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Abstract:

This study aimed to optimize prochloraz concentration and hot-water immersion time
within a commercial mango production process to extend the postharvest storage life of
export mangoes. Mangoes were processed through a six-step production line. The
experiment focused on the hot-water treatment stage and was designed using Response
Surface Methodology. Mangoes were immersed in hot water at 54 °C containing
prochloraz at concentrations of 5, 10, 15, 20, and 25 mL per 20 L of water for
immersion times of 1, 8, and 15 min. Processed mangoes were stored under ambient
conditions. Peel color changes, surface condition, and storage life were monitored daily,
and the data were analyzed using standard statistical software. The results showed that
mangoes treated with prochloraz at 20 mL per 20 L of hot- water for 15 min achieved
the longest storage life, extending up to 15 days, with significant differences among
treatments (p < 0.05). A lower concentration of 15 mL per 20 L resulted in a
comparable storage life of 14 days. Considering export operations requiring
transportation periods of up to 15 days, the 15 mL treatment was identified as a more
suitable option due to its effectiveness with reduced chemical input. In Overall, the
interaction between prochloraz concentration and hot-water immersion time plays a
critical role in extending mango postharvest life within a commercial export-oriented
production system. The findings support two practical treatment strategies: the use of
lower chemical concentrations combined with longer immersion times, or shorter
immersion times combined with moderately higher chemical concentrations.

1. Introduction

physiological changes associated with ripening
accelerate fruit softening and senescence, thereby

Mango (Mangifera indica L.) is one of the most
economically important tropical fruits in Thailand
and plays a significant role in both domestic
consumption and international trade. Its popularity
is attributed to its distinctive flavor, high nutritional
value, and substantial contribution to national
export revenue [1], [2]. However, mango is a highly
perishable climacteric fruit with a limited
postharvest life, generally not exceeding seven days
under ambient conditions. Following harvest, rapid

increasing susceptibility to postharvest diseases and
quality deterioration [3]. Among the major
postharvest challenges in mango handling are
fungal diseases, particularly anthracnose caused by
Colletotrichum gloeosporioides and stem-end rot
caused by Lasiodiplodia theobromae. In addition,
moisture loss during storage often leads to peel
shriveling, further reducing visual quality and
marketability. These factors substantially shorten
the commercial life of mangoes and represent
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critical constraints in export supply chains that
require extended transportation and distribution
periods [4], [5]

Hot-Water treatment (HWT) has been widely
adopted in mango export production systems as an
effective postharvest intervention to suppress
fungal decay, maintain fruit quality, and reduce
dependence on intensive chemical applications. The
technique is considered environmentally friendly
and acceptable to consumers when properly applied
[6]. In commercial practice, HWT is commonly
integrated with fungicide dipping and hydrocooling
operations to enhance disease control efficacy [7].
Among the fungicides used, prochloraz, an
imidazole  compound  with  broad-spectrum
antifungal activity, has been extensively applied in
mango postharvest management [8]. Numerous
studies have demonstrated the effectiveness of
prochloraz, either alone or in combination with
Hot-Water treatment, in reducing postharvest decay
and extending mango storage life. In Thailand,
dipping mangoes in prochloraz at a concentration of
250 ppm for 30 s significantly reduced disease
incidence, with combined Hot-Water treatment
showing superior performance compared to single
treatments [9], [10]. Similar results have been
reported internationally. In the Philippines, Hot-
Water treatment at 52-55 °C combined with
prochloraz (550 pL L™") for 10 min extended the
storage life of ‘Carabao’ mangoes from 7-10 days
to approximately 20 days, while also reducing
respiration rate and ethylene production [11].
Studies in lIsrael demonstrated that integrating
prochloraz with Hot-Water treatment and biological
control  agents  effectively  suppressed C.
gloeosporioides [12]. In South Africa, application
of prochloraz at 40.5-81 g a.i./hl in combination
with Hot-Water treatment at 55 °C for 2 min
significantly reduced anthracnose and soft brown
rot severity [13]. Likewise, in India, ‘Kesar’
mangoes treated with Hot-Water at 52 °C and
prochloraz for 10 min achieved storage lives of up
to 28 days, enabling successful export to Middle
Eastern and European markets [14].

