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Background and objectives: Pectin is a multifunctional polysaccharide
widely used in the food, pharmaceutical, and packaging industries. Owing to
its valuable functional properties, global demand for pectin exceeds 30,000
tons per year, with an annual market growth of approximately 4-5%. Lime
peeling (Citrus aurantifolia), particularly its inner white layer (albedo), is rich
in pectin and represents an economical and sustainable raw material for pectin
production. Utilizing this agro-industrial by-product not only provides added
economic value but also contributes to reducing the environmental impacts
associated with waste disposal. Conventional pectin extraction methods rely
on mineral acids, which, despite ensuring high extraction yields, are associated
with elevated production costs and environmental concerns. In contrast,
organic acids such as citric acid function as green solvents, providing desirable
yields while minimizing adverse environmental effects. Accordingly, the
present study aimed to optimize acid extraction of pectin from lime peeling to
achieve maximum yield and desirable quality characteristics, including high
purity and adjustable degree of methoxylation.

Methodology: Lime albedo was separated from fresh fruit, washed, chopped,
and dried at 50 °C to a constant weight, then ground and passed through a 20-
mesh sieve. For acid extraction, 10 g of albedo powder was mixed with an
aqueous citric acid solution at a fixed liquid-to-solid ratio of 30:1 (v/w) under
three pH levels (1, 2, and 3). The resulting suspension was subjected to
extraction at temperatures of 65, 80, and 95 °C and for extraction times of 30,
60, and 90 minutes. After centrifugation, pectin was precipitated using absolute
ethanol, washed with 96% ethanol, dried at 40 °C, and subsequently powdered.
A Box—Behnken experimental design was employed with three independent
variables (temperature, time, and pH) at three levels, comprising 15
experimental runs. Extraction yield was calculated gravimetrically;
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galacturonic acid content (GalA) was determined by a colorimetric method
using the m-hydroxydiphenyl reagent with absorbance measured at 520 nm;
and degree of esterification (DE) was quantified via a two-step titration method
(neutralization and saponification). Data were fitted to a second-order
polynomial model using Design Expert version 13, and the optimal model was
selected based on analysis of variance (ANOVA), coefficient of determination
(R?), adjusted R?, and lack-of-fit tests.

Results: The pectin extraction yield was significantly influenced by the
processing conditions and varied between 8.21% and 53.8%. The highest yield
was obtained at 80 °C, 90 minutes, and pH 1, whereas the lowest yield occurred
at pH 3 under lower temperature conditions. The degree of esterification (DE)
also showed a clear dependency on extraction parameters; the highest DE value
(61.11%) was achieved under milder conditions (80 °C, 30 minutes, pH 3),
indicating the production of high-methoxyl pectin. In contrast, more severe
extraction conditions such as pH 1 combined with prolonged extraction time
led to a marked reduction in DE to approximately 9.13%, resulting in low-
methoxyl pectin. Galacturonic acid content was similarly affected by
extraction severity; the highest purity (87.83%) was observed at pH 3, 30
minutes, and 80 °C, while significantly lower purity values were recorded
under highly acidic conditions. The regression models developed for yield, DE,
and GalA exhibited excellent statistical performance, with coefficients of
determination (R*) exceeding 0.98, confirming the high accuracy and
predictive capability of the models in describing the extraction system.

Conclusion: The findings of this study confirm the effectiveness of citric acid
as a green and environmentally friendly solvent for extracting pectin from lime
peel. Under optimized conditions, pectin with high yield, high purity, and an
adjustable degree of esterification was successfully obtained. The application
of response surface methodology enabled precise modeling of the extraction
process, and the close agreement between predicted and experimental values
demonstrated the strong validity and reliability of the developed model.Given
its high purity and tunable methoxyl content, the extracted pectin is suitable
for a wide range of applications in the food, pharmaceutical, and bio-based
packaging industries. Utilizing lime peel - an abundant by-product of the lime
juice industry - as a raw material not only provides a valuable source for pectin
production but also contributes to sustainable development, agricultural waste
management, and the reduction of environmental impacts. This approach
offers an effective strategy for converting plant-based waste materials into
value-added products within related industries.
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Table 1- Process variables and their adjusted levels for acid extraction of pectin

Factor Actual Levels
-1 0 +1
Extraction Temperature (°C, X) 65 80 95
Time (min, X>) 30 60 90
pH (X3) 1 2 3
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2 80 90 3
3 80 30 1
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6 95 60 3
7 80 30 3
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9 95 90 2
10 80 90 1
11 65 60 3
12 65 30 2
13 95 30 2
14 80 60 2
15 65 90 2
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Table 3- Independent variables, predicted values, and experimental values of acid-extracted pectin from lime
peel based on the response surface methodology

No. Indep. Exp. Pred.

Temp. Time(min) pH Y(%) DE(%) GaLA(%) Y(%) DE(%) GalLA

C) (%)

1 80 60 2 30 20.38 63.5 30.23 20.62 63.37
2 80 90 3 16.44 41.17 71.58 14.19 42.99 71.75
3 80 30 1 443 10.12 40.08 46.55 8.29 39.92
4 80 60 2 30.2 21.42 62.8 30.23 20.62 63.37
5 65 60 1 47.5 10.1 38.58 47.94 10.28 37.41
6 95 60 3 14.8 54.5 73.34 14.36 54.31 74.51
7 80 30 3 7.35 61.11 87.83 9.20 59.30 84.61
8 95 60 1 514 20.28 36.75 50.57 20.11 34.86
9 95 90 2 33.8 20 61.38 36.48 18.35 60.05
10 80 90 1 53.8 9.13 33.75 51.95 10.93 36.98
11 65 60 3 8.21 59 75.34 9.04 59.16 77.23
12 65 30 2 30 21.07 69.25 27.31 22.71 70.58
13 95 30 2 33 20.72 64.58 31.59 22.71 66.63
14 80 60 2 30.5 20.07 63.8 30.23 20.62 63.37
15 65 90 2 314 15.38 63.41 32.81 13.38 61.36

