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Abstract
Fruit waste and by-products have considerable potential for valorization as a source of value-added compounds of industrial 
interest, and unconventional substrates, including native fruits, are a promising source of pectins. This study investigated the 
potential of umbu (Spondias tuberosa L.) peel as a raw material for pectin isolation using high-intensity ultrasound technol-
ogy and organic acid for the development of an eco-friendly extraction method aiming high yields and adequate degree of 
esterification. After optimization through central composite design (CCD) with three independent variables (2³) and five 
levels, a high yield close to 22% of low esterified pectin (DE = 46%) was achieved under ultrasound amplitude of 60%, SLR 
(solid-to-liquid ratio) of 1:33, and pH 1.5. The extraction process was validated, and the effects of different acids on the yield 
of pectins and DE were evaluated, demonstrating that the use of citric acid allows yields of around 22% of low methoxyl 
pectin (LMP) to be achieved, confirming the reproducibility of the process, while using oxalic acid, nitric acid, and hydro-
chloric acid led to the production of around 13% of high methoxyl pectin (HMP). The quality of pectins, assessed through 
instrumental color, showed significant differences when compared to commercial citrus pectin CCP, which demonstrated 
the influence of the type of raw material and extraction method on the quality of the product obtained. Therefore, our study 
describes for the first time the extraction of pectins from umbu peels using ultrasound technology, proving that this material 
is a promising source of LMP and HMP pectins and that this approach can considered  an efficient green method to obtain 
different food grade pectins with higher yield and quality.
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1 Introduction

The search for new ingredients in the food industry consists 
of a challenging process that includes the stages of pros-
pecting and selecting new sources or alternative substrates, 
application of efficient extraction methods aligned with cur-
rent environmental trends, and application of appropriate 

separation technologies and purification [1–5]. Furthermore, 
several studies highlight the importance of obtaining new 
ingredients such as antioxidants, natural sweeteners, pig-
ments, aromas, phytonutrients, and other functional com-
pounds from agro-industrial by-products and sustainable 
processes, strongly contributing to the circular economy 
approach [6–10]. In this sense, the biodiversity of various 
regions around the world can provide new substrates for 
obtaining compounds of industrial interest.

Caatinga is a dynamic and heterogeneous biome exclu-
sively Brazilian and restricted to the northeast and part of 
the state of Minas Gerais [11–13]. In recent decades, there 
is a growing interest in characterizing the commercial 
and bioactive potential of plant matrices from this biome, 
including medicinal plants and fruits [12, 14]. Fruits from 
the Caatinga have economic and nutritional importance for 
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the populations of the Brazilian semi-arid region, requir-
ing studies to strengthen production chains, develop new 
products, and use their by-products.

In this context, the umbu tree (Spondias tuberosa L.) 
is a plant native from semi-arid northeastern region of 
Brazil, and its fruits, known as umbu, are highly valued 
and appreciated due to their characteristic taste and aroma 
[15]. Umbu is an important food for local communities, 
especially in times of drought, when the fruit is harvested 
in large quantities, sold in natura or processed, tradition-
ally been used to produce juices, frozen pulps, nectars, 
jellies, jams, ice creams, beers, etc. [16–19]. It should be 
noted that these products can be prepared using only the 
pulp or the pulp with the peel, making it possible to verify 
a high viscosity of these substrates, which can be attrib-
uted to the presence of pectic substances.

Pectin is complex heteropolysaccharide widely con-
sumed as dietary fiber in human diet and plays an impor-
tant role in the maintenance of health [20, 21]. This hydro-
colloid is recognized as food additive in industry (E440) 
and can be used as stabilizer, emulsifier, and texturizer in 
diverse food products such as jellies, canned fruits, fruit 
juices, jams, and confectionery products as well as also 
been considered fat replacer for production of low-calorie 
products [22, 23].

Structurally, pectins comprise homogalacturonan (HG), 
rhamnogalacturonan-I (RG-I), rhamnogalacturonan-II (RG-
II), arabinogalacturonan (AG), and xylogalacturonan (XGA) 
regions, and HG is the most abundant pectic polysaccharide, 
composed of a linear chain of (1,4)-linked α-D-GalA units, 
which can be partly methyl-esterified at O-6 position and at 
lower extent also acetyl-esterified at O-2 or O-3 [24, 25]. 
The commercial pectins are mainly derived from three agro-
industrial residues, including citrus peels, apple pomace, and 
sugar beet pulp, and in the last years, many studies have 
been proposed novel unconventional substrates (e.g., food 
processing by-products) as alternative sources of pectins 
[23, 26, 27].

The conventional extraction of pectin is carried at low 
pH values mainly by use of mineral acids (e.g., hydrochlo-
ric acid, nitric acid) and high temperature, which leads to 
environmental pollution, a time-consuming process, and low 
quality and yields due to degradation of pectin [26]. To over-
come these problems, the replacement of mineral acids by 
organic acids (such as citric acid and oxalic acid) as well as 
the use of new technologies such as ultrasound, microwaves, 
high pressure, pulsed electric field, among others, has been 
proposed [23]. In this sense, due to their low dissociation 
constant, organic acids have a lower hydrolyzing capacity 
than mineral acids, causing less depolymerization of the pec-
tin structure [24, 27]. Among emerging technologies, high-
intensity ultrasound stands out as the most used approach 
for pectin extraction, providing less time consumption, high 

yields, and preservation of the pectin structure since it does 
not require high temperatures.

The ultrasound technology comprises mechanical waves 
with frequencies between 20 kHz and 10 MHz, higher than 
audible frequency range of human hearing (20 Hz to 20 kHz) 
[28]. The main mechanism involved in the ultrasound-
assisted extraction (UAE) consists in acoustic cavitation, 
which involves collapsing cavitation bubbles and the sound 
waves that may result in fragmentation, localized erosion, 
pore formation, shear force, increased absorption, and swell-
ing index in the plant matrix. The efficiency of ultrasound-
assisted extraction is influenced by different factors includ-
ing the ultrasound intensity and frequency, the process time 
and temperature, the solid-to-liquid ratio, the acid type and 
concentration, pH of the extracting solution, and the sonica-
tor duty cycle (continuous or pulsed) [29–31]. This technol-
ogy has been proposed in pectin extraction processes as well 
as for the oriented modification of pectins aiming to modify 
their rheological, chemical, and functional properties. In 
recent years, many studies have been developed both using 
ultrasound and combining this approach with other meth-
ods, mainly enzymatic and microwave methods [32–34]. In 
general, higher pectin yields are observed using UAE when 
compared to conventional acid extraction. Panwar et al. [35] 
developed an optimized ultrasound-assisted extraction pro-
cess for obtaining pectins from Citrus limetta peels. They 
achieved a maximum pectin yield of 28.82% after 24 min 
of sonication at 40 °C, 37% amplitude, and a pH of 1.9. 
This approach demonstrated significant advantages over con-
ventional acid extraction, even under optimized conditions, 
where the pectin yield ranged from 3.97 to 22%. Recently, 
Singhal et al. [31] investigated the feasibility of using new 
technologies including UAE and MAE for pectin extraction 
from Citrus limon and comparing with conventional acid 
extraction. The highest pectin yield observed was close to 
32% using UEA, followed by CE and MAE, which allowed 
19.61% and 15.56%, respectively. These results clearly dem-
onstrate the great potential of ultrasound technology, and 
this promising yield was achieved due to the optimization 
of ultrasound amplitude, sonication time, and solid-to-liquid 
ratio (SLR). Thus, the effects of the extraction method must 
always be considered since they can significantly influence 
the structure and, consequently, the functionality of pectin.

In addition to the use of ultrasound technology and other 
emerging technologies for the extraction of pectins, it has 
been observed in recent years that most of these studies use 
strategies to optimize the extraction process. Statistical tools 
for experimental design and process optimization have also 
been employed to determine the best extraction parameters, 
with the Box-Behnken design (BBD), factorial design (FD), 
and central composite design (CCD) being the most used for 
this purpose [36–38]. Some of these experimental designs 
allow the application of the response surface methodology 
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(RSM), which results in the establishment of optimal con-
ditions for each type of substrate from which pectins are 
intended to be extracted. The independent variables most 
used in these experimental designs include pH, solid-to-
liquid ratio, temperature, time, and variables linked to the 
technology used such as nominal power (W), frequency 
(kHz), amplitude (%), and energy density (J/cm3) related to 
ultrasound methods.

