO) and peroxidase (POD) [Tomás-Barberán & Espín, 2001]. 
For mangoes, PPO and POD were most effective at 50–60°C 
[Korbel et al., 2013] and were inactivated at high temperatures, 
i.e. 70–90°C [Queiroz et al., 2008]. According to Sultana et al. 
[2012], intense heat treatment was able to form new phenolic 
compounds. During the high-temperature drying, the drying 
time was shortened, indicating a shorter decomposition reaction 
time [Nguyen et al., 2020]. It is deduced that a rise in temperature 
will result in the increased retention of phenolic compounds 
in mango pulp, which was strengthened by the highest retention 
of phenolics found in some studies on the high-temperature 
drying, such as RW drying at 90°C [López et al., 2010] and 95°C 
[Shende & Datta, 2020] of blueberries and mango pulp, respec-
tively. Regarding the carrier, the increase in maltodextrin content 
in mango pulp retained phenolics possibly because this carrier 
hindered the exposure of these bioactives in mango pulp with 
oxygen, leading to limited degradation [Osorio et al., 2011]. 
Besides, the addition of maltodextrin to the pulp increased 
the dry matter, showing high binding capacity to water [Ra-
dosta & Schierbaum, 1990], which in turn lowered the water 
activity and limited the phenolic decomposition. These results 
are in accordance with findings from other studies on sapodilla 
(Manilkara zapota) powder [Chong & Wong, 2017] and avocado 
(Persea Americana Mill.) powder [Nguyen et al., 2023].

Mango is rich in sugars, including reducing sugars such 
as glucose and fructose [Ribeiro & Schieber, 2010]. During 
the high-temperature drying, a high-sugar material, like man-
go, will easily lose reducing sugar content, primarily due to 
the Maillard reaction [Jaeger et al., 2010]. As a result, the Mail-
lard process accelerated the loss of reducing sugars at higher 
drying temperatures. However, an increase in the maltode-
xtrin content limits the exposure of the substrates, thereby 
markedly reducing the extent of sugar losses. Total titratable 
acidity was shown to be significantly affected by maltodextrin 

content and drying temperature. Specifically, a greater amount 
of maltodextrin helped form a barrier to minimize the nutrient 
loss during heat treatment while the depletion of acidic com-
pounds increased mostly at higher temperatures with increased 
thermal energy. 

The investigation also revealed  the positive correlations 
between the retention of TPC, RS, RSA, and the value of TA 
as shown in Table 2. The findings indicated that the reten-
tion of TPC exhibited significant corellation with the reten-
tion of DPPH radical scavenging activity with a correlation 
coefficient of  0.853 (p<0.01). This implies that the capacity 
of mango powder to scavenge DPPH radicals displayed a si-
milar pattern to that of the content of phenolic compounds, 
which are known for their antioxidant properties [Huyut et 
al., 2017; Sikwese & Duodu, 2007]. Thanks to their specific 
chemical structure, these molecules can scavenge free radi-
cals and also prevent their further production in the presence 
of transition metal ions as catalysts [Huyut et al., 2017; Sikwese 
& Duodu, 2007]. The retention of TPC also exhibited a strong 
positive connection with  the retention of RS, and values of TA 
(Table 2). The similar trend of changes in TPC, RS, and TA could 
be inferred in the infrared drying process of mango pulp under 
the conditions used in the study.

r	 Optimization of infrared drying for mango pulp
This study applied a numerical optimization technique to si-
multaneously optimize multiple responses, such as effective 
moisture diffusivity, DPPH radical scavenging activity retention, 
TPC retention, RS retention, and TA value. The specific objectives 
for each factor and response were selected, and distinct weights 
were given to each objective to adjust the form of the desira-
bility function (Table 3). The contour plot of the desire function 
for mango pulp under various IR drying settings are displayed 
in Figure 7. The desirability function reached the highest value 
of 0.916 (Table 3). The predicted values for all independent 
and dependent parameters resulting from the optimization 
process using the desirability function are shown in Table 3. 
The optimal values of control parameters were 11°Brix, 80°C, 
and 9% maltodextrin content. Under these specific drying con-
ditions, the mango powder was achieved with the highest re-
tention of TPC (59.874%), retention of RS (71.044%), TA (10.141%), 
retention of RSA (65.051%), and Deff (14.033×10-10 m2/s).

