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ABSTRACT 
 

 Pomelo (Citrus maxima (Burm.) Merr.) is a commercially valuable citrus fruit in Thailand; however, 

the use of low-grade fruits for juice extraction is constrained by a strong bitterness. The present research 

explored the impact of the successive debittering process of Kao Yai pomelo juice on physicochemical 

aspects, phytochemical profiles, antioxidative property, sensory evaluation, and electronic tongue responses. 

Six treatments involving scalding, brining, β-cyclodextrin addition, mild heat treatment, and their 

combinations were evaluated, and significant differences in quality parameters of juice were observed among 

treatments (P<0.05). Process no. 3 retained the highest phytochemical contents and antioxidant activity, 

whereas Process no. 1 exhibited the lowest values. From the sensory evaluation, process no. 5 obtained the 

highest scores for flavour balance and overall acceptability, with low intensities of bitterness and astringency 

and a low level of persistent aftertaste. Moreover, the electronic tongue assessment confirmed that bitterness 

and persistent aftertaste would be extracted to the lowest point in the juice of process no. 5. We concluded 

that process no. 5 was better for pomelo juice quality, which indicated the most proportionate balance 

between bitterness minimization and consumer liking. These studies implied that the application of 

appropriate combined debittering procedures could be used in value-added utilization of wasted low-quality 

pomelo fruits for juice production. 

 

Keywords: Citrus maxima, Pomelo juice, Combined debittering processes, Electronic tongue analysis, 
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1. INTRODUCTION 
Pomelo (Citrus maxima (Burm.) Merr syn. Citrus grandis (L.) Osbeck) is among the most important citrus fruits 

grown in Southeast Asia, appreciated for its unique flavor, nutritional quality, and health benefits (Nazeer et al., 2022; 

Sharma et al., 2024). Pomelo has an important agricultural economic value in Thailand. Samut Songkhram Province 

is known for cultivating the Kao Yai pomelo cultivar, and this product has been registered as a geographical indication 

(GI) (Vorasiha et al., 2024; Saeiam et al., 2026). This cultivar possesses large fruit size, pale-yellow flesh, and a good 

aroma with a sweet–sour taste and is highly preferred for domestic and export markets (Saeiam et al., 2026). Pomelo 

not only has some commercial uses, but also has gained a lot of scientific attention because polyphenolic compounds, 

flavonoids, tannins, vitamins, and antioxidant components have been identified in this cultivar, which might have 

some effects on human health (Nazeer et al., 2022; Sapkota et al., 2022; Balmori et al., 2023; Elkhlifi et al., 2024; 

Sharma et al., 2024). 

However, previous reports have shown that pomelo cultivars differ in physicochemical properties and 

phytochemical profiles (Toh et al., 2013; Gupta et al., 2021a; Nguyen et al., 2022; Chen et al., 2023; Elkhlifi et al., 

2024; Su et al., 2024). In our previous study of Thai pomelo cultivars, statistically significant differences were 

observed in total phenolic content, total flavonoid content, total tannin content and antioxidant activity among 

commercially important cultivars, suggesting its suitability to be used as a functional food ingredient 

(Pichaiyongvongdeeand & Haruenkit,2009; Singh et al.,2022; Saeiam et al., 2026). This data indicates that pomelo 

is a nutritionally and biologically valuable product with significant potential for value-added processing (Tocmo et 
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al., 2020; Sowmya & Lakshmi, 2023; Saeiam et al., 2026). Despite the recognized value and market demand for 

pomelo, a large percentage of fruits are rejected for the premium fresh-market classification due to external defects, 

abnormalities in size or shape, or general appearance. These low-value pomelos are then marketed at a much lower 

price, resulting in a reduction in profit to the producer (Joshi & Awate, 2016; Vorasiha et al., 2024; Yan et al., 2024; 

Saeiam et al., 2026).  