Despite its proven efficacy, the exclusive or
excessive use of chemical fungicides such as
prochloraz has raised concerns related to fungicide
resistance development, chemical residues, and
potential risks to consumer health [15]- [17]. As a
result, contemporary postharvest management
strategies  increasingly emphasize  Integrated
Postharvest Management (IPM), which combines
chemical, physical, and biological approaches to
achieve effective disease control while enhancing
sustainability and food safety [18], [19]. Although
resistance to prochloraz has not yet been directly
reported in L. theobromae, several studies have

highlighted the strong adaptive capacity of this
pathogen to develop resistance to other fungicides,
indicating a potential risk associated with
prolonged chemical reliance [20], [21]. In addition,
concerns regarding fungicide residues and their
possible health implications have been documented
[22]. In contrast, integrating prochloraz with
physical postharvest treatments such as Hot-Water
washing and fruit coating has been shown to
effectively suppress disease development and
extend mango storage life [23]. In export-oriented,
large-scale production systems, optimizing the
concentration of prochloraz within the postharvest
processing line is therefore essential to maintaining
fruit quality and ensuring compliance with safety
standards, while minimizing chemical input [24].
However, systematic investigations addressing this
optimization under  commercial  processing
conditions remain limited. In postharvest research,
Response Surface Methodology (RSM) has been
widely recognized as a powerful statistical tool for
evaluating interactive effects among processing
variables and identifying optimal operating
conditions [25]- [27].

Therefore, the objective of this study was
to evaluate the effects of prochloraz concentration
and Hot-Water immersion time within a
commercial production process on extending the
postharvest storage life of ‘Nam Dok Mai Si-Thong’
mangoes intended for export. The assessment
focused on physical quality attributes and flesh
firmness  following  postharvest  processing.
Response Surface Methodology (RSM) was
employed to determine the optimal combination of
treatment parameters that maximizes storage life
while maintaining postharvest quality.

2. Materials and Methods
Materials

The raw materials and equipment used in this study
were obtained from an export-standard fruit
packing house operated by the Mango Community
Enterprise Group, Ban Tha-Thong, Doem Bang
Nang Buat District, Suphan Buri Province,
Thailand. The materials are described as follows:

2.1.1 Mangoes

Nam Dok Mai Si-Thong mangoes were harvested
from orchards certified under Good Agricultural
Practices (GAP). Fruits weighing > 400 g (Grade
A) were selected. A total of 39 baskets were used,
with 15 mangoes arranged in each basket.

2.1.2 Clean water

2.1.3 Prochloraz

Prochloraz (45% w/v EC) is a fungicide
formulated as an emulsifiable concentrate (EC),
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containing 45 g of active ingredient per 100 mL of
product (equivalent to 450 mg/mL). The fungicide
must be diluted with water prior to application. The
recommended standard application rate is 200 mL
per 200 L of water. One cubic centimeter (cc) is
equivalent to one milliliter (mL).

2.1.4 Mango Production Process for Expor

The Mango Production Process for Export consists
of six continuously operated processing steps. This
Production line was designed and developed by the
researchers based on conventional farmer practices
and upgraded to a semi-automated industrial
Production Process. Optimal parameters for several
processing steps had been previously investigated,
including the optimal temperature and immersion
time for hot-water treatment in Step 3 and the
optimal temperature and immersion time for cold-
water treatment in Step 4 [28]. However, the
optimal concentration of prochloraz mixed in Hot-
Water and the appropriate hot-water immersion
time had not yet been studied. Therefore, the
present study focused on investigating the optimal
prochloraz concentration and immersion time
within this Production Process. The six Production
Process steps are as follows: 1) Size sorting and
grading 2) Washing and inspection of fruit maturity
3) Hot-water immersion with prochloraz (water
temperature fixed at 54 °C) 4) Cold-water
immersion (temperature fixed at 25 °C) 5) Air
blowing and water removal (conveyor belt speed
fixed at level 2) and 6) Packaging

2.1.5 Data recording instruments

Data collection instruments included experimental
record sheets, a digital camera, and a mango
firmness tester (Texture Analyzer, model TA1,
Lloyd Instruments).

3. Methods

Experimental design

The experiment was conducted using the complete
six-step Production Process described above.
Among these steps, hot-water immersion (Step 3)
was selected as the primary experimental stage
because prochloraz was applied during this process.
According to the product label, the standard
recommended dosage of prochloraz is 20 mL per
20 L of water. Response Surface Methodology
(RSM) was employed to design the experiment to
investigate two independent variables: prochloraz
concentration and hot-water immersion time.
Prochloraz concentration was evaluated at five
levels based on dilution in 20 L of water: 5, 10, 15,
20, and 25 mL Hot-water immersion time was
selected based on previous studies conducted by the
researchers and evaluated at three levels: 1, 8, and

15 min.Each  experimental  treatment  was
performed in three independent replicates, resulting
in a total of 39 experimental runs. Mangoes from
each treatment group were processed sequentially
through all six processing steps. After processing,
mangoes from all experimental groups were stored
at room temperature for observation. Changes
during storage were recorded, including storage
duration (days), peel color, and visible surface
characteristics, until clear signs of deterioration
appeared, while at least 80% of the mangoes
remained free from decay. Subsequently, firmness
of the remaining mangoes was measured to
demonstrate their suitability for commercial
application.