Indep: independent variables, Exp: experiment value, Pred: predict value.
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Table 4 - Regression model evaluation for pectin yield, degree of esterification, and galacturonic acid content.
Sequential Model Sum of Squares

Response 1: Yield

Source Sum of Squares df  Mean Square F-value  p-value
Mean vs Total 14272.75 1 14272.75
Linear vs Mean 2905.59 3 968.53 225.61 <0.0001 Suggested
2FI vs Linear 1.94 3 0.6470 0.1143 0.9492
Quadratic vs 2FI 8.03 3 2.68 0.3590 0.7858
Cubic vs Quadratic 37.13 3 12.38 195.42 0.0051 Aliased
Residual 0.1267 2 0.0633
Response 2: DE
Source Sum of Squares df  Mean Square F-value  p-value
Mean vs Total 10905.32 1 10905.32
Linear vs Mean 3556.54 3 1158.51 14.42 0.0004
2F1 vs Linear 149.83 3 49.94 0.5293 0.6746
Quadratic vs 2F1 727.20 3 242.40 4391 0.0005 Suggested
Cubic vs Quadratic 26.60 3 8.87 17.73 0.0538 Aliased
Residual 1.00 2 0.5000
Response 3: GaLA
Source Sum of Squares df  Mean Square F-value p-value
Mean vs Total 54718.78 1 54718.78
Linear vs Mean 3296.18 3 1098.73 45.92 <0.0001 Suggested
2F1 vs Linear 26.35 3 8.78 0.2967 0.8269
Quadratic vs 2FI 193.65 3 64.55 7.48 0.0269 Suggested
Cubic vs Quadratic 42.64 3 14.21 53.98 0.0182 Aliased
Residual 0.5267 2 0.2633
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Table 5- Analysis of variance and the effects of three factors in the Box—Behnken design on pectin extraction

yield.
Source Sum of Squares df Mean Square F-value p-value
Model 2915.56 9 323.95 43.48%* 0.0003 significant
A-Temp. 31.56 1 31.56 4.24 0.0947
B-Time 54.02 1 54.03 7.25% 0.0432
C-pH 2820.00 1 2820.00 378.46%* <0.0001
AB 0.0900 1 0.0900 0.0121 0.9168
AC 1.81 1 1.81 0.2428 0.6431
BC 0.0420 1 0.0420 0.0056 0.9430
A? 3.06 1 3.06 0.4111 0.5496
B? 3.03 1 3.03 0.4066 0.5518
C? 1.64 1 1.64 0.2202 0.6586
Residual 37.26 5 7.45
Lack of Fit 37.13 3 12.38 195.42 0.0051
Pure Error 0.1267 2 0.0633
Cor Total 2952.82 14
R2 0.9874
Adjusted R2 0.9647

* Significant at 5 % level (p < 0.05). **Significant at 1 % level (p <0.01).
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Table 6- Analysis of variance and the effects of three factors in the Box—Behnken design on the degree of
esterification of pectin

Source Sum of Squares df Mean Square F-value p-value
Model 4433.56 9 492.62 89.23 <0.0001** significant
A-Temp. 12.38 1 12.38 2.24 0.1946
B-Time 93.43 1 93.43 16.92 0.0092**
C-pH 3450.73 1 3450.73 625.06 <0.0001**
AB 6.18 1 6.18 1.12 0.3386
AC 53.88 1 53.88 9.76 0.0261*
BC 89.78 1 89.78 16.26 0.0100*
A? 16.73 1 16.73 3.03 0.1422
B2 44.18 1 44.18 8.00 0.0367*
C? 645.14 1 645.14 116.86 0.0001**
Residual 27.60 5 5.52
Lack of Fit 26.60 3 8.87 17.73 0.0538 not significant
Pure Error 1.00 2 0.5000
Cor Total 4461.16 14
R? 0.9938
Adjusted R? 0.9827
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Table 7- Analysis of variance and the effects of three factors in the Box—Behnken design on galacturonic acid

content
Source Sum of Squares df Mean Square F-value p-value
Model 3516.18 9 390.69 45.25 0.0003 significant
A-Temp. 13.86 1 13.86 1.61 0.2610
B-Time 124.98 1 124.98 14.48 0.0126
C-pH 3157.34 1 3157.34 365.69 <0.0001
AB 1.74 1 1.74 0.2018 0.6721
AC 0.0072 1 0.0072 0.0008 0.9780
BC 24.60 1 24.60 2.85 0.1522
A? 0.9588 1 0.9588 0.1111 0.7525
B2 11.94 1 11.94 1.38 0.2926
C? 173.48 1 173.48 20.09 0.0065
Residual 43.17 5 8.63
Lack of Fit 42.64 3 14.21 53.95 0.0182
Pure Error 0.5267 2 0.2633
Cor Total 3559.35 14
R? 0.9879
Adjusted R? 0.9660
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Table 8- Optimized extraction conditions for pectin yield, degree of esterification, and galacturonic acid content
based on the response surface methodology

Predicted values

Factor Low High Optimum conditions solution Observed values
Yield (%) 53.81 51.23
Temp. (°C) 65 95 94.99
Time (min) 30 90 88.66
pH 1 3 1
DE (%) 61.63 60.07
Temp. (°C) 65 95 66.87
Time (min) 30 90 36.19
pH 1 3 2.96
GalA (%) 85.33 83.5
Temp. (°C) 65 95 74.01
Time (min) 30 90 30
pH 1 3 3
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