Hence, the processing of pomelo products has been proposed as a useful approach to add value to low-grade 

fruits and minimize postharvest (Tocmo et al., 2020; Sowmya & Lakshmi, 2023; Huynh et al., 2024). Pomelo juice 

is a desirable processed product, as it offers convenience and has potential market appeal while retaining many of the 

benefits of the fresh fruit (Chen et al., 2023; Anand et al., 2025; Rose et al., 2025). However, the commercialization 

of pomelo juice has been hindered by bitterness developing during processing. The bitterness of citrus juices is 

generally related to the existence of flavonoid glycosides and limonoids (mainly limonin and naringin) released from 

the juice vesicles, segment membranes, as well as other tissues of fruits during juice extraction and processing. Such 

bitter compounds are considered to be as an undesirable factor affecting the overall acceptability in the products of 

citrus fruit juices (Kore & Chakraborty, 2015; Gupta et al., 2023). 

Various methods have been suggested to remove undesirable bitter flavor from citrus juices, including salt 

soaking, thermal treatment, enzymatic degradation, adsorption, ion-exchange resins, and cyclodextrin-mediated 

removal of bitter compounds. Despite varying degrees of success, many studies manipulated each debittering method 

in isolation rather than adopting continuous processing, in which a minimal combination of debittering mechanisms 

is used. Additionally, little is currently known about how a combination of debittering processes can potentially affect 

sensory attributes and product profiles (Gupta et al., 2021b; Balmori et al., 2023; Selim et al., 2023; Nara et al., 2024; 

Ahmad et al., 2025; Kumar et al., 2025). Chemical analyses of bitter compounds could determine their concentrations 

but might not correlate with human perception of taste. Whereas a taste panel could provide consumer perception 

(human response) and an E-tongue could provide an objective and reproducible measure of taste, including bitter, 

sour, astringency, and aftertaste (Ross, 2021; Huang et al., 2023; Behrens, 2024; Chu et al., 2024; Qiao et al., 2024). 

The combination of all methods may provide a clearer view of the effectiveness of debittering on the physicochemical 

and sensory attributes of pomelo juice. 

The goal of this study was to assess the combined debittering approaches for pomelo juice by using sensory 

evaluation, electronic tongue, and physicochemical analysis. Different combinations of scalding, brining, β-

cyclodextrin adsorption, and mild heat treatment were assessed to reduce bitterness and to retain positive 

physicochemical attributes, phytochemicals, and antioxidant activity. The results of this study would provide 

knowledge to aid in designing feasible processing techniques for the value-added utilization of low-grade pomelo 

fruits and may assist in developing sustainable pomelo production for local communities. 

 

2. MATERIALS AND METHODS 
2.1. Plant Materials and the Juice of Pomelo Preparation  

Mature fruits of Kao Yai pomelo (Citrus maxima (Burm.) Merr.) were collected from commercial orchards in 

Samut Songkhram Province, Thailand, during the harvesting season (August–September 2025). Fruits were picked 

based on commercial maturity and transported to the laboratory for processing. Damaged fruits and microbial-

deteriorated fruits were discarded. Pomelo juice was prepared following the method described by Saeiam et al. (2026) 

with slight modifications. The fruits were washed with potable water, peeled manually, and separated into edible 

segments. The juice was pressed from the pomelo pulp using a domestic juice extractor and filtered through a fine 

mesh to remove coarse particles (Saeiam et al., 2026). The freshly prepared juice was subsequently subjected to 

different combined debittering processes prior to physicochemical, phytochemical, antioxidant, sensory and 

electronic tongue analyses. 

 

2.2. Combined Debittering Processes 

The combined debittering processes were designed based on different mechanisms of bitterness reduction, 

including thermal treatment, salt-assisted diffusion, and β-cyclodextrin adsorption (Fig. 1). 