4. Experimental procedures

Nam Dok Mai Si-Thong mangoes harvested from
GAP-certified orchards were transported to the
processing facility within 24 h of harvest and
introduced into the production line. Fruits were
arranged in plastic baskets containing 15 mangoes
per basket. A total of 39 baskets were used,
corresponding to all treatment combinations with
three replications per treatment. Prochloraz
concentration and Hot-Water immersion time were
assigned according to the experimental design at the
third processing step. Experiments were conducted
sequentially, with one treatment group processed
per production run through all six steps of the
production line. A schematic representation of the
experimental production process is provided in
Figure 1.Each experimental run corresponded to
one complete production cycle and was conducted
through six sequential processing steps, as
described below.

Production line step 1: Fruit grading

Mangoes were graded according to fruit weight into
Grades A, B, and C. Only Grade A mangoes, with a
minimum weight exceeding 400 g, were selected
for the experiment. Selected fruits were arranged in
baskets containing 15 mangoes each, with three
baskets assigned per treatment, and subsequently
transferred to the second processing step.
Production line step 2: Washing and maturity
assessment of fruit maturity

Mangoes were thoroughly washed to remove
surface contaminants, and fruit stems were
trimmed. Fruit maturity was assessed using a water
flotation test. Mangoes that sank to the bottom of
the tank were classified as over-mature, whereas
fruits floating on the surface were considered
under-mature; both categories were excluded from
the experiment. Mangoes that remained suspended
in the water were selected, returned to baskets, and
transferred to the third processing step.
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Production line step 3: Hot-Water immersion
Mangoes were immersed in Hot-Water maintained
at 54 °C. Prochloraz concentration and immersion
time were applied according to the experimental
design. Upon completion of the designated
immersion time, all three baskets were removed
simultaneously and transferred to the fourth
processing step.

Production line step 4: Cold-Water immersion
Mangoes were immersed in Cold-Water at 25 °C
for 1 min to terminate heat exposure. After cooling,
the baskets were transferred to the fifth processing
step.

Production line step 5: Air blowing and water
removal

Surface moisture was removed using forced air
blowing. Airflow intensity and conveyor belt speed
were fixed at level 2. After drying, the baskets were
transferred to the final processing step.

Production line step 6: Packaging

Manual inspection was conducted to ensure
uniform surface dryness, with no visible water
droplets remaining on the fruit. Mangoes were then
packaged and stored at ambient temperature for
subsequent postharvest evaluation.

Recording of experimental observations

Postharvest changes in peel appearance and color
were visually assessed and recorded daily for
mangoes from all treatment groups. The number of
days during which fruits remained fresh and free
from anthracnose symptoms, decay, and shriveling
was recorded. As the experiment was conducted
under commercial-scale production conditions,
complete product integrity was desired. However,
to account for natural biological variability, a
tolerance threshold of 20% deterioration was
accepted. Storage life was defined as the number of
days until more than 20% of the mangoes within a
treatment group exhibited visible deterioration.
Once this threshold was reached, storage duration
recording was terminated. The remaining sound
fruits (>80%) were subsequently cut open and
evaluated for flesh firmness to confirm their
commercial acceptability.

Statistical analysis

Storage life data obtained from all treatment groups
were analyzed using Minitab statistical software
(version 19). Response Surface Methodology
(RSM) was applied to develop a statistical model
describing the relationship between the independent
variables-prochloraz concentration and Hot-Water
immersion time-and the response variable, storage
life. Analysis of variance (ANOVA) was conducted
to evaluate the significance of model terms, with
statistical significance determined at p < 0.05.

Optimal treatment conditions were identified by
locating the maximum point on the response
surface, corresponding to the combination of
variables that resulted in the longest postharvest
storage life of mangoes.