Although many of the pectin extraction studies have used 
conventional substrates based on agro-industrial by-prod-
ucts and residues, such as citrus peel and apple pomace, 
the potential of unconventional substrates is notable [20, 
23].Thus, considering that several countries have specific 
fruit production chains, some of them based on native fruits, 
there is a clear need to investigate the pectin content of by-
products from non-conventional vegetable matrices as an 
alternative for their use and stimulation of biorefinery. In 
this context, Brazil is one of the largest citrus producers 
in the world, ranking as the largest producer of oranges in 
the world according to Food and Agriculture Organization 
of the United Nations (FAO) database [39]. Furthermore, 
this country is also recognized for its great biodiversity, 
including several types and species of native fruits, which 
have been extensively investigated for their bioactive and 
functional potential [40–44]. However, fruits from Brazilian 
biomes and their by-products have been investigated regard-
ing the content, variety of pectins, and the technological and 
functional potential of these polysaccharides [45–47].

Thus, considering that umbu is a fruit native to the caat-
inga biome, which is economically important for several 
communities of small farmers and cooperatives, this study 
aimed to develop and optimize an environmentally friendly 
process for extracting pectins from peels of this fruit using 
ultrasound technology and organic acid. Firstly, a univari-
ate study to define the best sonication time was carried out 
aiming for high yield and lower time and energy consump-
tion. After, a central composite design (CCD) was applied 
to evaluate the effects of ultrasound amplitude, SLR, and 
pH on the yield and degree of esterification of the extracted 
pectins at a fixed sonication time. Finally, the UAE method 
was validated under optimal conditions for greater yield with 
evaluation of the influence of the type of acid (organic and 
mineral) on the quantitative and qualitative aspects of the 
extracted pectins.

2  Materials and methods

2.1  Sample preparation

The umbu fruits were purchased at the São Joaquim market 
located in Salvador city, Bahia state, Brazil (S12.9730401; 
W38.5023040). The fruits were selected and separated 

according to their stage of ripeness and structural integrity 
(absence of lesions). The fruits were carefully cleaned, and 
the peel was separated from the pulp and seeds and then 
dried in a forced-air oven at 60 °C until constant weight.

2.2  Production of umbu peel flour and alcohol 
insoluble residue

The dried peel was ground in an industrial blender, and 
the particle size was standardized to 20-mesh and named 
as umbu peel flour (UPF). This material was subjected to 
extraction step for removal of alcohol-soluble compounds 
(organic acids, sugars, pigments, etc.) with 80% ethanol (1:3 
w/v) for 10 min under ultrasonic treatment with an ampli-
tude at 50% of nominal power in pulsed mode with pulse 
duration of 30 seg, cycle time of 1 min, and duty cycle of 
50%. Thereafter, the mixture was filtrated, and the solid frac-
tion was dried in an oven at 40 °C resulting in the alcohol 
insoluble residue (AIR, 76% w/w of UPF). Then, AIR was 
characterized according to item 2.6 and used as substrate for 
pectin extraction using conventional and ultrasound-assisted 
extraction.

2.3  Proximate composition, physicochemical 
and physical characterization of UPF and AIR 
samples

The nutritional composition of UPF and AIR was deter-
mined through AOAC Official Methods for fruit and fruit 
products. The moisture was determined gravimetrically by 
loss on drying method at 105 °C (AOAC 934.06). The ash 
content was determined gravimetrically after complete incin-
eration of the sample at 550 °C in a muffle furnace (AOAC 
940.26). The fat fraction was determined in an intermittent 
Soxhlet extractor using petroleum ether as solvent (AOAC 
920.39 C). The total nitrogen content was determined by 
the Kjeldahl method, using a multiplication factor of 6.25, 
typical for determining proteins (AOAC 920.152). Titratable 
acidity was measured by titration of the samples with stand-
ardized 0.1 N NaOH solution, and the results were expressed 
as g/100 mL of citric acid (AOAC 942.15). The total carbo-
hydrate content was obtained by difference. The instrumen-
tal color was measured in a CR-400 Chroma Meter (Konica 
Minolta) using the CIELAB as described in item 2.7.5.

2.4  Preliminary study of pectin extraction using 
UAE and statistical optimization

2.4.1  Selection of sonication time for UAE and its effects 
in pectin yield

Extraction time is an important variable and widely used 
in experimental designs to optimize pectin extraction, but 
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it can generate interaction effects with other process varia-
bles, making them statistically significant. Furthermore, it is 
known that long periods of ultrasonic processing can lead to 
the degradation of biopolymers such as pectins; in this study, 
we proposed to evaluate the influence of time by fixing other 
three variables as ultrasound amplitude, pH, and SLR. The 
extraction was performed at different times, including 0, 6, 
10, 18, and 23 min, using 1:30 (w/v) of solid to liquid ratio 
(SLR) based on AIR (w) and citric acid solution (v) at pH 
2.0 and employing 50% of ultrasound amplitude. The extrac-
tion was carried out using an Ultrasonic Processor (Sonics 
Vibra-Cell VC 505), frequency of 20 kHz, and maximum 
power of 500 W, equipped with a 13-mm-diameter probe, in 
pulsed mode with pulse duration of 30 seg and cycle time of 
1 min, resulting in a duty cycle of 50%. The energy density 
(ED) was calculated based on the nominal power input (W), 
processing time (s), and sample volume (mL) (Eq. 1). After 
the sonication process, the extracts were used for recovery 
of pectin as described below. Additionally, the temperature 
was measured before and after the ultrasonic treatment to 
establish the relationship between the increase of sonication 
time, ED, and increase in temperature (ΔT). All experiments 
were carried out in triplicate, and the best time was selected 
considering the binomial greater extraction yield and lower 
energy expenditure.

2.4.2  Dual‑objective optimization pectin extraction 
process

A CCD with three independent variables (2³) and five levels 
was employed to optimize the ultrasound-assisted extraction 
of pectin from umbu peel aiming to understand the effects of 
different variables on the quality of pectin and finally estab-
lish the best conditions to achieve high yields of pectin with 
different degrees of esterification. Thus, the target dependent 
variables in this study were pectin extraction yield ( Y1,%) 
and degree of esterification ( Y2,%). The levels of independ-
ent variables including ultrasound amplitude ( x1), pH ( x2), 
and solid-to-liquid ratio ( x3) are presented in Table 1. Thus, 
appropriate content of AIR was mixed with the extracting 
solution and citric acid at final volume of 200 mL. The 

(1)

Energy density
(

J

mL

)

=
Nominal power (W) ∗ processing time(s)

Sample volume (mL)

extraction was carried out using the ultrasonic processor 
described previously with the best processing time selected 
in item 2.3.1. Multiple regression analysis was applied to 
determine the regression coefficients for the linear, quadratic 
and interaction terms. Experimental data were fitted to a sec-
ond-order polynomial mathematical equation to express the 
relationship between independent variables and responses 
(dependent variables). The generalized form of second order 
polynomial equation was given as follows:

where Yn is the dependent variable, including Ypy to pectin 
yield (%) and YDE to degree of esterification; xi and xj are 
the independent variables (i and j range from 1 to k ); β0 is 
the model intercept coefficient; �j , �jj , and �ij are interac-
tion coefficients of linear, quadratic, and the second-order 
terms, respectively; k is the number of independent param-
eters (k = 3 in this study).

2.4.3  Statistical analysis of optimization study

The reparameterization of the quadratic model was per-
formed using only the significant terms. The significance of 
each effect and the regression coefficient were determined 
considering a significance level of 5% (p < 0.05). In addition, 
one-way analysis of variance (ANOVA) using the significant 
coefficients was performed to verify the statistical accuracy 
of developed mathematical models and included the F-test 
and obtention of the coefficient of determination (R2). All 
the statistical analysis was carried out using the Statitica®10 
package software (Stat Soft Inc., Tulsa, USA).

2.4.4  Validation and evaluation the effects of different 
acids on pectin yield and DE

The validation of mathematical models from optimization 
study was carried out using extraction conditions to achieve 
high yield and low DE to verify the accuracy of the models. 
The predicted and experimental of responses were statisti-
cally compared, and the percentage error and residual were 
calculated according to Zaid et al. [48], at which less than 
10% of error is relatively desirable [49]. Furthermore, the 
effects of acid type (organic and mineral) on the extraction 

(2)Yn = 𝛽
0
+

k
∑

j̇=1

𝛽jxj +

k
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j=1

𝛽jjx
2

j
+
∑

i

k
∑

<j=2

𝛽ijxixj + ei

Table 1  Independent variables 
and their respective levels and 
values in central composite 
design

Independent variable Unit Levels

−1,68 −1 0 + 1 + 1.68

x1 Ultrasound amplitude % 30 42 60 78 90
x2 SLR w/v 1:76 1:50 1:33 1:25 1:21
x3 pH - 1.5 1.9 2.5 3.1 3.5
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yield and DE of pectin were verified as well as their impact 
in color quality parameters.

2.5  Conventional extraction of pectin

The acidic hot water extraction (AIWE) was performed 
according to the method described by Gharibzahedia et al. 
[50] with adaptations. Pectins were extracted from AIR with 
water acidified with citric acid until stability in a thermo-
static water bath under stirring at 70 °C for 30 min, SLR and 
pH from the optimal conditions for higher yield from 2.4.2.