Six treatments were evaluated as follows: process no. 1 (scalding treatment), pomelo segments with the innermost 

membrane retained were immersed in boiling water (100°C) for 5 minutes, immediately cooled in cold water, and 

subsequently squeezed to obtain juice; process no. 2 (brining+heat treatment), pomelo pulp was soaked in 3% (w/v) 

sodium chloride solution for 50 minuets, drained, squeezed to obtain juice, and heated in hot water (90 ± 2°C) for 5 

minutes; process no. 3 (β-cyclodextrin treatment), fresh pomelo juice was mixed with 0.05% (w/v) β-cyclodextrin, 

stirred until completely dispersed, and heated in hot water (90 ± 2°C) for 5 minutes process no. 4 (brining+β-

cyclodextrin+heat treatment), pomelo pulp was soaked in 3% (w/v) sodium chloride solution for 50 minutes, drained, 

squeezed to obtain juice, followed by the addition of 0.05% (w/v) β-cyclodextrin and heating in hot water (90 ± 2°C) 

for 5 minutes; process no. 5 (scalding+brining+β-cyclodextrin+heat treatment), pomelo segments with the innermost 
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membrane retained were first immersed in boiling water (100°C) for 5 minutes and cooled in cold water. The pulp was 

then soaked in 3% (w/v) sodium chloride solution for 50 min, squeezed to obtain juice, mixed with 0.05% (w/v) β-

cyclodextrin and heated in hot water (90 ± 2°C) for 5 minutes; process no. 6 (control or untreated), fresh pomelo juice 

was prepared without any debittering treatment. All juice samples were stored at 4°C and analyzed within 24 h after 

preparation. 

 

 
 

Fig. 1: Schematic illustration of six combined debittering processes used for pomelo juice production. 

 

2.3. Physicochemical Characterization 

Physicochemical properties of each sample of pomelo juice were evaluated following the method protocol of 

Saeiam et al. (2026), in which color (L*, a*, and b*), viscosity, pH, and total soluble solids (TSS, Brix) were 

analyzed. Viscosity was measured using a rotational viscometer equipped with spindle No. 21 at 200 rpm for 1 minute. 

All analyses were triplicated, and the results are reported as mean ± SD. 

 

2.4. Determination of Phytochemical Contents 

Total phenolic content (TPC), total flavonoid content (TFC), and total tannin content (TTC) were determined 

according to the procedures reported by Saeiam et al. (2026). Results were expressed as gallic acid equivalents (GAE), 

quercetin equivalents (QE), and tannic acid equivalents (TAE), respectively. 

 

2.5. Determination of Antioxidant Activity 

Antioxidant activity was evaluated by DPPH radical scavenging activity using the procedures previously 

described by Saeiam et al. (2026). The analyses were performed in triplicate. 

 

2.6. Sensory Evaluation 

Sensory evaluation was conducted using thirty untrained panelists consisting of university students and staff 

members who regularly consumed fruit beverages. Pomelo juice samples were coded with random three-digit 

numbers and presented in a randomized order. The sensory attributes of appearance, color, pomelo aroma, taste, 

mouthfeel, and overall acceptability were evaluated using a 9-point hedonic scale, where 1 represented “dislike 

extremely” and 9 represented “like extremely”. Sourness intensity, bitterness intensity, astringency, and lingering 

aftertaste were assessed using a 9-point intensity scale, where 1 represented “extremely weak” and 9 represented 

“extremely strong”. Samples (approximately 30 mL) were served at refrigerated temperature (8–10°C) in transparent 

plastic cups. Water was provided for palate cleansing between sample evaluations. 

https://doi.org/10.47278/journal.abr/2026.047
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2.7. Electronic Tongue Analysis 

Taste characteristics of pomelo juice samples were evaluated using an electronic tongue system (TS-5000Z, 

Intelligent Sensor Technology Inc., Atsugi, Japan). The sensor array consisted of CA0 (sourness), C00 (bitterness and 

bitter aftertaste) and AE1(astringency and astringent aftertaste) sensors. Prior to analysis, juice samples were filtered 

through a 0.45 μm membrane filter and equilibrated to room temperature (25°C). Standard reference solutions were 

used to condition and calibrate the sensors, as recommended by the manufacturer. Taste response data were converted 

to EVs, or Estimated Values, which indicate the magnitude of individual taste attributes. The system produced two 

channels of taste response data: IA or initial taste, or the perceived taste of the sample; and ID or after-taste, or the 

change in membrane potential induced by the adsorption of taste substances onto the lipid membrane sensors. 

