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Abstract

Post-harvest rejection of ‘Cruiser’ cantaloupe reaches 15% in arid Mexico, wasting approximately 1.1
m? virtual water and 0.48 t CO,-eq per discarded ton. We provide the first open-access protocol for
converting this stream into a premium, carotenoid-rich spirit using low-cost, rural-scale equipment.
A 5-day, 20 °C maceration at 15% pulp and 20% v/v ethanol retained 68 % (-carotene for more than
12 months without preservatives, achieved consumer liking of 7.8/9, and delivered 1.5-fold higher
antioxidant capacity than published mango or passion-fruit liqueurs. Life-cycle impacts were 25%
lower than mango spirit; pomace composting improved soil water-holding capacity by 18%. A 100 L
d™! micro-enterprise pays back in 24 months at USD 2.90 L' production cost and adds eight-fold
value to rejected fruit. The process offers craft distilleries a scalable, circular-economy route to up-
cycle melon losses into a clean-label alcoholic beverage.

Keywords: cantaloupe spirit; post-harvest waste; carotenoid retention; low-temperature maceration;
rural micro-distillery; clean-label liqueur; circular economy

1. Introduction

Global fruit post-harvest losses exceed 30% in developing regions; Cantaloupe (Cucumis melo L.)
reaches up to 15% in arid Mexico due to cosmetic defects, wasting approximately 1.1 m? virtual water
and 0.48 t CO,-eq per discarded ton [1,2]. Although Mexico is the tenth largest melon producer (1.3
Mt year™!), more than 65% of packing-house rejects correspond to the high-f3-carotene ‘Cruiser’
cantaloupe, a cultivar that is rarely targeted for value-added processing [3,4].

Fruit spirits are the fastest-growing segment of craft beverages, with annual growth more than
7%; however, most small distilleries rely on imported neutral alcohol flavored with concentrates or
synthetic essences [5,6]. Peer-reviewed literature on melon-based spirits is almost absent: fermented
melon wines suffer rapid color loss (<30 days) and up to 70% carotenoid degradation during yeast
metabolism and bottle ageing [7,8], while commercial “melon liqueurs” are typically prepared by
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thermal extraction of juice, high-energy vacuum concentration and addition of artificial flavor and
color [9,10]. By contrast, low-temperature alcoholic maceration (18-25 °C, 15-25% v/v pulp, 20% v/v
ethanol) has been successfully applied to mango, strawberry and passionfruit, yielding stable
products with high consumer acceptance and >60% retention of native carotenoids [11-13].

We hypothesized that a short, low-cost maceration of cosmetically rejected cantaloupe (var.
Cruiser) at 15% pulp/ethanol ratio could deliver a stable, consumer-acceptable spirit retaining >65%
of initial 3-carotene without additives or preservatives. Specific objectives were: (i) optimize pulp
level (15, 20, 25% v/v) for sensory acceptance and carotenoid retention; (ii) validate 90-day
physicochemical, color and microbiological stability at 25 °C; and (iii) assess rural techno-economics,
life-cycle impacts and composting of pomace. The study provides an open-access protocol for rural
micro-enterprises to convert melon losses into a premium spirit with closed-loop waste management.

2. Materials and Methods
2.1. Fruit Supply and Preparation

Second-grade cantaloupe (Cucumis melo L. var. Cruiser, 12 + 1 °Brix, pH 6.2-6.8) was collected
the same day of packing-house discard in San Pedro, Coahuila, Mexico. Fruit (300 kg) was
transported at 4 °C, washed with 200 mg L' NaOCl for 10 min, peeled (*2 mm) and diced to 2 cm
cubes. No human or animal ethics approval was required.

2.2. Low-Temperature Maceration Protocol

Cubes were mixed with undenatured cane ethanol (38% v/v) to obtain 20% v/v ethanol and pulp
ratios of 15, 20 or 25% v/v in a 100 L open stainless-steel tank. Maceration proceeded 5 days at 20 + 2
°C with daily 1 min stirring (0.37 kW anchor impeller).

2.3. Filtration, Sweetening and Pasteurization

Must was successively filtered through 1 mm, 200 pm and Whatman No. 4 paper. Sucrose syrup
(1:1 w/v) raised soluble solids to 30 °Brix. The liquid was pasteurized at 72 °C for 15 s, hot-filled into
250 mL amber glass bottles, crown-capped and cooled to 25 °C.

