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A B S T R A C T   

Background: Even though raw and processed crops are consumed as food worldwide, one-third of these agri-
cultural produces go as waste or by-products. These by-products contain several valuable components, such as 
pectin, that can be valorized in the food processing industry through waste recycling to improve resource effi-
ciency. However, the conventional methods (e.g., acid extraction of pectin) have limitations, such as low yield, 
and are energy-intensive and associated with environmental problems. Therefore, the possibility of using 
emerging processing technologies for pectin extraction has attracted wider attention. 
Scope and approach: This paper aims to describe the status of the valorization of food and agricultural by-products 
through the application of emerging processing methodologies with specific attention to pectin extraction. In this 
regard, papers published in this area of research during the past decade were retrieved from scientific databases 
and their findings were analyzed. 
Key findings and conclusions: Emerging thermal (e.g., microwave and ohmic heating) and non-thermal (e.g., 
moderate electric field, pulsed electric field, high-pressure processing, and ultrasound), as well as combinations 
of these technologies (e.g., a combined effect of microwave and ultrasound) are among the innovative ap-
proaches that have been used for pectin extraction. These methodologies can result in higher extraction yields 
and produce pectin with a desirable degree of esterification. However, the industrial application of these tech-
nologies can be challenging at this moment due to relatively high capital costs, limited professional expertise, 
and inadequate data on process upscaling. Therefore, research on up-scaled versions and further training in this 
area of food processing are recommended.   

1. Introduction 

According to FAO (2019), about one-third of the world’s food is 
wasted annually. Among the wasted products, plant materials such as 
root tubers, oil-bearing crops, and by-products of fruits and vegetables 
processing constitute a greater proportion (Gómez-García, Campos, 
Aguilar, Madureira, & Pintado, 2020; Müller-Maatsch et al., 2016). Such 
wastes contain considerable amounts of valuable components that can 
be valorized to provide benefits for the food processing industry and to 
reduce the environmental concerns such as global warming (Gavahian, 
Chu, & Mousavi Khaneghah, 2019). For example, many of the 

agricultural by-products and wastes contain pectin, which is an 
economical and nutritionally valuable product (Ajibade & Ijabadeniyi, 
2019; Majee, Avlani, Ghosh, & Biswas, 2018). 

Pectin is a non-starchy polysaccharide, which is usually located in 
the primary and secondary plant cell walls. Chemically, pectin is 
composed of D-galacturonic (D-GalA) acid including homogalactur-
onan, rhamnogalacturonan I, and rhamnogalacturonan II and xyloga-
lacturonan (Mohnen, 2008) and 17 sets of monosaccharides, in which 
D-GalA is most profoundly found followed by D-galactose or L-arabinose 
(Vincken et al., 2003). Homogalacturonans are linear galacturonans 
(α-1,4-linked galacturonic acid), polygalacturonides, or 
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polygalacturonic acids which are isolated from the plant cell wall pectin. 
Homogalacturonan is characterized with partial methyl esterification at 
C-6 carboxyl position and also acetyl-esterified at O-2 or O-3 position 
depending on plant source (Yapo, 2009). Based on the degree of 
methylation, pectin is categorized into high methoxy pectin and low 
methoxy pectin (Wang, Lien, Chang, & Wu, 2013). Pectin chains have 
flexible coils and huge structural variations, and their helical shape af-
fects their functionality (Assenza & Mezzenga, 2019). Also, the poly-
saccharide chain tends to interact with other molecules and stabilize the 
various structural levels (Diener et al., 2019; Fittolani, Seeberger, & 
Delbianco, 2020), leading to gel formation through calcium or by the 
hydrophobic and hydrophilic interactions (Williams et al., 2020; Zdu-
nek, Pieczywek, & Cybulska, 2021). 