Sourness, bitterness, astringency, bitter aftertaste and astringent aftertaste responses were recorded and expressed as 

an estimated value. All measurements were taken three times (triplicate) and the average taken for statistical analysis. 

Tastes were compared among the debittering treatments using a series of radar plots. 
 

2.8. Statistical Analysis 

All physicochemical, phytochemical, antioxidant, and electronic tongue measurements were recorded in 

triplicate and reported as means ± SD. All data were analyzed using One-way analysis of variance (ANOVA) and 

reported using IBM SPSS Statistics Version 22.0 (IBM Inc., Armonk, NY, USA). Duncan's Test was used to compare 

means between groups, and all significance was determined at P<0.05. 
 

3. RESULTS 
3.1. Physicochemical Properties, Phytochemical Contents and Antioxidant Activity 

The physicochemical properties, phytochemical contents and antioxidant activities of pomelo juice subjected to 

different combined debittering processes are presented in Table 1. Significant differences (P<0.05) were observed 

among treatments for most measured parameters. The debittering processes affected the physicochemical 

characteristics of pomelo juice, particularly color, pH, and viscosity. Process no. 1 exhibited the highest lightness 

(L*) value (36.13 ± 0.07), whereas process no. 4 showed the lowest value (33.25 ± 0.41). The pH values ranged from 

3.24 to 3.71, while total soluble solids varied only slightly among treatments (0.54–0.57 °Brix). Viscosity was 

significantly influenced by the processing conditions, with process no. 3 exhibiting the highest viscosity (20.05 ± 0.12 

cP), whereas process no. 1 showed the lowest value (12.05 ± 0.41 cP). 
Marked differences were also observed in phytochemical contents. Process no. 3 yielded the highest TPC (61.18 

± 4.61 mg GAE/dL), TFC (22.63 ± 0.65 mg RE/dL) and TTC (1.98 ± 0.28 mg TAE/dL). In contrast, process no. 1 
contained the lowest levels of these compounds, with corresponding values of 38.65 ± 0.41 mg GAE/dL, 11.46 ± 0.38 
mg RE/dL, and 0.95 ± 0.17 mg TAE/dL, respectively. 

A similar trend was observed for antioxidant activity. Process No. 3 exhibited the highest DPPH radical 
scavenging activity (98.65 ± 2.96 mg TE/dL, and 76.85 ± 5.33 mg AE/dL), whereas process no. 1 showed the 
lowest corresponding values (59.46 ± 1.98 mg TE/dL and 55.61 ± 2.54 mg AE/dL, respectively). Although 
Process No. 5 involved the most intensive combination of debittering treatments, it retained lower DPPH activity 
than process no. 3, suggesting partial losses of antioxidant compounds during the additional scalding and brining 
steps. 
 

3.2. Sensory Characteristics of Pomelo Juice 

The sensory characteristics of various pomelo juices processed through combined debittering methods are 

summarized in Table 2. Statistical differences within treatments were statistically significant (P<0.05) for nearly all 

sensory attributes. Overall, the three different debittering treatments significantly increased pomelo juice's sensory 

quality over the unprocessed control. Average appearance and color scores ranged from 6.97-7.59 and 6.65-7.26, 

indicating moderate to high levels of consumer acceptance across all treatments. Among all treatments, process 

number five received the highest average appearance score of 7.59 ± 25; while the control sample received the highest 

average color score of 7.26 ± 1.26. Generally, there were greater statistical differences among treatments in relation 

to taste attributes of pomelo juice. Process number five had the highest average rating in terms of flavor balance (8.14 

± 1.27), as well as overall acceptance (8.01 ± 0.16); both being significantly greater than the values for the 

unprocessed control (7.98 ± 0.36 and 7.48 ± 0.34). 