2.6  Pectin recovery and yield determination

After the extraction process, the extracts obtained were col-
lected and centrifuged at 4.200 rpm for 20 min at 10 °C. 
The supernatant was then separated by filtration, precipitated 
with ethanol 96% (1:3 v/v), and left to stand overnight at 
4 °C. The coagulated pectin was collected and washed three 
times with ethanol 96%, and the wet pectin was dried in a 
forced air circulation oven at 35 °C until constant weight. 
Finally, the dried sample was ground into powder, and the 
yield of extracted pectin was determined as follows (Eq. 3):

2.7  Chemical and physical characterization 
of pectin

2.7.1  Galacturonic acid content

The galacturonic acid content was determined by the 
metahydroxydiphenyl (MHDP) method developed by Blu-
menkrantz and Asboe-Hansen [51] with adaptations. An 
analytical curve was prepared using a standard solution of 
galacturonic acid (GalA) in concentrations from 5 to 100 µg.
mL−1. Pectin solution (0.4 mL) was poured into a tube, 
and sulfuric acid/sodium tetraborate (2.4 mL) was added 
and cooled in a cold-water bath. Your tubes were stirred 
by a vortex mixer, heated in a water bath, and cooled. The 
abovementioned color reagent was then added and stirred for 
5 min before reading the absorption at 520 nm using a UV/
Vis spectrophotometer.

2.7.2  Degree of esterification (DE)

The degree of esterification (DE) was determined using the 
titration method as reported by Panwar et al. [35]. The pec-
tin samples (100 mg) were moistened in ethanol (2 mL), 
dissolved in distilled water (20 mL), and stirred until com-
pletely dissolved. Five drops of phenolphthalein were then 

(3)Yield (%) =
Weight of dry extracted pectin (g)

Weight of AIR(g)
∗ 100

added, and the solutions were titrated with 0.1 N sodium 
hydroxide until a pale pink color appeared (V1). Then 0.1 N 
sodium hydroxide (10 mL) was added to the titrated samples 
and stirred for 15 min. Next, 0.1 N hydrochloric acid (10 
mL) was added, and the samples were shaken vigorously 
until the pink color completely disappeared. Finally, the 
samples were titrated again with 0.1 N sodium hydroxide 
until a pale pink color appeared (V2). The DE was calculated 
using the following formula (Eq. 4):

2.7.3  Instrumental color

Instrumental color of pectin samples was measured using a 
CR-400 Chroma Meter colorimeter (Konica Minolta) using 
the CIE L. The color coordinates obtained were L* (bright-
ness ranging from 0 (black) to 100 (white)), a* (+ a* indicat-
ing tendency for red and −a* tendency for green), and b* 
(+ b* indicating tendency for yellow and −b* tendency for 
blue) system. In addition, the hue angle  (h0) which repre-
sents the qualitative attribute of color was calculated using 
Eq. (5), while the chroma index (C*) was calculated using 
Eq. (6). The colorimeter was calibrated in the reflectance 
mode, using the illuminant D65 and an observation angle 
of 10° [52].

3  Results and discussion

3.1  Chemical characterization of UPF and AIR

The plant materials used as substrates (UPF and AIR) for 
pectin extraction were similar in terms of nutritional compo-
sition, with high values of total carbohydrates, around 85%, 
while the content of moisture, total minerals, lipids and pro-
teins were approximately 10%, 3%, 1.1%, and 0.5%, respec-
tively (Table 2). These values are close to those recently 
reported by Cangussu et al. [53] where these authors evalu-
ated the proximal composition of flours produced from 
the peels of ripe and semi-ripe umbu fruits collected from 
the Caatinga biome. The differences can be attributed to 
geographic and seasonal factors that notably affect the 
composition of fruits and vegetables, as the umbu fruits 
in the aforementioned study were collected in the portion 
of the Caatinga biome in the state of Minas Gerais, in the 

(4)DE(%) =
V2(mL)

V1(mL) + V2(mL)

(5)C ∗ =
(

a∗2 + b∗2
)1∕2

(6)h0 = tan−1 (b∗∕a∗)
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southeast region, while the fruits of umbu in the present 
study come from the portion of the Caatinga biome in the 
state of Bahia, located in the northeast region of Brazil. A 
significant difference for titratable acidity was observed, 
where AIR presented a lower value (0.29 ± 0.01) compared 
to UPF (0.42 ± 0.01), indicating the process of producing 
insoluble residue by prior extraction with ultrasound was 
able to remove alcohol-soluble organic acids.

Regarding color analysis, AIR presented a higher value 
L* coordinate, indicating that this substrate was lighter when 
compared to UPF, probably due to the removal of natural 
pigments in the insoluble residue production stage. Signifi-
cant differences were observed between the  h0 values of 
UPF and AIR, which ranged from 73.27 to 68.93, respec-
tively, indicating a yellowish/beige color for these sub-
strates, with AIR being slightly lighter compared to umbu 

peel flour. Regarding coordinate a*, no significant difference 
was observed, with small positive values, close to 4.00, for 
both substrates. This result is related to the degradation of 
chlorophyll and carotenoids present in umbu peel, leading 
to browning reactions during the drying steps employed 
produce UPF and AIR, resulting in particulate matter with 
color tending from dark greenish to reddish, characteristic 
of fruit powders and flours produced after drying processes 
[54] Regarding the b* coordinate, a significant difference 
was observed between UPF and AIR, with a higher value 
for UPF (13.30 ± 0.08), indicating a more yellowish tone 
for this material, which may probably be related to a higher 
carotenoid content, which were removed during the extrac-
tion step that results in the production of AIR (10.89 ± 0.27).

3.2  Selection of sonication time for UAE of pectin 
from umbu peel

The preliminary and univariate study for selection the best 
processing time for extraction of pectin from umbu peels 
using UEA was carried out using 1:30 of SLR at pH 2.0 
and 50% of ultrasound amplitude. The results showed that 
4.82% pectin yield was achieved from the solubilization 
of AIR in citric acid solution (pH 2.0) without ultrasonic 
processing (Fig. 1A), indicating the presence of a consider-
able content of pectic substances in this substrate. Using 
pulsed ultrasonic processing for 6 min at 50% amplitude 
(50 W), the ED was 82.33 J.cm−3 and allowed a pectin yield 
of 12.20%, approximately. The pectin yield was significantly 
increased (p < 0.05) to 13.76% and 13.26%, when the UAE 
method was carried out for 10 min (143.04 J.cm−3) and 
18 min (258.30 J.cm−3), respectively. These findings are 
associated with the greater intensity of the cavitation effects 
generated by ultrasonic waves on plant material particles of 
AIR resulting from the increase in sonication time. Addi-
tionally, a directly proportional relationship was observed 
between the sonication time with ED and the temperature 
in the extracting solution, which together contribute to the 

Table 2  Chemical and nutritional composition of umbu flour and 
alcohol insoluble residue

Mean ± standard deviation for triplicate. Results followed by different 
superscript letters in the column indicate a significant difference 
(p < 0.05) using the Tukey test

UPF AIR

Proximate composition
 Moisture (%) 10.16 ± 0,50a 10.37 ± 0,40a

 Ash (%) 3.30 ± 0,10a 3.20 ± 0,40a

 Lipids (%) 1.16 ± 0,10a 1.15 ± 0,10a

 Protein (%) 0.50 ± 0,10a 0.53 ± 0,10a

 Carbohydrates (%) 84.93 ± 0,50a 84.71 ± 0,70a

Physicochemical parameter
 Total titratable acidity (% citric acid) 0.42 ± 0,01a 0.29 ± 0,01b

Color coordinates
 L* 6.31 ± 0,04a 68.01 ± 0,27b

 a* 4.00 ± 0,06a 4.05 ± 0,12a

 b* 13.30 ± 0,08a 10.89 ± 0,27b

 C* 13.89 ± 0,10a 11.67 ± 0,29b

  h0 73.27 ± 0,04a 68.93 ± 0,08b

Fig. 1  Influence of sonica-
tion time, temperature, and 
energy density on the pectin 
yield. A Variation of pectin 
yield after different sonication 
times. B Correlation between 
sonication time and increase of 
temperature and energy density 
and their impact on the pectin 
yield
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improvement of mass transfer, leading to greater amounts of 
extracted pectin (Fig. 1B).