5. Results and Discussion

The results indicated that prolonged Hot-Water
immersion time (15 min), in combination with
appropriate prochloraz concentration, significantly
influenced storage life, peel color development,
surface appearance, and flesh firmness of mangoes
processed through the export production line.
Among the evaluated quality parameters, flesh
firmness was considered a key indicator for
assessing postharvest quality and market readiness
of ‘Nam Dok Mai Si-Thong’ mangoes during
ripening. Flesh firmness decreased progressively as
ripening advanced. When firmness values
approached approximately 12 N or lower, mangoes
entered an advanced ripening stage characterized
by soft flesh, which limits suitability for long-
distance transportation and extended storage [29],
[30[. Accordingly, firmness was regarded as a
critical  threshold parameter for determining
commercial acceptability and effective shelf-life
extension in the present study. Detailed
observations of postharvest changes, including
storage duration, peel color, surface condition, and
flesh firmness, are summarized in Tables 1-
5.Based on the data presented in Table 1, the
application of prochloraz at 5 mL per 20 L of water
combined with Hot-Water immersion for 15 min
influenced both the physical quality attributes and
postharvest storage life of mangoes processed
through the production line. On the first day of
storage, mangoes exhibited good overall quality,
characterized by a smooth peel surface, bright
yellow coloration, firm flesh, and the absence of
visible decay or black spot symptoms. After five
days of storage under ambient conditions, early
signs of quality deterioration were observed in a
proportion of the fruit. These symptoms included
the appearance of brown to black spots on the peel,
internal  flesh discoloration, and progressive
softening. Correspondingly, flesh firmness declined
to 51.0 + 2.9 N, reflecting a substantial reduction in
tissue integrity associated with ripening and
softening processes. With further extension of the
storage period, the incidence and severity of decay
increased markedly. Black lesions expanded across
both peel and internal tissues, accompanied by a
pronounced decrease in firmness to 9.81 + 0.98 N.
Such low firmness values indicate an advanced
stage of ripening and tissue breakdown, rendering
the fruit unsuitable for consumption and
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commercial distribution. Overall, these results
indicate that although the application of prochloraz
at 5 mL per 20 L combined with prolonged Hot-
Water treatment delayed the initial onset of
postharvest deterioration, this concentration was
insufficient to effectively extend storage life over
an extended period. The limited efficacy observed
at this concentration suggests inadequate
suppression of fungal development and insufficient
maintenance of fruit structural integrity during
prolonged storage.As shown in Table 2, the
application of prochloraz at 10 mL per 20 L of
water in combination with Hot-Water immersion
for 15 min significantly influenced physical quality
changes during storage of mangoes processed
through the export production line. Observable
quality deterioration became evident by day 7 of
storage, when some fruits began to exhibit visible
symptoms of decline, including the development of
brown to black spots on the peel and a deeper
yellow coloration of the flesh. In parallel with these
visual changes, flesh firmness declined to 49.08 +
3.92 N, indicating a marked reduction in tissue
firmness associated with progressive ripening and
senescence. With continued storage and the onset
of decay, firmness decreased sharply to 11.77 +
1.96 N, a level considered unsuitable for both
consumption and commercial distribution. Overall,
these results indicate that increasing the prochloraz
concentration to 10 mL per 20 L improved the
delay of quality deterioration and extended storage
life compared with the lower concentration of 5 mL
per 20 L. However, this concentration remained
insufficient to  fully suppress postharvest
deterioration during prolonged storage beyond
approximately 5-7 days. The findings suggest that
although higher prochloraz concentrations enhance
decay control and firmness retention, further
optimization is required to achieve effective long-
term storage stability.As presented in Table 3, the
application of prochloraz at a concentration of 15
mL per 20 L of water combined with Hot-Water
immersion for 15 min exerted a pronounced effect
on maintaining mango quality during storage.
Mangoes subjected to this treatment exhibited a
clear delay in quality deterioration compared with
those treated with lower prochloraz concentrations.
By day 14 of ambient storage, distinct quality
changes became evident. While some fruits
remained in acceptable condition, retaining suitable
peel color and internal flesh appearance, a
substantial proportion began to exhibit visible
deterioration. These symptoms included the
development of brown to black lesions on the peel,
which progressively expanded into larger necrotic
areas. Concurrently, the internal flesh color
intensified to a darker yellow, indicative of