Pectin is one of the major components used for the preparation of 
edible coatings (Barbut & Harper, 2020). Also, it has been used to 
maintain qualitative characteristics such as extending the shelf-life of 
fruits and vegetables (Panahirad et al., 2021). The method of pectin 
extraction and the source of pectin influence the gelling ability, solu-
bility, and viscosity of the resultant product. These traits are interre-
lated, i.e., an increase in gelling ability leads to an increase in gel 
tendency, decreases solubility and increases viscosity, and vice versa. 
These properties are important functional attributes of the pectin 
structure (Srivastava & Malviya, 2011). High methoxy pectin, which has 
more than 50% of the esterified carboxyl group, forms gels with low pH 
(2–3.5) and 55–75% of sugar concentration, whereas low methoxy 
pectin is characterized by less than 50% of esterified carboxyl groups, 
pH (2–6), which is usually used in low-sugar products (Löfgren & Her-
mansson, 2007). Yang, Liang, et al. (2018) studied low methoxy pectin 
under alkaline conditions and found that when pH increases from 3.5 to 
8.5, gel strength and gelling ability have increased because of the 
separated carboxylic groups. However, at pH 9.5 the gel strength and 
gelling ability tend to decrease due to reduction in molecular weight 
because of a beta-elimination reaction. This study was performed using 
texture analyzer and scanning electron microscopy, which depicted that 
the most condensed and uniform structure of pectin was observed at pH 
8.5, which is suitable for retaining water molecules. The degree of pectin 
esterification determines the functional components in the cell wall and 
thereby alters the gelling and thickening properties. According to Hos-
seini, Khodaiyan, and Yarmand (2016), the degree of esterification (DE) 
is defined as the total percentage of carboxyl groups that are methyl 
esterified. 

In the food industry, high methoxy pectin is used to produce different 
types of jam and jellies, whereas low methoxy pectin is used for the 
preparation of juice and low-calorie foods. Also, pectin has been used as 
a food emulsifier and stabilizing agent. Hence, pectin is used to produce 
active films for food packaging (Manoj et al., 2020). The hydrodynamic 
properties of pectin and its interaction with other polymers may affect 
the emulsifying and stabilizing properties of the pectin (Jung & Wicker, 
2012). Besides, pectin can be used as prebiotic medicine, which helps in 
treating colon-related problems (Gómez, Gullón, Yáñez, Schols, & 
Alonso., 2016; Li, Xia, Nie, & Shan, 2016). Global hydrocolloids have 
reported that pectin has a potential market in the food and pharma-
ceutical industries. Therefore, various sectors of the food industry 
around the world are looking forward to increasing pectin production, 
especially through the extraction from by-products. 

Pectin can be commercially extracted from several agricultural by- 
products including citrus peels (Putnik et al., 2017), banana peels 
(Swamy & Muthukumarappan, 2017), mango peels (Banerjee, Vijayar-
aghavan, Arora, MacFarlane, & Patti, 2016), apple pomace (Yin, Fan, 
Liu, Yu, & He, 2009), sugar beet (Chen, Hai-ming, Fu, & Luo, 2015), 
cocoa husk (Chan & Choo, 2013), mulberry branch bark (Liu, Jiang, & 
Yao, 2011), hulls of fava bean (Korish, 2015), sisal waste (Santos, Vieira, 
Braz-Filho, & Branco, 2015), watermelon waste (Maran, Sivakumar, 
Thirugnanasambandham, & Sridhar, 2014), pomegranate rind (Pereira 
et al., 2016), and passion fruit peel waste (d. Oliveira, et al., 2016). 

Regardless of the type and chemical structure, pectin is obtained 

through the extraction process. Indeed, pectin extraction from different 
types of food and agricultural by-products and wastes has been practiced 
for many years. In these processes, the main aim is to extract pectin at 
the highest possible yield with the highest purity. However, conven-
tional extraction (CE) has several limitations such as thermal degrada-
tion, undesirable physicochemical and functional properties, and low 
degrees of esterification due to prolonged, direct heating than the 
emerging processing technologies (EPT). Besides, the plant cell wall 
comprises various polysaccharides and structural proteins which make 
the CE of pectin a challenging task (Shpigelman, Kyomugasho, Chris-
tiaens, Van Loey, & Hendrickx, 2014, 2015). Consequently, the amount 
of pectin that can be extracted depends on the extraction method and 
various associated parameters. For example, pectin yield from a sugar 
beet sample may vary from traces to 5% (Ngouémazong, Christiaens, 
Shpigelman, Van Loey, & Hendrickx, 2015). Therefore, researchers have 
been studying the possibility of addressing the issues of the CE through 
EPT including emerging thermal and non-thermal technologies. 