In contrast, a significant decrease in pectin yield was 
observed by increasing the extraction time to 23 min, where 
11.85% of pectin was obtained. The reduction in pec-
tin yield when extraction was carried out for 23 min can 
be explained by the high energy density (315.91 J.cm−3) 
applied, which probably resulted in partial degradation of 
the polysaccharide chain into low molecular weight oligom-
ers. These degradation products may comprise mixtures of 
mono-, disaccharides, and mainly pectic oligosaccharides, 
which are more soluble in the acid extracting solution and 
are not recovered in the alcohol precipitation step since they 
are removed in the subsequent filtration and washing steps, 
reducing the amount of recovered pectin. In pectin extraction 
processes, this effect must be avoided, but it is known that 
power ultrasound has been reported as promising approach 
for oriented degradation and modification of polysaccha-
rides, including pectin, resulting in structural and functional 
changes [32, 55, 56].

In general, extraction processes of natural compounds of 
industrial interest (e.g., pectin) must be robust and reproduc-
ible, and it is desirable that they be low cost, with reduced 
time consumption, less energy expenditure, and conse-
quently reduced environmental impact. These factors are 
crucial for enabling the extraction processes for pilot scale 
and for scale-up purposes in industrial level [57]. Although 
the application of other emerging technologies for extracting 
value-added compounds, such as pectins, from agro-indus-
trial by-products is considered promising, it is known that 
some of them require pressurized apparatus such as those 
used in high-pressure techniques or require specific com-
ponents to generate heat or for strict temperature control 
such as microwave-based methods [57–60]. In this context, 
high-intensity ultrasound has been widely proposed for the 
extraction of pectins due to its clear advantages in terms of 
improving extraction and reducing time consumption in the 
process [34].

Thus, to develop a simple, fast, and efficient extraction 
process of pectin from umbu peels, we do not propose 
strict temperature control since ultrasound can generate 
an increase in temperature during the sonication pro-
cess. Therefore, UAE can generate heat depending on the 
intensity and time applied, increasing the temperature 
of the medium, being desirable in some processes as it 
leads to improved extraction without the need for ther-
mostatic baths or complex temperature control devices. 
Figure 1B shows the correlation between ultrasonic pro-
cessing time (min), energy density (J.cm−3), and tempera-
ture and the impact of these variables on pectin yield. It 
is worth noting that with sonication time of 23 min, a 
considerable increase in temperature was observed, ΔT23′ 
= 36 °C, when compared to the other sonication times 

evaluated (ΔT0 = 0, ΔT6′ = 16 °C, ΔT10′ = 21 °C and ΔT18′ 
= 31.5 °C). This phenomenon may also have contributed, 
associated with high ultrasound intensity, to the lower 
yield as it is reported that depolymerization rate of pectin 
increases with temperature [61]. On the other hand, we 
must highlight that this pectin degradation was attenuated 
by conducting the sonication process in pulsed mode, as 
if we had opted for continuous mode the extent of the 
temperature increase, and degradation would probably be 
greater. In pulsed mode, the sonication is regulated on a 
periodic basis and through a switch on and off mode, in 
our study 30 s, that allows a moderate heat in the solution 
[30]. This approach is interesting because causing lesser 
destruction of bioactive compounds through such inter-
mittent relaxation when compared to continuous mode. 
However, variables such as pH, type of acid employed 
for extraction, and temperature will influence the extent 
of the effects in pulsed mode and must be considered [32, 
62, 63].

The negative effect of prolonged extraction time yield 
was reported by Sengar et al. [64] in study about extraction 
of pectin from tomato processing waste using UAE, where 
a maximum yield of 15.21% was obtained at ultrasound 
power of 600 W after 8.61 min, while 14.29% was achieved 
after16 min using same ultrasound power, suggesting that 
inadequate power input can be affect the efficient extrac-
tion of pectin. These authors also associate that the phe-
nomenon of lower yield at higher ultrasound power can be 
explained by the fact that long exposer time and increasing 
power input causes degradation of pectin into low molecular 
weight compounds. A similar finding was found in UEA of 
pectin from waste custard apple peel (Annona squamosal), 
where the yields were close to 9.1% with a sonication time 
of 20 min, while with a time of 30 min, under the same 
conditions, the pectin yield decreased. to around 8% [65]. 
Previously, Xu et al. [66] demonstrated that with increasing 
power density from 0.20 to 0.40 W/mL, the pectin yield 
increased from 22.67 to 27.27%, and this can be explained 
by the fact that the cavitation bubble collapse became more 
energetic with amplitude or power increased. Moreover, 
these authors observed that power density was higher than 
0.40 W/mL which led to a significant decrease of pectin 
yield, concluding that degradation effect on pectin increased 
with the increasing of ultrasound intensity.

In this study, the statistical analysis of results revealed 
no significant difference (p < 0.05) between the pectin yield 
achieved in 10 min and 18 min of ultrasonic processing, 
demonstrating that a UAE process conducted by 10 min 
would be the most advantageous as it allows reduction in 
process time (8 min) and energy consumption (difference 
of approximately 115 J.cm−3). Therefore, this sonication 
time was selected and fixed for the optimization study of 
ultrasound-assisted extraction of pectin from umbu peel.



 Biomass Conversion and Biorefinery

3.3  Model fitting and experimental data analysis

In this study, a CCD was successfully applied to optimize 
the UAE of pectin from umbu peel. The experimental design 
consisted of a total of 19 experimental runs, and the experi-
mental and predicted values of pectin yield and DE obtained 
at these different extraction conditions are shown in Table 3. 
The pectin yield varied between 10.97 and 21.82%, while 
the DE ranged 46.48–83.54% indicating that by varying the 
extraction conditions, important differences are observed in 
the quantity and characteristics of the pectins obtained. The 
pectin content in umbu peels obtained using UAE is close to 
the described by Cangussu et al. [53] who extracted 16.69% 
of pectin from mature umbu peel and 20.41% from semi-
mature umbu peel using microwave-assisted method and cit-
ric acid solution. However, these authors did not carry out 
the chemical characterization of obtained pectins. Therefore, 
our study presented here is the first to extract pectins from 
semimature umbu peel (called “de vez” maturation stage) 
using ultrasound technology and the first to describe the 
chemical characteristics of pectins from this fruit.

Applying multiple regression analysis on the experimen-
tal data obtained the regression coefficients and statistical 
parameters presented in Table 4. These coefficients were 
employed to generate the quadratic polynomial models 
which could express the relationship between the evaluated 
independent variables, including ultrasound amplitude ( x
1), pH ( x2), and SRL ( x3), and our responses of interest, in 

this case, represented pectin yield ( Y1,%) (Eq. 7) and DE ( Y
2,%) (Eq. 8).

The effect of independent variables in the studied 
responses can be predicted by the sign of the regression 
coefficient of the models, where positive sign suggest that 
the linked variable has positive impact on the response, 
whereas those with negative sign lead to an opposite effect 
[67]. The statistical significance and quality of the con-
structed quadratic models were evaluated through analy-
sis of variance (ANOVA) shown in Table 5. The results 
showed that the F-values of the model for yield and DE 
were 8.42 and 20.90, respectively, while the p-value was 
less than 0.05 for both models constructed. The calculated 
F-value was higher than critical F value (F9;9;0.05 = 3.18) 
obtained from F-distribution table considering α = 0.05, 
indicating that the models were adequate and could be 
selected to explain and predict the variation of pectin yield 
and DE. Although the lack of fit for both models appeared 
significant (less than 0.05), this can be attributed to the 
very low value of the pure error calculated from the rep-
licates represented by the central points, where the values 
are very similar. Furthermore, high correlation coefficients 
were observed for the pectin yield and DE models, with 
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Table 3  Central composite 
design with experimental and 
predicted yield (%,Y1) and DE 
(%, Y2) of pectin extracted from 
umbu peel using ultrasound-
assisted extraction (UAE)