advanced ripening and tissue degradation. At this
stage, flesh firmness declined to 47.07 £ 2.94 N,
reflecting a marked reduction in tissue strength and
progressive softening. Once fruits entered the
deterioration or decay stage, flesh firmness
decreased sharply to 9.81 + 098 N, a level
considered unsuitable for commercial distribution
or consumption. Overall, these findings indicate
that although prochloraz at 15 mL per 20 L
substantially improved storage life relative to lower
concentrations, it remained insufficient to
effectively prevent postharvest deterioration
beyond approximately 14 days under ambient
storage conditions.As shown in Table 4, the
application of prochloraz at a concentration of 20
mL per 20 L of water combined with Hot-Water
immersion for 15 min markedly extended the
postharvest storage life of mangoes processed
through the production line. Clear differences in
quality retention were observed throughout 15 days
of storage. At day 15, a proportion of the mangoes
maintained acceptable quality with respect to both
peel appearance and internal flesh condition. These
fruits exhibited a gradual reduction in flesh
firmness to 46.11 = 2.94 N, indicative of controlled
softening associated with normal ripening rather
than rapid tissue breakdown. In contrast, some
fruits began to show evident symptoms of
deterioration, including the development of brown
to black lesions and fungal growth on the peel, as
well as darker internal flesh coloration and mushy
texture. These deteriorated fruits exhibited very low
firmness values (9.81 + 0.98 N), characteristic of
advanced decay. Overall, these results demonstrate
that a prochloraz concentration of 20 mL per 20 L
effectively extended the storage life of mangoes to
beyond two weeks under ambient conditions.
Compared with lower concentrations, this treatment
provided superior suppression of postharvest
deterioration while maintaining commercially
acceptable firmness for an extended period,
highlighting its potential as an optimal treatment
condition within the production process.As
presented in Table 5, the application of prochloraz
at a concentration of 25 mL per 20 L combined
with 15-min Hot-Water immersion significantly
influenced the postharvest quality of mangoes
during storage. After 15 days, pronounced quality
changes were observed. The mango peel exhibited
noticeable discoloration, including the development
of spots and blemishes, while the internal flesh
color darkened to a deeper yellow. Concurrently,
fruit firmness declined markedly to 36.28 + 2.94 N,
indicating substantial loss of tissue integrity and
progressive softening. Although severe decay was
less prevalent compared with lower prochloraz
concentrations, the overall fruit quality deteriorated
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considerably in terms of peel appearance, firmness,
and sensory attributes. These results indicate that,
despite its capacity to delay deterioration, the use of
prochloraz at 25 mL per 20 L may induce
unfavorable physical characteristics, limiting its
suitability for commercial marketing. Therefore,
excessively high concentrations of prochloraz,
while extending Shelf Life, can adversely affect
marketable quality. A comparative evaluation of the
effects of five prochloraz concentrations applied
with a constant -min Hot-Water immersion on
postharvest mango quality is summarized in Table
6.As summarized in Table 6, prochloraz
concentrations of 15 and 20 mL per 20 L combined
with  15-min Hot-Water immersion exhibited
comparable effects on the postharvest Shelf Life of
mangoes. Mangoes treated with 15 mL per 20 L
maintained acceptable quality for approximately 14
days, whereas those treated with 20 mL per 20 L
retained marketable quality for up to 15 days. Both
treatments demonstrated similar peel color, surface
appearance, and flesh firmness throughout the
storage period. Physical observations indicated that
excessively high prochloraz concentration (25 mL
per 20 L) effectively suppressed decay; however,
prolonged storage led to increased transpiration,
resulting in peel shriveling and internal flesh
dehydration. These quality deteriorations render the
fruit unsuitable for commercial distribution. These
findings are consistent with reports by ARC [31],
which noted that while high prochloraz levels can
control fungal pathogens effectively, excessive
concentrations may negatively affect fruit physical
guality. Conversely, low prochloraz concentration
(5 mL per 20 L) was insufficient to inhibit fungal
growth, leading to earlier onset of decay compared
with other treatments. This observation aligns with
the findings of Prusky [32], emphasizing that
optimal fungicide concentrations must balance
efficacy and safety to maintain postharvest quality.
Overall, the results of this study indicate that 20 mL
per 20 L prochloraz provides the most suitable
balance  between shelf-life  extension and
maintenance of physical quality, as illustrated in
Figure 2 The collected physical data were
subsequently analyzed using Response Surface
Methodology (RSM) in Minitab software. The
RSM results were consistent with the observed
changes in fruit quality. Detailed outcomes of the
RSM analysis are provided in Tables 7 and 8 and
illustrated in Figures 3, 4, and 5.