Bitterness intensity, astringency, and lingering aftertaste were substantially lower for this specific treatment than 

for processes no. 2, 3, and 4. By comparison, processes no. 2, 3 and 4 had extremely high bitterness intensity scores 

of 8.29 ± 0.42 to 8.56 ± 1.27, an increased astringency score, and an increased lingering aftertaste perception. Process 

no. 3 exhibited the highest bitterness intensity score; process no. 4 had the highest measured astringency score. 

Process no. 5 is therefore the most preferred method, as it combines scalding, brining, β-cyclodextrin treatment, and 

gentle heat to yield the most balanced flavor profile and the best consumer acceptability, while reducing bitterness 

and astringency compared with the other four debittering processes. 

https://doi.org/10.47278/journal.abr/2026.047
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Table 1: Physicochemical properties, phytochemical contents, and antioxidant activity of pomelo juice subjected to different combined debittering processes 

Combined process Color pH Brix (%) Viscosity (cP) TPC (mg GAE/dL) TFC  TTC  DPPH radical scavenging activity 

L* a* b* (mg RE/dL) (mg TAE/dL) mg TE/dL mg AE/dL 

1 36.13 ± 0.07a -2.41 ± 0.16a 6.67 ± 0.25ac 3.60 ± 0.01a 0.54 ± 0.02a 12.05 ± 0.41a 38.65 ± 0.41a 11.46 ± 0.38a 0.95 ± 0.17a 59.46 ± 1.98a 55.61 ± 2.54a 

2 34.61 ± 0.14bc -2.6 ± 0.11a 5.46 ± 0.19b 3.27 ± 0.02b 0.55 ± 0.01a 14.65 ± 0.32b 50.13 ± 5.57b 18.26 ± 1.49b 1.78 ± 4.03b 90.14 ± 8.27b 70.82 ± 2.74b 

3 33.98 ± 0.62c -4.2 ± 0.15b 7.29 ± 0.33c 3.71 ± 0.12a 0.54 ± 0.01a 20.05 ± 0.12c 61.18 ± 4.61c 22.63 ± 0.65c 1.98 ± 0.28bc 98.65 ± 2.96c 76.85 ± 5.33c 

4 33.25 ± 0.41c -3.81 ± 0.23b 6.45 ± 0.12a 3.24 ± 0.01b 0.55 ± 0.01a 15.56 ± 0.16b 49.87 ± 0.47b 17.54 ± 0.39b 1.76 ± 0.56b 89.27 ± 5.31b 71.78 ± 4.95b 

5 35.53 ± 0.23a -3.14 ± 00.6c 6.74 ± 0.26a 3.46 ± 00.1bc 0.56 ± 0.01a 15.78 ± 0.04b 45.31 ± 1.33b 15.17 ± 0.08bd 1.66 ± 0.11b 73.34 ± 3.65d 68.26 ± 0.47b 

6 (Control) 35.68 ± 0.24a -2.52 ± 0.12a 7.16 ± 0.05ac 3.61 ± 0.01a 0.57 ± 0.01a 12.75 ± 0.68a 40.13 ± 6.12a 14.61 ± 1.18bd 1.46 ± 0.01d 80.02 ± 6.39d 69.11 ± 4.02b 

Values (mean ± SD) (n = 3) with different letters within the same column indicate significant differences at P<0.05 according to Duncan's multiple range test. Positive and negative values represent relative 

sensor responses obtained from the electronic tongue system. TPC: total phenolic content; TFC: total flavonoid content; TTC: total tannin content. 

 

 

Table 2: Sensory characteristics of pomelo juice subjected to different combined debittering processes 

Combined process Appearance Color Pomelo aroma Sweetness 

perception 

Sourness intensity Flavor balance  Bitterness intensity Astringency Astringent aftertaste Overall acceptability 

1 6.97 ± 0.41a 6.65 ± 0.46a 6.07 ± 1.86a 7.11 ± 0.04a 7.38 ± 1.14a 7.75 ± 0.11a 7.91 ± 0.56a 8.07 ± 1.77a 7.65 ± 0.44a 7.31 ± 1.19a 