Run x1 x2 x3 Y1 Y2

Experimental Predicted Experimental Predicted

1 42 1:50 1.9 16.06 16.73 62.68 64.13
2 78 1:50 1.9 15.60 16.41 63.59 64.95
3 42 1:25 1.9 15.64 16.25 60.82 62.45
4 78 1:25 1.9 14.43 15.36 61.58 62.97
5 42 1:50 3.1 13.62 13.18 82.12 84.12
6 78 1:50 3.1 12.24 12.12 82.18 83.93
7 42 1:25 3.1 13.28 12.96 83.39 85.41
8 78 1:25 3.1 10.97 11.33 83.01 84.94
9 30 1:33 2.5 12.46 12.71 83.06 80.47
10 90 1:33 2.5 12.01 11.07 82.96 80.76
11 60 1:76 2.5 13.98 13.99 83.54 81.27
12 60 1:21 2.5 13.63 12.93 83.23 80.71
13 60 1:33 1.5 21.82 20.59 46.48 44.64
14 60 1:33 3.5 13.67 14.22 82.86 79.91
15 60 1:33 2.5 13.48 13.62 82.33 83.17
16 60 1:33 2.5 13.26 13.62 83.44 83.17
17 60 1:33 2.5 13.65 13.62 83.01 83.17
18 60 1:33 2.5 13.76 13.62 83.61 83.17
19 60 1:33 2.5 13.83 13.62 82.64 83.17
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R2 of 93.80% and 97.41%, while the Adj-R2 were 87.61% 
and 94.38%, respectively. Similar findings regarding the 
adjustment of predictive models for pectin yield and DE 
were described in a study to optimize the conventional 
extraction of pectin from orange peels, where the lack of 
fit these responses also proved to be significant [68]. How-
ever, high F-values (27.57 for pectin yield model and 6.40 
for DE model) were observed as well as correlation coef-
ficients R2 of 96.13% and 85.20%, and Adj-R2 of 92.64% 
and 71.88%, respectively, indicating that the obtained 
models are fit to experimental data and suitable to pre-
dict the relationship between the dependent variables and 
responses. From the ANOVA data, the linear terms of all 
variables were significant, while only the quadratic terms 
of ultrasound amplitude and pH were significant for the 
yield predictive model. For the DE predictive model, only 
the linear term for pH was significant, while all quadratic 
terms and the interaction between SLR and pH were sig-
nificant. Thus, the substitution of the coded values relat-
ing to the independent variables in the predictive models 
obtained in our study leads to predicted values (Table 3) 
very close to those found experimentally. Naturally, vari-
ations related to extraction process and even in the pectin 
recovery stages may cause small variations, but these do 
not invalidate the robustness and quality of the models.

3.4  Effects of extraction process variables 
on the response variables

Considering the fitted models described in the previous 
section, 3D response surfaces graphs and contour plots 
were constructed for study of the interactive effects of the 
independent variables on the pectin yield (Fig. 2) and DE 
(Fig. 3). In each figure, the interactive effects between two 
independent variables and response could be observed which 
the remaining independent variable was fixed at the central 
point level, where in (A) pH = 2.5, (B) SLR = 1:33 (w/v), 
and (C) ultrasound amplitude = 60%. Thus, the main results 
of the interactive effects of the independent variables on 
the yield of pectin and DE will be discussed, understanding 
how each variable affects the responses to establish the best 
process conditions.

3.4.1  Effect of process variables on pectin yield

Generally, extraction processes are designed to achieve high 
yields of the compound of interest. In this context, most 
studies that propose improving pectin extraction aim to 
achieve high yields. From the analysis of the response sur-
faces and contour curves in Fig. 2, it is possible to observe 
that using moderate ultrasound amplitude, close to 60%, 

Table 4  Regression coefficients estimates and statistical parameters for central composite design models of pectin yield (%,Y1) and DE (%,Y2) 
for pectin extracted from umbu peel using UAE

Source Coeff. Std.Err. t(4) p

(a)Y1

Model 13.61955 0.102573 132.7791 0.000000
x1 −0.48743 0.062137 −7.8444 0.001426
x2 −0.31696 0.062137 −5.1009 0.006978
x3 −1.89404 0.062137 −30.4814 0.000007
x1x2 −0.14250 0.081187 −1.7552 0.154075
x1x3 −2.2787 0.084908 −0.18500 0.081187
x2x3 0.06500 0.081187 0.8006 0.468203
x
2

1
−0.61085 0.062153 −9.8282 0.000601

x
2

2
−0.05577 0.062153 −0.8973 0.420291

x
2

3
1.33723 0.062153 21.5153 0.000028

(b)Y2

Model 83.1701 0.238897 348.1427 0.000000
x1 0.08654 0.144721 0.5980 0.582077
x2 −0.16778 0.144721 −1.1593 0.310809
x3 10.48657 0.144721 72.4608 0.000000
x1x2 −0.07375 0.189087 −0.3900 0.716391
x1x3 −0.24875 0.189087 −1.3155 0.258667
x2x3 0.74625 0.189087 3.9466 0.016866
x
2

1
−0.90210 0.144756 −6.2319 0.003377

x
2

2
−0.76952 0.144756 −5.3160 0.006022

x
2

3
−7.38627 0.144756 −51.0257 0.000001
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and SLR around 1:50 to 1:30 in acidic conditions with pH 
less than 2.0, higher yields can be achieved (Fig. 2A). The 
characteristics of the plant material used as a substrate for 
pectin extraction as well as its proportion in the extraction 
medium affect the yield. Considering the analysis of the 
response surfaces and contour curves A and C (Fig. 2), it is 
possible to verify that the increase in the solid-liquid pro-
portion negatively affects the yield, with greater amounts 
of pectin being obtained with SLR up to 1:33 (w/v). The 
negative effect related to the increase in solute in extractive 
processes can be explained by the saturation of the extract-
ing solution with a consequent decrease in the mass transfer 

rate, and this saturation can compromise the efficiency of 
the cavitation process (e.g., rupture of cavitation bubbles), 
leading to a decrease in yield. Similarly, Shivamathi et al. 
[65] reported the influence of SLR on yield in a study that 
aimed the optimization of pectin extraction from waste cur-
tard apple peel. The yields obtained with 1:10 (6.54%) for 
example was lower than the most assays employing 1:15 g/
mL (6.52–7.94%), 1:20 (6.69–7.73%), 1:25 (7.12–8.22%), 
and 1:30 g/mL (7.58%) of SLR, which is probably related 
to the increase in saturation of the acid extracting solution 
that occurs when there is a large increase in the amount of 
solid and a decrease in liquid.

Furthermore, it should be noted that increasing the vol-
ume of extracting solution (liquid) allows a greater amount 
of pectin to be contained in the extraction solvent, thus 
obtaining a greater yield of pectin. This is due to difference 
of concentration that is established between the interior of 
the plant cell and the exterior solvent, thus increasing the 
mass transference of pectin from the solid matrix to the liq-
uid solvent, resulting in a greater amount of pectin [37, 69]. 
Throughout extraction, the concentration of pectin in the 
solvent increases and the extracting liquid becomes viscous, 
leading to a decrease in the pectin mass transfer rate until 
it reaches the saturation point [37, 58]. This phenomenon 
depends on the total amount of pectin available on the sub-
strate to be extracted, the particle size (which affects the 
surface area), and other process variables. Therefore, SLR is 
an important independent variable to be considered in pectin 
extraction optimization studies.

Due to its mechanical wave nature, characteristics of 
the ultrasonic wave such as frequency, wavelength, and 
amplitude can influence the acoustic cavitation and there-
fore extraction [70]. In higher amplitudes, the ultrasound 
wave contains a high number of cycles of compression and 
rarefaction, leading to a more intense collapse of bubbles, 
allowing the targeted compound to be released into the sol-
vent rapidly [71]. This parameter is directly related to power 
parameters that can be expressed as ultrasonic intensity (UI, 
W.cm−2), power density (PD, W.mL−1), and energy density 
(ED, J/cm−3), where the increase of amplitude leads to 
increase of these parameters, resulting in improvement of 
sonochemical effects, and many cases lead to an increase 
of the extraction efficiency [35, 70]. Through the analysis 
of response surfaces and contour curves A and B (Fig. 2), it 
is possible to verify that the best ultrasonic amplitude range 
is between 50 and 60%, leading to higher yields of pectin. 
These higher yields are achieved under conditions of low 
pH values and intermediate substrate amounts, between 1:50 
and 1:33 of SRL. From the mathematical model for pec-
tin yield (Eq. 8), we infer that there is a negative effect of 
increasing amplitude, since high amplitude values are related 
to an increase in energy density in the solution as well as 
temperature, which can contribute to depolymerization and 

Table 5  Analysis of variance (ANOVA) for yield (%, Y1) and DE 
(%,Y2) of pectin extracted from umbu peel using ultrasound-assisted 
extraction (UAE)

F9;9;0.05 = 3.18

Source Sum of 
squares

df  Mean square F-value p-value

(a)Y1

Model 87.89325 9 9.76591 8.4188 < 0.0001
x1 3.24475 1 3.24475 61.5352 0.001426
x2 1.37199 1 1.37199 26.0191 0.006978
x3 48.99237 1 48.99237 929.1175 < 0.0001
x1x2 0.16245 1 0.16245 3.0808 0.154075
x1x3 0.27380 1 0.27380 5.1925 0.084908
x2x3 0.03380 1 0.03380 0.6410 0.468203
x
2

1
5.09337 1 5.09337 96.5933 0.000601

x
2

2
0.04245 1 0.04245 0.8051 0.420291

x
2

3
24.40916 1 24.40916 462.9084 < 0.0001

Lack of fit 5.59288 5 1.11858 21.2133 0.005570
Pure error 0.21092 4 0.05273
Total 93.69705 18
R2 0.9380
Adj-R2 0.8761
(b)Y2

Model 2253.689 9 250.4098 20.896 < 0.0001
x1 0.102 1 0.102 0.358 0.582077
x2 0.384 1 0.384 1.344 0.310809
x3 1501.820 1 1501.820 5250.569 < 0.0001
x1x2 0.044 1 0.044 0.152 0.716391
x1x3 0.495 1 0.495 1.731 0.258667
x2x3 4.455 1 4.455 15.576 0.016866
x
2