Table 7 summarizes the two independent variables
used in the RSM analysis. The first variable was
Prochloraz concentration, tested at five levels: 5,
10, 15, 20, and 25 mL per 20 L of water. The
second variable was the duration of Hot-Water
treatment (HWT), evaluated at three levels: 1, 8,

and 15 min.Table 8. Analysis of variance
(ANOVA) for the Response Surface Methodology

(RSM) model The ANOVA results summarized in
Table 8 indicate that the RSM model was highly
statistically significant (F = 159.01, p < 0.001).
Both linear terms—Prochloraz concentration (F =
206.30, p < 0.001) and Hot-Water treatment
duration (F = 244.87, p < 0.001)—had significant
effects on the response variable, with Hot-Water
treatment duration exerting the strongest influence
on mango Shelf Life. The significant quadratic
effect, particularly Prochloraz? (F = 85.08, p <
0.001), suggests a pronounced nonlinear
relationship between Prochloraz concentration and
Shelf Life. Additionally, the interaction between
Prochloraz concentration and Hot-Water treatment
duration was statistically significant (F = 44.56, p <
0.001), indicating that the effect of one factor
depended on the level of the other. Although the
lack-of-fit test was significant (F = 10.16, p <
0.001), the relatively low pure error (MS = 0.252)
confirms that the model is adequate for prediction
and optimization. The interaction effects of
Prochloraz concentration and Hot-Water treatment
duration on mango Shelf Life are illustrated in
Figure 3.The interaction plot in Figure 3 illustrates
that all response curves display a parabolic trend,
indicating significant nonlinear quadratic effects on
Shelf Life. Mango Shelf Life increased
progressively as Prochloraz concentration was
raised from 5 to 20 mL per 20 L of Hot-Water,
reaching a peak before slightly decreasing at
concentrations above 20 mL The dashed green line,
corresponding to a Hot-Water treatment duration of
15 min, resulted in the longest average Shelf Life
(~16 days), followed by 8 min (~11 days) and 1
min (~8 days). These findings indicate that Hot-
Water treatment duration is the primary
determinant of Shelf-Life extension and that it
interacts strongly with Prochloraz concentration. To
further explore the combined effects of Prochloraz
concentration and Hot-Water treatment duration on
the Shelf Life of Nam Dok Mai Si-Thong mangoes,
a three-dimensional response surface plot was
generated using the RSM model, as depicted in
Figure 4.The three-dimensional response surface in
Figure 4 demonstrates that both factors exert a
significant combined effect on mango Shelf Life.
Increasing Prochloraz concentration in conjunction
with prolonged Hot-Water treatment duration
resulted in a progressive increase in Shelf Life,
reaching an optimal region beyond which the
response plateaued or slightly declined. This
response  surface highlights the nonlinear
relationship and strong interaction between the two
factors. This study underscores the practical
application of experimental optimization within a
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commercial-scale production process to achieve
high-quality outcomes suitable for transportation
and distribution. The primary objective is to
minimize processing time and operational costs
while maintaining fruit quality in accordance with
market standards. For mango transportation
scenarios requiring a Shelf-Life of 7-14 days,
parameter settings in production line Step 3 (Hot-
Water treatment combined with Prochloraz
application) must be carefully optimized to balance
chemical concentration, treatment duration, fruit
guality, and production cost. The optimization
outcomes derived from the RSM model are
illustrated in Figure 5. Figure 5 presents the
combinations of Prochloraz concentration (X-axis)
and Hot-Water treatment duration (HWT-Time; Y-
axis) that achieve mango Shelf Life within the
target range of 7-14 days. The region enclosed by
the contour lines corresponding to 7 and 15 days
defines the acceptable operational range. For the
lower target range (~7-8 days), representative

parameter combinations included Prochloraz
concentration of approximately 9.64 mL per 20 L
with a treatment duration of 1.32 min (Shelf Life =
7.08 days) and 9.35 mL per 20 L with 4.56 min
(7.72 days). Within the mid-range (~12-13 days),
suitable combinations comprised 19.20 mL per 20
L with 4.01 min (12.77 days), 19.01 mL per 20 L
with 6.71 min (13.17 days), and 21.88 mL per 20 L
with 1.22 min (13.01 days). The upper target range
(~14-15 days) was attained with Prochloraz
concentrations of approximately 17.40-18.86 mL
per 20 L in combination with treatment durations of
11.83-14.46 min, yielding Shelf-Life values of
14.46-14.87 days.These results clearly indicate a
nonlinear interaction between the two factors.
Specifically, longer Hot-Water treatment durations
reduce the Prochloraz concentration required to
achieve a given Shelf Life, whereas higher
Prochloraz concentrations can compensate for
shorter treatment durations.