2 7.42 ± 0.48b 7.08 ± 1.14b 6.71 ± 0.65b 7.28 ± 0.13ab 7.76 ± 1.15bc 7.15 ± 0.21b 8.29 ± 0.42bc 8.33 ± 0.39b 8.04 ± 1.76b 7.86 ± 0.45bc 

3 7.16 ± 0.17a 6.94 ± 0.52ab 6.84 ± 0.22b 7.15 ± 0.35a 7.45 ± 1.03ab 6.97 ± 1.87b 8.56 ± 1.27bc 8.29 ± 1.24b 8.17 ± 0.46b 7.23 ± 0.56a 

4 7.45 ± 0.08b 7.19 ± 0.34ab 6.98 ± 0.18b 7.31 ± 0.17b 7.94 ± 0.28c 7.06 ± 0.33b 8.31 ± 0.35bc 8.46 ± 0.67c 8.11 ± 1.35b 7.61 ± 1.13b 

5 7.59 ± 0.25b 7.11 ± 0.38ab 6.46 ± 0.31c 7.36 ± 0.09b 7.61 ± 0.98b 8.14 ± 1.27c 7.55 ± 1.13ad 7.95 ± 2.01a 7.48 ± 0.13ac 8.01 ± 0.16c 

6 (Control) 7.48 ± 0.23b 7.26 ± 1.26c 6.18 ± 1.12a 7.19 ± 0.27a 7.68 ± 0.46b 7.98 ± 0.36ac 7.78 ± 0.54a 8.11 ± 2.37a 7.88 ± 0.31ab 7.48 ± 0.34ab 

Positive sensory attributes were evaluated using a 9-point hedonic scale, whereas sourness intensity, bitterness intensity, astringency, and lingering aftertaste were assessed using a 9-point intensity scale. 
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3.3. Electronic Tongue Responses 

Electronic tongue responses for initial taste perception are presented in Table 3 and Fig. 2. Significant 

differences (P<0.05) were observed among treatments for all evaluated taste attributes. Process no. 4 exhibited the 

highest responses for sourness, bitterness, and astringency, whereas process no. 5 showed the lowest bitterness 

response (0.91 ± 0.19) and was the only treatment with a negative bitter aftertaste response (-0.68 ± 0.15). The 

radar plot further demonstrated that processes no. 3 and 4 were characterized by stronger bitterness- and 

astringency-related responses, while process no. 5 exhibited a more compact taste profile, indicating a reduction 

in undesirable taste perceptions. 

 The electronic tongue responses for aftertaste perception are presented in Table 4 and Fig. 3. Significant 

differences (P<0.05) were observed among treatments for bitterness, bitter aftertaste, and astringent aftertaste 

responses. The comparison of process no. 4 to that of process no. 5 yielded significantly higher values for both 

bitterness and bitterness aftertaste for process no. 4 and considerably lower values with process no. 5 containing even 

negative scores for both variables in addition, the same trend was observed with astringency aftertaste. The radar plot 

illustrated by Fig. 3 supports the findings that the strength of bitterness and bitterness aftertaste was greatest with 

process no. 4 followed by the weakest with process no. 5. Therefore, the combination of the treatments applied to the 

pomelo juice (scalding, brine, -cyclodextrin, and low heat processing) were the most effective on diminishing 

perceived negative aftertaste characteristics of pomelo juice. 

 

 

 

 

 

 

Fig. 2: Radar plots of 

electronic tongue 

responses for initial 

taste perception (IA) of 

pomelo juice subjected 

to different combined 

debittering processes. 