1
11.108 1 11.108 38.836 0.003377

x
2

2
8.083 1 8.083 28.260 0.006022

x
2

3
744.714 1 744.714 2603.624 < 0.0001

Lack of fit 58.566 5 11.713 40.951 0.001576
Pure error 1.144 4 0.286
Total 2313.399 18
R2 0.9741
Adj-R2 0.9438
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Fig. 2  Response surface and contour plots of the interactive effects of two independent variables on the pectin yield. A Ultrasound amplitude and 
SLR. B Ultrasound amplitude and pH. C SLR and pH. The UAE processes were carried out room temperature (26 °C) with sonication time of 10 min
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Fig. 3  Response surface and contour plots of the interactive effects of two independent variables on DE. A  ultrasound amplitude and SLR. 
B Ultrasound amplitude and pH. C SLR and pH. The UAE processes were carried out room temperature (26 °C) with sonication time of 10 min
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reduced pectin extraction yield. Therefore, the ultrasound 
amplitude used in pectin extraction processes must be evalu-
ated and optimized to have an adequate range for process-
ing. Our results show that with the use of 60% amplitude, 
equivalent to a power density of 0.26 W.mL−1 and ED of 
149.08 J/cm−3, the yields were greater than 13.26%, reaching 
a maximum yield of 21.82%. In contrast, using 90% ampli-
tude, equivalent to 0.45 W.mL−1 and 262.63 J/cm−3, a yield 
of only 12.01% was observed, probably due to the degrada-
tion of the pectin structure into low molecular weight com-
pounds. When 30% amplitude (0.11 W.mL−1 and 60.17 J/
cm−3) was used, a yield of 12.46% was achieved, like the 
yield using 90% amplitude. The lowest yield was observed 
at 78% amplitude (0.385 W.mL−1 and 221.25 J/cm−3), 1:25 
of SLR, and pH of 3.1. Probably, this finding can be related 
to a greater quantity of AIR used, in addition to the pH of 
3.1, a value greater than the best yield range (pH < 2.0). The 
negative effect related to the increase in solute in extractive 
processes can be explained by the saturation of the extract-
ing solution with a consequent decrease in the mass transfer 
rate, and this saturation can compromise the efficiency of 
the cavitation process (e.g., rupture of cavitation bubbles), 
leading to a decrease in yield.

Some studies show that depending on the plant matrix 
used, maximizing amplitude can contribute to higher yields. 
For example, in recent optimization study of the UAE of 
pectin from Assam lemon (Citrus limon Burm f.), the ultra-
sound amplitude was found to have a higher effect on the 
extraction, where the increase in the amplitude from 20 to 
100% resulted in increase of pectin yield from 2.9 to 32.17% 
[31]. Similarly to our results, an optimization study of UAE 
of pectin from Citrus limetta peels performed by Panwar 
et al. [35] demonstrated increase in amplitude till 40%, the 
yield of pectin increased linearly, but further increase in 
amplitude beyond 40% reduced the pectin yield, demonstrat-
ing that the ultrasound amplitude is a variable that must be 
controlled appropriately depending on the plant matrix used 
to extract pectins.

One the most important variables evaluated in optimiza-
tion studies of conventional and unconventional extraction 
of pectin is pH or acid concentration [72, 73]. Several stud-
ies describe that pectin yield is greater at low pH values or 
in more acidic conditions. Traditionally, pectin is extracted 
using strong mineral acids at pH ranging 1 to 3, and acidic 
conditions are essential to hydrolysis of the complex cross-
linked networks of the cell wall in plant material and the 
insoluble pectin constituents, promoting the release of solu-
ble pectin [72–74]. Our results show that when pH 1.5 was 
used in UAE, the pectin yield was 21.82%, and with the 
increase in pH to higher values, a reduction in yield was 
observed. At pH 1.9 and 2.5, pectin yields varied from 14.43 
to 16.06%, and from 12.01 to 13.98%, respectively. At a pH 
of 3.1, the yield varied from 10.97 to 13.12%, and at a pH 

of 3.5, the yield was 13.67%. According to the mathematical 
model obtained for yield, a strong negative effect of pH is 
observed, which indicates and explains the results obtained 
where, in more acidic conditions, greater yields are obtained. 
This result corroborates the study reported by Colodel et al. 
[75], which demonstrated that pH was the most influential 
variable in the study to optimize the conventional extraction 
of pectins from grape pomace.

The effect of pH in pectin extraction from orange peel 
was also observed in recent study performed by Iñiguez-
Moreno et al. [76], where the results from Box-Behnken 
Design showed that at pH 2.0, the pectin yield ranges from 
22.77 to 31.20%, while at pH 4.0, the pectin yield varies 
from 3.00 to 3.99%. The effects of pH may vary depending 
on the duty cycle applied in the UAE, where pulsed mode 
and low pH values, in some cases, have been shown to be 
more useful for achieving higher yields when compared to 
continuous mode. In this context, the UAE of pectin from 
pomelo fruit using citric acid at different pH values showed 
that in continuous mode at pH 1.5, the yield ranged from 
22.55 to 33.9%, while in pulsed mode, the yield varied from 
33.46 to 46.4% [30]. With the increase in pH to values above 
1.5 to 3.5, a decrease in pectin yields was observed, demon-
strating that in ultrasound-assisted processes, the duty cycle 
must be considered to improve the extraction process. The 
UAE of pectin from navel orange peels in continuous and 
pulsed mode was reported by Patience et al. [63]. The results 
showed that in continuous mode, pH 2, and power density 
of 0.24 W.mL−1, a yield close to 11% can be achieved, with 
only a 1.3% difference between this yield to achieved at 
pulse ultrasound mode at the same conditions. These authors 
concluded that pulsed mode can be considered more efficient 
due to less energy consuming (80 kJ) when compared to 
continuous mode (190 kJ).

Therefore, in our study, we proved that high levels of 
pectin with low and high DE can be extracted from umbu 
peels, and a higher yield (greater than 21%) of low DE pec-
tin (close to 44%) can be achieved using 60% ultrasound 
amplitude in pulsed mode, SLR of 1:33, and pH 1.5, while 
pectins with higher DE (greater than 80%) can be extracted 
with a yield of around 13% under the same conditions by 
only varying the pH of 1.5 to 2.5.

3.4.2  Effect of process variables on degree of esterification 
of pectin

Among the main chemical characteristics of pectins, the 
degree of esterification (DE), also expressed relatively as the 
degree of methoxyl (DM), can be considered one of the main 
chemical guidelines for the applications of this polysaccha-
ride [74]. Other chemical characteristics, including molecu-
lar weight (MW), monosaccharide composition (MC), RG-I/
HG ratio, and degree of branching, are also reported to be 
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important for the functional properties of pectins, such as 
modulation of the gut microbiota [77].

The DE has been used mainly as indicator of the gelling 
and emulsifying properties of pectin. Moreover, this param-
eter has been used to classify pectins into two groups, high 
methoxyl pectins (HMP), and low methoxyl pectins (LMP). 
HMP pectins have a DE value greater than 50% and require 
solutes such as sucrose and pH lower to 3.5 for effective 
gelation, which occurs through hydrogen bonds and hydro-
phobic interactions. LMP pectin, on the other hand, has a 
DE of less than 50%, and for gelation, it depends on divalent 
cations, such as calcium ion, which interact with the free car-
boxyl groups of galacturonic acid residues, forming gels over 
a broad pH range. Recent studies have reported the interest-
ing applications of pectins with low DE as for increase the 
water holding capacity and viscoelasticity of gluten proteins 
[78]. Considering the analysis of the response surfaces and 
contour curves of Fig. 3, it is possible to verify that all vari-
ables have some effect on DE, being pH the most important 
variable to be considered, with linear, quadratic, and inter-
action terms significantly. Thus, the positive effect of pH is 
evident, suggesting that increase of pH close to 3.0 leads 
to extraction of HMP, while acidic conditions allowing the 
extraction of LMP. It can be seen in Fig. 3B that regardless 
of the amplitude and SLR used, the DE tends to increase 
with increasing pH. Thus, based on Fig. 3A, it was possible 
to verify that higher DE are achieved using SLR of 1:33 and 
amplitude of 60%. This observation supporting the experi-
mental data is shown in Table 3, where it is observed that 
at pH 1.5, higher amounts of LMP were extracted with DE 
of 46.48%, while at pH of 1.9, the DE ranged from 60.82 to 
63.59%, and at pH of 2.5, the DE percentages ranged from 
82.33 to 83.61%. DE percentages increases at pH of 3.1 to 
values varying from 82.12 to 83.39% and at pH 3.5 the DE 
observed was close to 80%.