Process steps Production line

L1
Fruit grading

Experimental procedure

(2]
Washing and maturity
assessment of fruit
maturity
RSM

- Prochloraz
©

Hot wat Concentration
immersion) - Time of

Hot-Water

Treatment
L

o

Cold-water immersion

6
Air blowing and water
removal

v

(6
Packaging

Figure. 1. Experimental procedures in the mango production process
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Table 1. Effect of Hot-Water immersion for 15 min combined with prochloraz at 5 mL per 20 L of water on postharvest
changes of mangoes

Day Peel color of Surface Internal quality of  Fruit firmness
mango fruit characteristics of mango flesh (N)
mango fruit

1
5 51.04+2.9
9.81 + 0.98
Table 2.. Effect of Hot-Water immersion for 15 min combined with prochloraz at
10 mL per 20 L of water on postharvest changes of mangoes
Day Peel color of Surface characteristics Internal quality of Fruit firmness
mango fruit of mango fruit mango flesh (N)
1
7
49.08 + 3.92
11.77 = 1.96

Table 3. Effect of Hot-Water immersion for 15 min combined with prochloraz at 15 mL per 20 L of water on
postharvest changes of mangoes

Day Peel color of Surface characteristics Internal Fruit firmness
mango fruit of mango fruit quality of (N)
mango flesh

14 . 47.07 £ 2.94

9.81 4+ 0,98

Table 4. Impact of 15-min Hot-Water immersion combined with 20 mL per 20 L
Prochloraz on postharvest quality of mangoes
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Day Peel color of Surface Internal quality Fruit firmness
mango fruit characteristics of of mango flesh (N)
mango fruit

15 -
Table 5. Impact of 25 mL per 20 L Prochloraz combined with 15-min Hot-Water
immersion on postharvest quality of mangoes

46,11+ 2,94

9.81:+ 0.98

3

Day Peel color of Surface Internal quality of  Fruit firmness
mango fruit characteristics of mango flesh (N)
mango fruit
1

=15

36.28:1 2.94

Table 6. Comparative impact of five Prochloraz concentrations combined with 15-min Hot-Water immersion on
postharvest quality of mangoes

Prochloraz Storage Fruit appearance Inremal qualiry Fruir firmness
concentranon duration (peel color) of mango flesh (N)

(days)
S ml per 20 L 5 51.0£29
of water
10 mL per 20 L 7 19.08 + 3.92
of water
15 ml per 20 L 14 47.07 £ 2,94
of water
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Prochloraz Storage Fruit appearance Internal quality Fruit fiimness
concenlration charnon (peel color) of mango flesh (N)
(days)

20 mL per 20 L 15 T —— e 46,11 % 2.94
of water

36.28+ 2.94
25 mL per 20 L o
of warer

18E_i‘fect of Prochloraz Concentration on Shelf Life of Mango

>15

=
N
T

Shelf life (days)

% mL/20L 10 mL/20L 15 mL/20L 20 mL/20L 25 mL/20L
Prochloraz concentration (mL/20L)

Figure 2. Comparative assessment of shelf-life duration and peel quality of mangoes treated with five Prochloraz
concentrations combined with 15-min Hot-Water immersion

Interaction Plot for Shelf-life(days)

Fitted Means
, Prochloraz * HWT-Time ‘ HWT-Time |
1‘ 1 B e T i 1
..o"- g 8
o - 15
14 .
k1
=3
:g 10
€=
wv
S 8
c
3
Z 6
‘ <
2 : : : i
5 10 15 20 25
Prochloraz

Figure 3. Interaction effects of Prochloraz concentration and Hot-Water treatment
duration on mango Shelf-Life
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Table 7. Factor Information

Factor Levels Values
Prochloraz Concentration 5 5,10, 15, 20, 25
Time of Hot-Water 3 1.8, 15
Treatment

Table 8. Analysis of Variance
Source DF Adj SS Ad) MS F-Value P-Value

Model 5 589.432 117.886 159.01 0.000
Linear 2 354.561 177.281 23913 0.000
Prochloraz 1 152941 152.941 206.30 0.000
HWT-Time 1 181.535 181.535 244 .87 0.000
Square 2 64.608 32.304 43.57 0.000
Prochloraz*Prochloraz 1 63.072 63.072 85.08 0.000
HWT-Time*HWT-Time 1 7.811 7.811 10.54 0.003
2-Way Interaction 1 33.037 33.037 44.56 0.000
Prochloraz*HWT-Time 1 33.037 33.037 44.56 0.000
Error 33 24 465 0.741