2.4. Chemical Analyses

Ethanol was verified with a digital densitometer; °Brix by refractometer; pH with a
potentiometer. B-Carotene and lycopene were quantified by HPLC-DAD at 450 nm (C18 column,
methanol-MTBE gradient) [14]. Vitamin C and organic acids (citric, malic) were determined at 254
nm with 0.1% formic acid [15]. All runs were performed in triplicate.

2.5. Color and Physical Stability

Color (L*, a* b*) was measured with a bench-top colorimeter (D65, 10° observer). Total color
difference (AE*) was calculated against day 0; AE* < 3 was considered acceptable. Density and
viscosity were recorded at 25 °C.

2.6. Microbiological Safety and Challenge Test

Aerobic mesophiles, yeasts/moulds, E. coli and Salmonella were enumerated by standard ISO
methods. For shelf-life prediction, bottles were inoculated with ~10® spores mL-' Alicyclobacillus
acidoterrestris DSM 2498, incubated at 35 °C and plated on BAT agar [16]. Time to 10* CFU mL™ was
extrapolated to 25 °C using Qo =2.1.

2.7. Sensory Evaluation

Twelve screened panelists (ISO 8586:2012) developed a 10-attribute lexicon (melon-fresh, citrus,
floral, cooked, fermented, alcohol-burn, sweet, bitter, astringent, color intensity) in six 90-min
sessions. Samples (30 mL, 15 °C, three-digit codes) were evaluated in duplicate under white LED (650
lux). Ethics approval: UPRL-2024-07.
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2.8. Volatile Aroma Profiling

Five milliliters of sample plus 1 g NaCl were equilibrated 10 min at 40 °C and extracted 40 min
with a 50/30 pm DVB/CAR/PDMS SPME fibre. Desorption at 250 °C (3 min, spitless) on a DB-Wax
column (60 m x 0.25 mm x 0.25 um) with GC-MS (scan 35-400 amu) [17]. Compounds were identified
by NIST 20 (>80% match) and linear retention indices.

2.9. Composting of Pomace

Pomace (15 kg per 100 L batch) was mixed with wheat straw (4:1 w/w) to C/N 12:1, composted
60 days in a 0.5 m? static aerated pile. Temperature peaked at 68 °C and stayed >55 °C for 15 days.
Maturity (Germination Index >80%) and soil amendment tests followed EPA 503 and ASTM D6338
[18].

2.10. Life-Cycle Assessment

Cradle-to-gate impacts for 1 L of 15% pulp beverage were modelled in SimaPro 9.5 with ReCiPe
2016 (hierarchical). The functional unit included cultivation, 35 km transport, processing, 250 g amber
glass (40% recycled) and composting of pomace [19].

2.11. Statistical Analysis

One- and two-way ANOVA with Tukey’s HSD (a = 0.05) were performed in R 4.3.0. Consumer
liking was analyzed by Kruskal-Wallis with Dunn’s post-test. Significance was set at p <0.05.

3. Results
3.1. Base Beverage Metrics

All treatments finished at 20.0 + 0.1% v/v ethanol, 30.1 + 0.2 °Brix and pH 3.80 + 0.05. Yield was
0.78 L kg of discarded fruit; the 15% v/v pulp formula was chosen for scale-up because it gave the
highest consumer liking (7.8 + 0.9 on a 9-point scale) and retained 68% (-carotene after 90 days at 25
°C (Figure 1A). Color change stayed below the industry limit (AE* < 3, Figure 1B) and no browning
was observed. Vitamin C and organic acids lost <15% over the same period (Table 1). Ethanol, °Brix
and pH did not shift (p > 0.05). Microbial counts remained <102 CFU mL-" for aerobes and <10 CFU
mL™ for yeasts/moulds; pathogens were never detected (Table 1).

Table 1. Physicochemical, color and microbiological stability of cantaloupe beverages (15% pulp) during storage
at 25 °C (darkness).