 

 

Table 3: Electronic tongue responses for initial taste perception (IA) 

Combined process Sourness intensity Bitterness intensity Astringency Bitter aftertaste Astringent aftertaste 

1 1.81 ± 0.03a 2.25 ± 0.02a 3.82 ± 0.03a 1.06 ± 0.05a 0.36 ± 0.02a 

2 4.70 ± 0.08b 3.42 ± 0.05b 7.57 ± 0.01b 0.81 ± 0.02ad 0.19 ± 0.00b 
3 2.39 ± 0.01a 4.37 ± 0.12c 6.70 ± 0.01b 2.00 ± 0.09b 0.51 ± 0.00c 

4 5.10 ± 0.04b 4.43 ± 0.11c 8.00 ± 0.02b 1.53 ± 0.09b 0.22 ± 0.00b 

5 2.06 ± 0.06a 0.91 ± 0.19d 4.71 ± 0.01c -0.68 ± 0.15c 0.43 ± 0.01c 

6 (Control) -0.36 ± 0.00c 2.10 ± 0.00a 4.40 ± 0.00ac 0.50 ± 0.00d 0.39 ± 0.00a 

Values (mean ± SD) (n = 3) with different letters within the same column indicate significant differences at P<0.05 according to 

Duncan's multiple range test. Positive and negative values represent relative sensor responses obtained from the electronic 

tongue system. 

 

Table 4: Electronic tongue responses for aftertaste perception (ID) 

Combined process Sourness intensity Bitterness intensity Astringency Bitter aftertaste Astringent aftertaste 

1 2.17 ± 0.02a 0.15 ± 0.02a -0.58 ± 0.03a 0.56 ± 0.04a -0.03 ± 0.02a 

2 5.06 ± 0.08b 1.31 ± 0.05b 3.17 ± 0.01b 0.31 ± 0.02a -0.19 ± 0.00b 

3 2.75 ± 0.01a 2.26 ± 0.12c 2.31 ± 0.01c 1.50 ± 0.09b 0.12 ± 0.00c 

4 5.46 ± 0.04b 2.33 ± 0.11c 3.61 ± 0.02b 1.03 ± 0.09b -0.16 ± 0.00b 

5 2.42 ± 0.06a -1.20 ± 0.19d 0.32 ± 0.01e -1.18 ± 0.15c 0.05 ± 0.01c 

6 (Control) -0.00 ± 0.00c 0.00 ± 0.00e 0.00 ± 0.00f 0.00 ± 0.00d 0.00 ± 0.00e 

Values (mean ± SD) (n = 3) with different letters within the same column indicate significant differences at P<0.05 according to 

Duncan's multiple range test. Positive and negative values represent relative sensor responses obtained from the electronic 

tongue system. 
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Fig. 3: Radar plots of 

electronic tongue responses 

for aftertaste perception (ID) 

of pomelo juice subjected to 

different combined debittering 

processes. 

 

4. DISCUSSION 
The current study demonstrated that different combinations of debittering treatments significantly affected the 

physicochemical properties, phytochemical composition, antioxidant activity, sensory quality, and electronic tongue 

responses of pomelo juice. These differences may be due to different mechanisms of bitterness reduction, such as 

thermal disruption of bitter compound-containing tissues, diffusion of soluble bitter substances during brining, and 

inclusion complex formation of β-cyclodextrin with hydrophobic bitter compounds (Shaw, 1990; Balmori et al., 2023; 

Gupta et al., 2023; Ahmad et al., 2025). The results suggest that the results suggest that the level of debittering 

treatment not only influenced bitterness perception but also affected the retention of bioactive compounds (Prestes et 

al., 2023), overall product quality, and consumer acceptance, which are critical determinants of the commercial 

success of fruit juice products (Sun-Waterhouse & Wadhwa, 2013). 

Among the evaluated treatments, process no. 3 (addition of β-cyclodextrin followed by mild heat treatment) 

maintained the highest levels of total phenolics, flavonoids, tannins and antioxidant activity. β-Cyclodextrin is known 

to form inclusion complexes with hydrophobic molecules such as limonoids and other bitter compounds and has little 

or no effect on hydrophilic phytochemicals (Shaw, 1990; Gupta et al., 2023; Shi et al., 2023; Luo, 2025). This 

treatment could therefore have reduced bitterness without substantial removal or degradation of antioxidant 

components. Similar results have been reported in citrus juice processing where the cyclodextrin-assisted debittering 

retained functional compounds with better flavor quality (Shaw, 1990; Gupta et al., 2023; Luo, 2025). 