Lack-of-Fit 7 17917 2.560 10.16 0.000
Pure Error 26 6.548 0.252

Total 38 613.897

3D Surface Plot of Shelf-life(days) against HWT-Time and Prochloraz
Sheet1 in Graph RSM Prochloraz 3v*39c
Shelf-life{days) = Distance Weighted Least Squares

(siRgenPE

- 18
<1
B <15
BE]<13
) < 11
<9
<7
;<5
-5
Figure 4. Three-dimensional response surface plot depicting the combined effects of Prochloraz concentration and
Hot-Water treatment duration (HWT-Time) on the Shelf-Life of Nam Dok Mai Si-Thong mangoes
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HWT-Time

Prochloraz = 9.34726
HWT-Time = 4.55745

Prochioraz = 9.63996
HWT-Time = 1.31503

15

Contour Plot of Shelf-life(days)

14
Prochloraz = 17.3964
HWT-Time = 144554
Shelf-life(days) = 14.8684
12
Prochloraz = 18.8599
10 HWT-Time = 11,8273
Shelf-life(days) = 144637
8

Shelf-life(days) = 7.17976

Shelf-life{days) = 7.08676

Prochloraz

: Shelf-life(days) |
lwmus 15

Prochloraz = 19.0062
HWT-Time = 6.70769
Shelf-life{days) = 13.1679

Prochloraz = 19.2014
HWT-Time = 401136
Shelf-life(days) = 12.7650

Prochloraz = 21.8344
HWT-Time = 1.21263
Shelf-tife(days) = 13.0126

20 25

Figure 5. RSM contour plot depicting the combined effects of Prochloraz concentration and Hot-Water treatment
duration on mango Shelf-Life within the target range of 7-14 days

6. Conclusions

The present study employed Response Surface
Methodology (RSM) to optimize Prochloraz
concentration and Hot-Water treatment (HWT)
duration within a commercial mango production
process, with the aim of extending the postharvest
Shelf Life of Nam Dok Mai Si-Thong mangoes
intended for export. The key conclusions are
summarized as follows:

1. Effect of Prochloraz concentration and Hot-
Water treatment duration Both Prochloraz
concentration in Hot-Water and HWT duration
significantly influenced the postharvest Shelf Life
of Nam Dok Mai Si-Thong mangoes in an export-
oriented production system. The combination of 20
mL Prochloraz per 20 L of water with Hot-Water
immersion at 54 °C for 15 min was identified as the
most effective condition, extending mango Shelf
Life to 15 days. This treatment -effectively
maintained fruit quality, minimized postharvest
losses, and enhanced consumer confidence in both
domestic and international markets.

2. Limitations of insufficient or excessive
Prochloraz application. Prochloraz concentrations
below 10 mL per 20 L in combination with 15-min
Hot-Water treatment were inadequate for decay
control, resulting in rapid quality deterioration.
Conversely, concentrations exceeding 20 mL per 20
L extended Shelf Life beyond 15 days without
visible decay; however, excessive moisture loss led

to fruit shriveling and dehydration, rendering the
fruit unsuitable for commercial distribution. These
findings underscore that unnecessarily high
Prochloraz concentrations may compromise fruit
quality and raise potential consumer safety
concerns. The results are consistent with the
principles of Integrated Postharvest Management
(IPM), which emphasize the judicious use of
chemical treatments to balance efficacy, safety, and
sustainability [33—-35].

3. Operational frameworks for industrial
application. The study identifies two practical
operational strategies for industrial implementation:
(1) a “low-chemical-long-time” approach (e.g.,
Prochloraz ~ 17-19 mL/20 L, HWT = 12-14 min)
achieving a Shelf Life of approximately 14-15
days; and (2) a “short-time—moderate-chemical”
approach (e.g., Prochloraz = 19-22 mL/20 L, HWT
=~ 1-7 min) achieving a Shelf Life of approximately
12-13 days. Selection of the appropriate strategy
should consider production line constraints,
including temperature and time control capabilities,
as well as compliance with pesticide residue
regulations, such as maximum residue limits
(MRLs) established by international authorities and
trade agreements [36, 37].

4. Economic considerations and cost optimization
for export logistics. Large-scale export operations
require stringent cost management. For export
routes with transportation durations not exceeding
15 days, a Prochloraz concentration of 15 mL per
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20 L can be selected instead of 20 mL per 20 L,
extending Shelf Life to approximately 14 days
while reducing chemical input costs. Optimized use
of Prochloraz at appropriate concentrations thus
contributes to both lower export costs and effective
shelf-life extension. From economic and consumer
safety perspectives, the concentration range of 15
mL per 20 L represents an optimal compromise
between efficacy and cost-effectiveness.
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