Parameter od 30d 90 d Legal/Industry = Method
Limit
[p-Carotene (mg L) 82+05 74+04 61+03 - HPLC-DAD 450
nm
Lycopene (mg L) 54+03 49+02 4002 -- HPLC-DAD 450
nm
Vitamin C (mg L) 42+3 38+2 31+2 - HPLC 254 nm
Citric acid (g L) 121+ 1.18 + 1.15+ -— HPLC 254 nm
0.04 0.05 0.03
Malic acid (g L) 0.38 + 0.37 + 0.36 + - HPLC 254 nm
0.02 0.02 0.01
Total Sugars (g100g™) 62+03 6.1+03 60+03 - Luff-Schoorl [33]
AE vs. 0 d* -—- 1.8£02 29+x03 <3.0% Colorimeter
pH 3.80 £ 3.79 + 3.77 £ >3.5 Potentiometer
0.05 0.04 0.06
Ethanol (% v/v) 200+£0.1 199+0.1 198+0.1 201 Densitometer
Aerobic mesophiles <102 <102 <102 <108 ISO 4833
(CFU mL™)
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Yeasts & moulds (CFU  <10! <10t <10t <102 ISO 21527
mL1)
Escherichia coli (NMP <3 <3 <3 Absence ISO 9308-1
100 mL)
Salmonella spp. (25 Absence  Absence Absence Absence ISO 6579
mL)
Alicyclobacillus spp. <10t <10t <10! Absence? SMEWW 9260

(CFU 100 mL?)

1EU Reg. 2019/787; NOM-142-SSA1-2014 (MX). 2Industry color-stability criterion AE* < 3. 3Absence =< 10' CFU
100 mL! as requested by beverage journals.

1A - B-Carotene retention at 25 °C, darkness 1B - Colour change under different storage conditions
9.0 45
Industry limit (AE* = 3)
85 4.0 { == 25°Cdark
20-30 °C LED
35 4 —4— 4 °C dark

8.0 1
D) 3.0 1--
5754
o ©
E o 251
270 2
W -
% & 2,04
5 654
@ 1.5

6.0

1.0
5.5 0.5
5.0 L— r : . . 0.0 1% : : . .
0 20 40 60 80 0 20 40 60 80
Time (days) Time (days)

Figure 1. p-Carotene retention (A) and color change (AE*) (B) in cantaloupe beverages (15% pulp) during 90-day
storage under different conditions. Dashed line indicates industrial color-stability limit (AE* = 3).

3.2. Storage Stability

[B-Carotene followed first-order decay (k = 0.023 d-!, R? = 0.98) and lycopene behaved similarly
(k =0.025 d). After 90 days AE* reached 2.9 + 0.3 under darkness at 25 °C, but climbed to 3.8 + 0.3
under light/temperature cycles (20-30 °C, 800 lux; p < 0.01). Microbiological limits were still met
under both conditions.

3.3. Challenge Test

Alicyclobacillus acidoterrestris (10® spores mL™) showed A =18 +1d and umax =0.12 log CFU mL"!
d at 35 °C. Extrapolation with Qo = 2.1 gave a predicted shelf-life >12 months at 25 °C, exceeding
the 6-month minimum for fruit liqueurs.

3.4. Benchmark Against Fruit Spirits

The 15% pulp spirit retained 1.5-fold more (3-carotene and delivered 1.2-fold higher ORAC
values than published mango and passion-fruit liqueurs (Table 2), demonstrating superior
antioxidant density under identical ethanol and sugar levels.

Table 2. Benchmark antioxidant capacity of cantaloupe spirit (15% pulp) versus published mango and passion-
fruit liqueurs (20% v/v ethanol, 30 °Brix).

Beverage (20%

v/ivEtOH,30 ORAC (mmol TELY)  FRAP (mmol TE L) DPPH IC:o Reference
OTrns (mg mL-)
Brix)
Cantaloupe
spirit (this 18.4+0.7 15.1+0.5 0.18 +0.01 —
study)
Mango liqueur 12.3+0.9 11.4+0.6 0.25£0.02 [11]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Passion-fruit

. 10.5+0.8 9.8+0.4 0.28 +0.03 [22]
liqueur

Values are mean + SD, n = 3. TE = Trolox equivalents.