In contrast, the much lower phytochemicals found in process no. 1 could be due to leaching of water-soluble 

compounds and thermal degradation during scalding. Boiling water deteriorates the structure and oxidizes phenolic 

compounds, thus, reducing their antioxidant capacity (Vieira et al., 2018; Lin et al., 2023). The sensory evaluation 

indicated that process no. 3 had better phytochemical and antioxidant retention but process no. 5 had the best flavor 

balance and overall acceptability. The combined effect of scalding, brining, β-cyclodextrin treatment and mild heat 

treatment probably offered complementary debittering mechanisms that could efficiently reduce undesirable taste 

attributes. Salt soaking can help in the diffusion of naringin and other bitter compounds from juice vesicles and 

membrane tissues, while β-cyclodextrin can further reduce the bitterness by selectively forming complexes with 

hydrophobic molecules (Muñoz et al., 2022; Gupta et al., 2023; Sihmar & Barmanray, 2023; Shi et al., 2023).  

The combined effect of these processes appeared to result in a more balanced sensory profile with acceptable 

retention of phytochemical compounds and consumer acceptance. Similar relationships between processing 

conditions, phytochemical retention and sensory quality have been reported for pomelo and other citrus juices 

(Balmori et al., 2023; Chen et al., 2023; Shi et al., 2023; Das et al., 2024). 

The electronic tongue analysis confirmed the results of the sensory evaluation. The more desirable sensory 

profiles of the treatments were generally associated with lower bitterness- and astringency-related sensor responses. 

Specifically, high values of bitterness and aftertaste were observed for process no. 4 and the lowest values for 

bitterness intensity and aftertaste for process no. 5. The lower and negative responses of bitter aftertaste for process 

no.5 showed that the combined debittering treatments resulted in a significant reduction of bitterness-related taste 

attributes. The agreement between electronic tongue measurements and human sensory perception highlights the 

efficiency of electronic tongue technology as an objective tool to evaluate taste modification and debittering 

efficiency. The previous studies have shown that electronic tongue systems are useful to give reliable assessments of 

the attributes of bitterness, astringency, and aftertaste and can be applied to complement traditional sensory analysis 

in food and beverage research (Ross, 2021; Huang et al., 2023; Behrens, 2024; Chu et al., 2024; Qiao et al., 2024). 

The agreement between instrumental and sensory evaluations also supports the application of the electronic tongue 

as a rapid quality control tool for industrial citrus juice processing. 
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A key finding of this study is the practical trade-off between preserving bioactive compounds and optimizing sensory 

quality. Process no. 3 optimizes the retention of phytochemicals and the antioxidant activity, while process no. 5 optimizes 

the sensory profile of the juice with the lowest bitterness. This trade-off is particularly important in the case of producing 

juice for the commercial market, as consumer acceptance typically determines whether or not a juice product will meet 

market demand. As such, process no. 5, which represents a combined debittering strategy, is an effective method for creating 

value-added products from pomelo juice made from low-quality fruit that would otherwise not be suitable for sale in high-

quality fresh fruit markets. This utilization has the potential to reduce postharvest loss, improve growers’ economic returns, 

and encourage sustainable uses of pomelo resources within their local agricultural communities (Tocmo et al., 2020; 

Sowmya & Lakshmi, 2023; Vorasiha et al., 2024; Anand et al., 2025). 

 

5. CONCLUSION 

 The quality of Kao Yai pomelo juice was affected by the combined effects of debittering processes. A debittering 

treatment that included β-cyclodextrin and a mild heat treatment retained more phytochemicals and antioxidant 

activity than any other treatment. A combination of scalding, brining, β-cyclodextrin treatment, and mild heat 

treatment had the best sensory characteristics and was associated with the lowest bitter taste. Results from the 

electronic tongue supported the findings of the sensory evaluation and confirmed the effectiveness of the combined 

properties of the debittering process in reducing the taste of bitterness. These findings indicate the potential of an 

integrated debittering process to produce value-added pomelo juice products from low-quality fruit, thereby 

improving the use of pomelo as a resource and reducing postharvest losses. 
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