Similar effects were observed in optimization study of 
UAE of pectins in continuous and pulsed mode from pomelo 
peels at different pH values, where in continuous UAE, the 
DE ranging from 40.73 to 52.09% was observed when the 
extractions were carried out at pH of 1.5, while DE ranged 
from 63.26 to 72.25% and 76.92 to 84.90% at pH of 2.5 
and 3.5, respectively [30]. When the UAE was performed in 
pulsed mode, the DE values at pH of 1.5 were slightly higher 
than those obtained in continuous mode, ranging from 47.6 
to 55%, while at pH of 2.5, the DE varying from 67.8 to 
75.2% and DE of 82.43 to 88.6% at pH of 3.5. This small 
increase in DE by varying the duty cycle is possibly associ-
ated with a greater cavitation effect that can be generated 
in continuous mode when compared to pulsed mode; thus, 
in continuous mode, there is greater de-esterification of the 
pectin chain due to interactive effects of ultrasonic waves 
with a more acidic environment. Acid de-esterification by 
hydrolysis is a pH-dependent reaction, and it occurs mainly 

under acidic conditions using strong inorganic acids, and the 
increase of pH leads to β-elimination as main mechanism of 
de-esterification of pectin [79]. Another study reported that 
at pH of 2.0, the DE of extracted pectins from orange peel 
ranged from 28.93 to 34.76%; at pH 3.0, the pectins showed 
DE from 62.84 to 84.46%; and at pH 4.0, the DE varied 
from 72.46 to 90.86%, depending on temperature and time 
of extraction [76].

In comparative study performed by Tran et al. [80], pH 
was the most influencing variable on DE of pectin from jack-
fruit rags. For both conventional and UAE methods, DE of 
pectin decreased when pH was decreased, and lowest DE 
values of 11.71% in conventional method and 8.48% in UAE 
method were found at pH of 1.5. This can be explained due 
to increase de-esterification of the polygalacturonic chain 
under severe pH conditions [81].

Therefore, our results suggest that the use of experimental 
design would facilitate the establishment of conditions for 
the extraction of different types of pectin, making it possible 
to obtain HMP and LMP from umbu peels using UAE in 
pulsed mode by varying the experimental conditions.

3.5  Comparison between conventional heating 
extraction and ultrasound‑assisted extraction

The conventional methods for the extraction of commercial 
pectins are based on the use of hot diluted acids. In general, 
long times of extraction, high temperatures, and low pH 
leads to high pectin yields but can influence the physico-
chemical properties. Thus, the exact extraction conditions 
are adjusted for each raw material to obtain pectins with 
suitable properties [24, 82].

Many studies use reflux or stirring methods, generally 
employing temperatures greater than 60 °C under acidic 
conditions using strong mineral acids. Furthermore, con-
ventional methods are conducted for prolonged periods (sev-
eral hours) which lead to high costs related to energy con-
sumption [24]. In general, these processes are recognized as 
being expensive, and there is concern about their alignment 
with the principles of “Green Chemistry,” as they employ 
strong mineral acids that result in waste that needs to be ade-
quately treated after the extraction process [83]. In this con-
text, many studies strengthen the trend towards using new 
technologies such as ultrasound, microwave, high pressure 
techniques, and ohmic heating, for pectin extraction [84]. 
Among the proposed technologies, ultrasound appears as the 
main emerging technology used in the extraction of pectins, 
with several advantages reported for this method alone or 
in combination with others, which has resulted in several 
studies in the last 10 years using this approach. In this study, 
using the conventional method of hot acid extraction, a yield 
of 12.16% was achieved, and the extracted pectin presented a 
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DE of 49.63%, while the UAE method proposed in this study 
allowed a high yield of LMP close to 22%.

Previously, significant differences on pectin yield from 
dragon fruit peel were reported using conventional and UAE 
at different times and temperature [85]. Using conventional 
extraction for 30 min at 45 °C, 60 °C, and 75 °C, the pec-
tin yields were 4.98%, 8.42%, and 10.44%, respectively. On 
other hand, UAE for 30 min at same temperatures achieved 
yield of 9.38%, 15.30%, and 16.30%, respectively, demon-
strating that ultrasound technology can lead to higher yields 
using same raw materials. In addition, different extraction 
methods influenced the DE of pectins, where the conven-
tional extraction for 30 min at 45 °C, 60 °C, and 75 °C 
leads to DE of pectins of 49.87%, 41.37%, and 46.06%, 
respectively, while using UAE method, the DE values were 
37.64%, 36.80%, and 35.44%, respectively. Recently, the 
efficiency of an optimized UAE method for extracting pectin 
from Assam lemon (Citrus limon Burm. f.) was described 
with yield close to 32%, while conventional extraction 
approach leads to pectin yield of 19.61% [31].

Therefore, based on our results, UAE can be considered 
a favorable approach for obtaining pectins from umbu peels 
when compared to conventional method as it allows higher 
yields of different pectins (HMP and LMP) in a reduced 
processing time (10 min of sonication), which results in 
a process that is economically viable in terms of energy 
consumption, time, and energy. Furthermore, the use of an 
organic acid increases the appeal and suitability of the pro-
cess in environmental terms and in obtaining a product for 
the food industry.

3.6  Validation and evaluation of the impact 
of different acids in pectin characteristics

Considering the results obtained finding in the Table 2 
and the discussion abovementioned through analysis of 
surfaces and contour plots, the optimum conditions were 
considered to be ultrasound amplitude of 60%, 1:33 of 
SLR, and pH of 1.5 for obtaining a maximum pectin yield. 

These conditions were set because reducing pH to values 
lower than 1.5 would result in a highly acidic environment 
that could, when associated with ultrasound, lead to pectin 
depolymerization. Furthermore, the reduction in pH would 
depend on an increase in the concentration of citric acid and 
the consequent increase in process costs for this substrate. 
The experiments were carried out in triplicate, and to assess 
whether the results obtained so far were dependent on citric 
acid, different acids were evaluated, including oxalic acid, 
nitric acid, and hydrochloric acid, to investigate the impact 
on the yield and DE as well as the color parameters, here 
used as quality parameter, of pectins from umbu peel. Con-
sidering the results obtained in Table 6 and comparing with 
the predicted values in Table 2, percentage errors less than 
10% were obtained for both the yield and the DE under the 
conditions established as optimal and using citric acid, indi-
cating that the process is reproducible and can be considered 
validated [37]. The results show that citric acid allows higher 
yields of LMP, while HMP (DE > 50%) were obtained using 
both organic acid (pectin extracted with oxalic acid, POA) 
as mineral acids (pectin extracted with nitric acid, PNA, and 
pectin extracted with hydrochloric acid, PHA), demonstrat-
ing that the type of acid is determinant on the yield and DE 
of pectins (Table 6).

No significant difference was observed (p < 0.05) between 
the pectin yields obtained with the other acids evaluated, 
yields varying between 10.20 and 11.93%, while in rela-
tion to DE, significant differences were observed, with 
PHA exhibiting the highest DE (84%), followed by PNA 
(82.94%), POA (75.82%), and PCA (46.07%). These results 
demonstrate that LMP can be obtained in high yields using 
the optimized UAE method proposed in our study and 
that by varying the type of acid HMP can also be obtained 
under the same conditions with a yield reduction of around 
50% (Fig. 4). The extraction of LMP can be considered an 
interesting approach, as this pectin type has been pointed 
as suitable additive in the food industry. In this context, 
recent study described that LMP increased the water hold-
ing capacity (WHC) and viscoelasticity of gluten protein, as 

Table 6  Influence of different 
acids on the yield and chemical 
and physical characteristics of 
pectin extracted by UAE from 
umbu peels under validation 
conditions

Results followed by different superscript letters in the column indicate a significant difference (p < 0.05) 
using the Tukey test. PAC, pectin extracted with citric acid; POA, pectin extracted with oxalic acid; PNA, 
pectin extracted with nitric acid; PHA, pectin extracted with hydrochloric acid; CP, commercial citrus pec-
tin

Pectin Yield (%) DE (%) GalA (%) Color

L* a* b*

PCA 22.52 ± 0.15a 46.07 ± 0.19e 56.26 ± 0.65d 63.43 ± 0.03e 7.42 ± 0.03b 7.6 ± 0.02e

POA 11.93 ± 0.47b 75.82 ± 0.23d 70.8 ± 0.72b 72.31 ± 0.02b 7.14 ± 0.01c 12.86 ± 0.08a

PNA 11.29 ± 0.66b 82.94 ± 0.17c 61.92 ± 0.28c 69.21 ± 0.10d 8.16 ± 0.02a 11.23 ± 0.02c

PHA 10.20 ± 0.17b 84.00 ± 0.20b 70.57 ± 0.53b 71.91 ± 0.01c 6.41 ± 0.01d 12.07 ± 0.02b

CCP - 89.08 ± 0.17a 75.86 ± 0.47a 91.34 ± 0.03a 0.97 ± 0.02e 10.49 ± 0.01d
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well as promoted the conversion of sulfhydryl groups (-SH) 
to disulfide bonds (-S-S-), inducing gluten aggregation and 
strengthened gluten network [78]. The addition of LMP led 
to improvement in technological and sensorial characteris-
tics of low-fat set yoghurt, being able to reduce whey loss, 
improve firmness, rheology, quality, and overall liking of 
this dairy product [86].