Table 2. Coefficients of Pearson correlations between the retention of DPPH 
radical scavenging activity (RSA), retention of total phenolic content (TPC), 
retention of reducing sugars (RS), and the values of total titratable acidity (TA).

Retention of 
RSA

Retention of 
TPC

Retention 
of RS

Retention of TPC 0.853
(p=0)

–

Retention of RS 0.719
(p=9.48×10−10)

0.856
(p=0)

TA 0.663
(p=4.56×10−8)

0.819
(p=0)

0.915
(p=0)
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CONCLUSIONS
In this study, infrared drying of mango pulp under different 
conditions was performed. The Weibull model was useful 
for describing the decline in mango pulp’s moisture content 

during infrared drying. The effectiveness of infrared drying 
of mango pulp was greatly influenced by drying temperature, 
total soluble solid content, and maltodextrin content. Tem-
perature had a positive effect on water removal while total 

Table 3. Criteria for optimization of factors and responses and their values of optimal point within the desirability region for infrared drying of mango pulp. 

Factor/Response Lower limit Upper limit Importance Prediction Experiment Error (%)

Total soluble solids (°Brix) 11 16 3 11 11 -

Maltodextrin (g/100 g pulp) 0 9 3 9 9 -

Temperature (°C) 70 80 3 80 80 -

Effective moisture diffusivity (m2/s) 3.086×10-10 14.780×10-10 5 14.033×10-10 14.02×10-10 0.0927

Retention of RSA (%) 35.70 74.10 5 65.051 65.05 0.0015

Retention of TPC (%) 33.34 62.10 5 59.874 59.87 0.0067

Retention of RS (%) 34.91 71.87 5 71.044 71.04 0.0056

Total titratable acidity (%) 6.96 10.00 5 10.141 9.88 2.6417

Desirability - - - 0.916 - -

RSA, DPPH radical scavenging activity; TPC, total phenolic content; RS, reducing sugars.

20

40

60

80

100

A B

0

To
ta

l t
itr

at
ab

le
 a

ci
di

ty
 (%

)

To
ta

l t
itr

at
ab

le
 a

ci
di

ty
 (%

)

Temperature (°C)

70

f f ef

a
e

abc de

g

a

75 80

20

40

60

80

100

0

Temperature (°C)

70

hiikl l
h

kl

ab

hik

bc cd

75 80

0 g Maltodextrin/100 g pulp

6 g Maltodextrin/100 g pulp

9 g Maltodextrin/100 g pulp

0 g Maltodextrin/100 g pulp

6 g Maltodextrin/100 g pulp

9 g Maltodextrin/100 g pulp

Total soluble solid (°Brix)

M
al

to
de

xt
rin

 (g
/1

00
 g

 p
ul

p)

11
0

1

2

3

4

5

6

0.6
0.6

0.8

0.4

0.4

0.2

0.2

0.6

0.8

0.4

0.2

7

8

9

M
al

to
de

xt
rin

 (g
/1

00
 g

 p
ul

p)

0

1

2

3

4

5

6

7

8

9

M
al

to
de

xt
rin

 (g
/1

00
 g

 p
ul

p)

0

1

2

3

4

5

6

7

8

9

12 13 14 15 16

Total soluble solid (°Brix)
11 12 13 14 15 16

Total soluble solid (°Brix)
11 12 13 14 15 16

A B

C
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soluble solid content and maltodextrin showed the opposite 
effect. Moreover, total phenolics and DPPH radical scavenging 
activity were better retained with increasing IR temperature 
(from 70 to 80°C) or maltodextrin content (from 0 to 9 g/100 g 
pulp). Therefore, it is important to set adequate pretreatment 
conditions or employ additives to maintain powder’s quality 
in order to take advantage of the infrared drying. Finally, 
the findings indicated that the implementation of infrared 
drying of mango pulp with 11°Brix and 9% maltodextrin 
content at 80°C would ensure the highest quality of mango 
powder. 
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