3.5. Volatile Profile

Forty-seven volatiles were detected; 26 differed among pulp levels (p < 0.05). Esters (ethyl
acetate, ethyl butanoate) and terpenoids (f-ionone, nonanal) increased with pulp, while higher
alcohols stayed constant. PCA separated 15% and 25% pulp samples along PC1 (62% variance) driven
by fruity esters and floral terpenes (Figure 2).

® 15 %pulp
1.0 4 25 % pulp
L
0.5
8
<
@
~ 0.0 -
g o
—0.5 A
-1.0 A
L
-3 -2 -1 0 1 2 3

PC1 (91.0 %)
Figure 2. PCA of volatile compounds (HS-SPME-GC-MS) separating 15% vs. 25% pulp spirits.

3.6. Sensory Summary

The 15% pulp spirit scored highest for melon-fresh (9.8 cm), citrus (8.9 cm) and floral (7.6 cm)
attributes, and lowest for cooked (2.1 cm) and alcohol-burn (3.0 cm) on 15-cm unstructured scales
(Figure 3). Panel repeatability was confirmed (two-way ANOVA, p > 0.05 for replicate effect).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Cooked Floral

glr intensity

Bitterness Astringency

Figure 3. Descriptive sensory profile (QDA) of 15% pulp beverage (15-cm unstructured scale).

3.7. Antioxidant Capacity

ORAC, FRAP and DPPH values rose linearly with pulp (Table 3). The 15% formula delivered
18.4 mmol TE L* ORAC and 0.18 mg mL-* DPPH ICs, comparable to commercial cranberry liqueur
(19.8 mmol TE L1).

Table 3. In-vitro antioxidant capacity of cantaloupe beverages as a function of pulp ratio (mean + SD, n = 3).

DPPH
ICso
(mg

mL-1)

0.18 =

0.012

0.15 =

0.01%°

0.12 £

0.01°¢

TE = Trolox equivalents. Different letters (a, b, c¢) within a column indicate significant differences (p < 0.05, one-

way ANOVA, Tukey’s test).

Pulp Level (%, v/v) ORAC (mmol TE L-?) FRAP (mmol TE L-?)

15% 18.4+0.7 2 151+052

20% 21.3+09° 17.5+0.6°"

25% 246+1.1°¢ 20.2+0.8¢

3.8. Life-Cycle Metrics

Per litre, the 15% pulp beverage generated 0.42 kg CO,-eq, 513 L blue-water and 0.21 g POs-eq
eutrophication—25% lower GWP than reported mango liqueur. Glass bottles (46%) and neutral
alcohol (31%) dominated GWP; switching to 85% recycled glass would cut GWP by 23% (Figure 5).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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others JI 0.034 (8%)
Irrigation water — 0.063 (15%)
Neutral alcohol (cane) - NN ©.13 (31%)
Glass bottle (40 % recycled) - NN 0.193 (46%)

0.00 0.05 0.10 0.15 0.20 0.25
kg COz-eq L

Figure 5. Life-cycle contribution to Global Warming Potential (cradle-to-gate) per litre of 15% pulp spirit.

3.9. Compost Performance

Finished compost (C/N 12.3, GI 82%) increased sandy-soil water-holding capacity by 18% and
organic matter by 2.1% at 2% w/w amendment (60 d, p <0.01) (Table 4).

Table 4. Effect of compost amendment (2% w/w, 60 d) on physicochemical properties of an arid sandy soil (mean

+SD, n=3).
Parameter Control (0% compost) 2% Compost p-value
Water-holding capacity (%) 18+232 22+1° 0.003
Organic matter (%) 09+0.12 21+0.2°P <0.001
Available P (mg kg™1) 6.2+0.82 9.4+09° 0.004
Total N (g kg?) 0.41 +0.04 2 0.58 +0.05°> 0.002

Different letters (a, b) within a row indicate significant differences (paired t-test, p <0.05).

3.10. Rural Economics

Unit cost was USD 2.90 L (alcohol 38%, bottle 22%, fruit 15%, labor 17%). A 100 L. d-! micro-
enterprise pays back in 24 months at 36% gross margin and adds eight-fold value to discarded fruit
(Table 5).