The different effects of the type of acid, mineral and 
organic acids, on the pectin yield and DE were previously 
described for various raw materials, including jackfruit peel, 
pomelo fruit peel, and grape pomace [30, 87, 88]. The type 
of acid and pH of the acid used in the extraction process play 
a critical role in achieving higher pectin yields [89]. In this 
study, at pH 1.5, important differences were observed in the 
yield of pectins obtained from umbu peel using UAE. Using 
citric acid, the weakest acid of those evaluated, a higher 
yield, and lower DE and GalA contents were obtained, while 
the other acids led to yields between 10 and 11%, approxi-
mately, but with high DE and high GalA content. Probably, 
the stronger acids associated with the effects of ultrasound 
at 60% amplitude at pH 1.5 contributed to the hydrolysis of 
pectin and the consequent reduction in yield. These findings 
diverge from what is generally expected in relation to acid 
strength and pectin yield, where many authors report that 
the greater the acid strength, the greater the pectin yield. 
However, at extreme acid strength, such as pH 1, severe acid 
hydrolysis and degradation of pectin is observed [89].

Regarding the galacturonic acid content, it was observed 
that pectins with a high GalA content, around 70.5%, can be 
extracted using oxalic acid and hydrochloric acid, without a 
statistically significant difference (p < 0.05). However, this 
content can be considered statistically different but close to 

the GalA content of commercial citrus pectin, which has 
a content close to 76%. Pectins obtained with nitric acid 
and citric acid have GalA contents close to 62 and 56%, 
respectively. These levels are statistically different from 
each other, from the commercial one, and from the other 
extracted pectins. The extraction of pectin with high GalA 
content (74.4–77.9%) from lemon peels through conven-
tional method and using oxalic acid was recently reported 
[90]. The GalA content in pectins extracted by conventional 
hot method and UAE may vary depending on the acid type 
used, according to study performed with onion (Allium cepa 
L.) waste as raw material [91]. Similar trend to that found for 
umbu pectins was observed for citric acid and hydrochloric 
acid, in which in the study with onion waste lower GalA con-
tents were found for pectins extracted with citric acid using 
the conventional method (37.82%) and UAE (27.03%), while 
pectins extracted with these methods and using hydrochlo-
ric acid showed higher levels, around 55.12% and 50.79%, 
respectively. In contrast, the effects of organic acids on GalA 
content of pectin from different pomelo varieties showed 
that pectin extracted using citric acid contained higher GalA 
contents (76.5–85.1%) than those extracted by lactic acid 
(60.4–63.8%) and acetic acid (65.1–68.2%) [92]. According 
to these authors, the observed variations can be attributed 
to fact that probably pectin extracted by acetic acid or lac-
tic acid contained high amounts of neutral sugars such as 
fucose, rhamnose, arabinose, galactose, glucose, xylose, and 
mannose, resulting in low galacturonic contents.

Color is an important quality parameter for pectins as it 
affects the appearance of the gel produced and the charac-
teristics of the product to which it will be added, influencing 
product acceptance [64, 93, 94]. The color of pectin can be 
affected by the type of extraction process, raw material used 
as substrate, presence of associated pigments, and the pre-
treatment and purification steps [64]. For the color analysis 
of pectins, significant differences were observed for all coor-
dinates evaluated. According to the data in Table 6, signifi-
cant differences (p < 0.05) were verified for the three param-
eters (L*, a*, and b*) of the pectins obtained with different 
acids, indicating that the type of acid used for extraction 
affects the final color of the extracted pectin. Commercial 
citrus pectin (CCP) had the highest lightness value (91.34), 
while the lowest lightness values were observed to pectins 
obtained with oxalic acid (72.31), hydrochloric acid (71.91), 
acid nitric acid (69.21), and citric acid (64.43).

Regarding the a* coordinate, positive values indica-
tive of redness palettes was observed for all pectins, with 
the highest values being found for PNA (8.16%) and PCA 
(7.42), followed by POA (7.14%), PHA (6.41%), and CCP 
(0.97). In relation to coordinate  b*, the highest value was 
observed for POA (12.86), followed by the pectins PHA 
(12.07), PNA (11.23), CCP (10.49), and PCA (7.6), where 
higher positive values indicates the yellowish color of the 

Fig. 4  Influence of different acids on the pectin yield and DE under 
optimized UAE conditions: ultrasound amplitude of 60%, 1:33 of 
SLR, and pH 1.5
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pectins. Therefore, establishing commercial pectin as a ref-
erence regarding the color quality parameter and that it is 
desirable that pectins for industrial use are not brownish 
or darkened, pectins extracted with different acids can be 
grouped in the following order of color quality: CCP (refer-
ence) > POA > PHA > PNA > PCA. Although the acid pec-
tin obtained with citric acid is listed as the most brownish 
pectin among those obtained with different acids, its L*, 
a*, and b* values result in a color considered more interest-
ing than that described for pectins extracted by UAE and 
MAE a from tomato processing waste where L*, a*, and 
b* values of 54.92, 13.49, and 24.22, and 50.96, 11.07, 
and 24.9 were observed, respectively, indicating that they 
are darker brownish pectin with a reddish hue [64]. This 
reddish color is strictly related to the raw material used for 
extraction, tomato processing waste, which presents high 
levels of lycopene that were not properly removed in the 
pretreatment stages and that remained until the pectin recov-
ery stages, remaining associated with them and affecting its 
final coloring.

4  Conclusion

In this study, ultrasound-assisted extraction of pectin 
from umbu peels using organic citric acid was investi-
gated under different processing parameters, and cen-
tral composite design associated with response surface 
methodology was used for extraction optimization. Two 
second-order polynomial models were developed using 
multiple regression analysis for prediction the pectin yield 
and degree of esterification. Preliminarily, the effect of 
sonication time on the pectin yield was evaluated, demon-
strating that the highest yield, around 13.7%, was achieved 
after 10 min, and no statistically significant difference 
was observed (p > 0.05) when compared with the yield 
obtained after 18 min. After optimization study, the high-
est yield, approximately 22%, of low esterification pectin 
(DE = 46%) was achieved under ideal conditions, estab-
lished under ultrasound amplitude of 60%, SLR of 1:33, 
and pH of 1.5. Process validation was carried out under 
established optimal conditions, and the effects of differ-
ent acids on the yield of pectins and DE were evaluated, 
demonstrating that the use of citric acid allows yields of 
around 22% of LMP pectin to be achieved, while using 
oxalic acid, nitric acid, and hydrochloric acid led to the 
production of around 13% of HMP pectin. Furthermore, 
LMP pectins have a lower galacturonic acid content (56%) 
when compared to HMP pectins extracted with other acids, 
where the content varied from 61.9 to 70.8%. In terms 
of quality, assessed through instrumental color, pectins 
extracted with different acids under optimized UAE con-
ditions showed significant differences when compared 

to commercial citrus pectin CCP, which demonstrated 
the influence of the type of raw material and extraction 
method on the quality of the product obtained. Therefore, 
our study describes for the first time the extraction of pec-
tins from umbu peels using ultrasound technology, prov-
ing that this material is a promising source of LMP and 
HMP pectins, which can be obtained in yields of 13 to 
22% depending on the type of acid using. Thus, this study 
demonstrates the potential of high-intensity ultrasound to 
obtain compounds of industrial interest from native Bra-
zilian fruits, particularly from the Caatinga biome, thus 
contributing to the valorization of biodiversity, preserva-
tion of the environment, and innovation in the food sector.

Moreover, the development of new pectin extraction 
processes faces important challenges such as the feasibility 
of the technology used, the yield and quality of the pec-
tin obtained, and the associated general cost. Therefore, it 
is believed that studies that determine the costs related to 
extraction as well as scale-up approaches will become more 
frequent. Another perspective is that unconventional sub-
strates from production chains are among the most popular 
for new industrial pectin extraction processes. New studies 
are necessary in order to evaluate the impacts of different 
emerging technologies, such as ultrasound, microwaves, 
high pressure, ohmic heating, pulsed electric field, among 
others, on the technological and functional properties of pec-
tins. Finally, simultaneous or dual-objective optimizations 
tend to consolidate to obtain not only high pectin yields but 
also to modulate the type of biopolymer obtained.
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