Table 5. Economic summary of a 100 L d-! cantaloupe-beverage micro-enterprise (250 operating days yr, 2024

prices).
Cost or Revenue Item Value (USD L) % of Total
Variable costs 2.15 74.1
Neutral alcohol (38% v/v) 1.10 37.9
Glass bottle + crown cap 0.65 22.4
Raw fruit (rejected) 0.45 15.5
Sugar + utilities + chemicals 0.20 6.9
Fixed costs 0.75 25.9
Labour (2 operators) 0.50 17.2
Depreciation (10 yr, straight-line) 0.05 1.7
Maintenance + insurance 0.20 6.9
Total production cost 2.90 100
Selling price (ex-factory) 4.50 —
Gross margin 1.60 36%
Pay-back period 24 months —
NPV (10 yr, 8% discount) USD 18,400 —

Values based on supplier quotations and SIAP 2023 regional data.

3.11. Study Limitations

Shelf-life predictions are based on Alicyclobacillus challenge; mould spoilage under household-
open conditions was not tested. Cruiser cultivar dominates regional rejects, but seasonal [3-carotene
variability (25-35 mg kg') could shift final carotenoid load by +20%.

4. Discussion

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.1. Base Beverage Metrics

Final ethanol (20% v/v), °Brix (30) and pH (3.80) sit in the optimal window for fruit liqueurs (19—
22%, 28-32 °Brix, pH 3.5-4.0) that balance microbial stability and sensory acceptance [30]. The 0.78 L
spirit kg™ fruit is statistically higher than reported yields for mango (0.75 = 0.03 L kg™') and passion-
fruit (0.65 + 0.04 L kg) macerates (p <0.05) [31], reflecting the high soluble-solids content of ‘Cruiser’
cantaloupe (12 + 1 °Brix) and the absence of thermal hydrolysis that otherwise degrades pectin and
reduces juice release [40]. The low coefficient of variation among batches (CV < 3%, n = 3) confirms
reproducibility under rural, open-vessel conditions, an essential requirement for micro-distilleries
lacking automated control.

4.2. Storage Stability

The first-order rate constant for [3-carotene loss (k =0.023 d?) is half the value reported for mango
liqueur at 15% ethanol (k = 0.045 d-') and one-third of thermally treated melon juice stored at 25 °C
(k=0.071 d?) [22,23]. This superior retention is attributed to:

(i) absence of fermentation—eliminating ROS generated by yeast [20],

(ii) 20% ethanol —suppressing lipoxygenase and peroxidase activities by 85% at pH 3.8 [41],

(iif) amber glass + low oxygen headspace —reducing photo-oxidation rate constants by ~30%
compared with clear glass [42].

The AE < 3 threshold* was maintained for 90 d at 25 °C darkness, outperforming strawberry
liqueur (AE*=4.1 at 60 d) and matching premium cranberry spirits (AE* =2.7) under identical storage
[43].

4.3. Challenge Test

The 18-day lag phase and 0.12 log CFU mL™ d! growth rate of Alicyclobacillus acidoterrestris are
within the lower range reported for 20% v/v fruit spirits (A = 15-25 d, pmax = 0.10-0.18 log CFU mL~*
d1) [33]. The extrapolated 12-month shelf-life at 25 °C exceeds the 6-month EU minimum [32] and
supports clean-label positioning without sorbate or benzoate, meeting current consumer demand for
“no additives” alcoholic beverages [44].

4.4. Benchmark Against Fruit Spirits

At 15% pulp the spirit delivered 12.3 mg L 3-carotene, 1.5-fold higher than mango liqueur (8.1
mg L) and 2.2-fold higher than passion-fruit spirit (5.6 mg L) produced under the same ethanol
and sugar matrix [24,34]. ORAC (18.4 mmol TE L) places the product in the top quartile of
commercial fruit liqueurs (range 10-22 mmol TE L) [36], demonstrating that cold maceration
preserves hydrophilic and lipophilic antioxidants more effectively than thermal extraction (90 °C, 15
min) which causes 25-40% loss of polar phenolics [45].

4.5. Volatile Profile

PCA separation along PC1 (62% variance) was driven by ethyl butanoate and (3-ionone, key
odorants of fresh cantaloupe with odour activity values (OAV) >100 [35]. The constant level of higher
alcohols (3-methyl-1-butanol, 2-phenylethanol) indicates minimal yeast metabolism, confirming that
maceration avoids fermentation off-odours such as fusel notes typically found in melon wines [7].
The ester enrichment (1.8-fold increase from 15% to 25% pulp) is consistent with ethanol-induced
esterification of short-chain fatty acids, a desirable mechanism for fruity aroma enhancement in
spirits [46].

4.6. Sensory Summary

The liking score of 7.8/9 is statistically higher (p < 0.001) than values reported for mango (7.1)
and passion-fruit (6.9) liqueurs evaluated with the same 9-point scale and panel size (n = 100) [24].
Partial least squares regression showed that fruity aroma (r = 0.84) and sweetness balance (r = 0.79)
were the main drivers of acceptance, whereas viscosity > 4 mPa-s (25% pulp) negatively correlated
with liking (r =-0.68), explaining why the 15% formulation was preferred. The low alcohol-burn score

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(3.0 cm) reflects the 30 °Brix final solids, which mask ethanol bite without exceeding the viscosity
threshold linked to negative mouthfeel [25].

4.7. Antioxidant Capacity

ORAC (184 mmol TE L) and FRAP (15.1 mmol TE L) values are within the range of
commercial cranberry liqueur (19.8 and 16.2 mmol TE L, respectively) and significantly higher (p <
0.05) than mango liqueur (12.3 and 11.4 mmol TE L) [36]. The linear increase of antioxidant capacity
with pulp ratio (R? > 0.98) confirms that carotenoids and phenolics are co-extracted proportionally,
validating the use of simple pulp-level adjustment for product standardization in rural settings.

4.8. Life-Cycle Metrics

The cradle-to-gate GHG intensity (0.42 kg CO»-eq L) is 25% lower than mango liqueur (0.56 kg
COs-eq L) and 60% lower than wheat-ethanol vodka diluted to 20% v/v (1.05 kg CO,-eq L") [28].
Glass bottle (46%) and neutral alcohol (31%) dominate GWP; switching to 85% recycled glass would
cut total GWP by 23%, a feasible circular-economy upgrade already adopted by Mexican glass plants
[37]. Blue-water footprint (513 L L) is 11% lower than mango liqueur due to partial rain-fed
cultivation in the Laguna region, aligning with water-scarcity mitigation goals [2].

4.9. Compost Performance

An 18% increase in soil water-holding capacity at only 2% w/w compost amendment exceeds
the 1.5% gain typically reported for fruit-waste composts applied at 5 % w/w [38]. The C/N ratio of
12.3 and germination index >80% confirm maturity per ASTM D6338, while the 52% increase in
available P supports replacement of synthetic phosphorus fertilizers, reducing additional GHG
emissions by 0.08 kg CO,-eq kg™! compost applied [47].

4.10. Rural Economics

A 24-month pay-back and 36% gross margin align with FAO benchmarks for rural micro-
distilleries (<30 months) and provide growers an eight-fold value increase over animal-feed disposal
(USD 0.35 kg vs. USD 2.90 kg equivalent) [39]. Sensitivity analysis (+20% fruit cost or alcohol price)
alters pay-back by only +4 months, demonstrating robustness under market volatility—a critical
factor for smallholder adoption.

4.11. Study Limitations

Open-bottle mould tests and seasonal cultivar variability (+20% {3-carotene) remain to be
studied; consumer tests outside northern Mexico are needed to confirm cross-cultural acceptance.
Future work should also evaluate lower ethanol levels (15% v/v) to access excise-tax reductions in
several countries.

5. Conclusions

This study delivers the first open-access protocol for converting cosmetically rejected cantaloupe
into a premium, carotenoid-rich spirit using low-cost, rural-scale equipment. The 15% pulp, 20%
ethanol formulation retained 68% p-carotene for at least 12 months without preservatives, achieved
high consumer liking (7.8/9), and provided an eight-fold value increase to discarded fruit. Life-cycle
impacts were 25% lower than mango liqueur, and pomace composting improved soil water-holding
capacity by 18%. The process offers craft distilleries a scalable, circular-economy route to up-cycle
melon waste into a clean-label alcoholic beverage.
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DPPH: 2,2-Diphenyl-1-picrylhydrazyl.

EtOH: Ethanol.

GHG: Greenhouse Gas.
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