Considering the growth of scientific articles published in this area of 
research, there is a need for a review paper to provide information for 
the scientific society and industry about the recent advances in inno-
vative approaches for PE and their benefits. Recently, Manoj et al. 
(2020) reviewed pectin extraction using innovative extraction strategies 
and focused on functional properties and application in food packaging. 
Anticona, Blesa, Frigola, and Esteve (2020) reviewed biological value 
compounds extracted from citrus waste using non-conventional 
methods. However, in this research work besides citrus detailed infor-
mation on other agricultural by-products (i.e., fruits and vegetables) and 
the impact of EPT in extracting pectin are presented. Studies on pectin 
extraction, using ultrasound technique (i.e., single and combined tech-
niques) highlighted the bioavailability and health-promoting aspects 
(Khedmat, Izadi, Mofid, & Mojtahedi, 2020). Another review on pectin 
extraction using fruit and vegetable waste with different conventional 
and EPT targeted the extraction of rhamnogalacturonan-I, and discussed 
applications of pectin in food and pharmaceutical industries (Guizhu 
Mao, Wu, et al., 2019). At the same time, several aspects of pectin 
extraction such as conventional extraction methods (e.g. acid, alkali, 
and enzyme extraction) and some non-conventional methods such as 
ultrasound and microwave (Cui et al., 2021; Marić et al., 2018; Pico-
t-Allain, Ramasawmy, & Emmambux, 2020; Ran, Zhang, Wang, & 
Adhikari, 2019) were also given due consideration. 

The above-referenced literature has provided valuable information 
regarding the progresses in pectin extraction and promoted research in 
this area of science. However, these review papers have not discussed 
some of the important EPT such as ohmic heating, moderate electric 
field, pulsed electric field, and high-pressure processing. Also, discus-
sions on the utilization of combined technologies for pectin extraction 
are rare. Therefore, a narrative review based on recently published pa-
pers that convey a broad range of studies on emerging processing 
technologies can provide a reference for researchers in this area. 

This review paper aims to provide an update on the current status of 
the applications of EPT for PE from food and agricultural by-products 
using different thermal (e.g., microwave and ohmic heating) and non- 
thermal extraction methods including moderate electric field (MEF), 
pulsed electric field (PEF), ultrasound, and high-pressure processing 
(HPP). At the same time, this work discusses the possibility of combi-
nations of EPT to improve PE and elaborates on potential benefits of 
such approaches in improving the resource efficiency. In this sense, 
important scientific papers published pertaining to this topic were 
retrieved from scientific databases and their findings were discussed. 

2. Conventional methods of pectin extraction 

In CE, pectin is usually extracted by various acid treatments (e.g., 
H2SO4, HNO₃, H3PO4, CH₃COOH, or HCl). This method requires long 
treatment period (e.g. 1 h) at high temperatures such as 80–100 ◦C 
(Georgiev, Ognyanov, Yanakieva, Kussovski, & Kratchanova, 2012). In 
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such a process, extraction time, temperature, type of solvent, pH, sample 
size, diffusion rate, and other parameters associated with the process 
affect the properties and yield of the pectin (Kulkarni & Vijayanand, 
2010). For example, Kulkarni and Vijayanand (2010) defined some 
extraction parameters while performing CE and reported that the 
highest yield of pectin was recovered, when HCl at pH 2.0 was used at 
98.7 ◦C with an extractant ratio of 1:30 (w/v) after 60 min. It was re-
ported that the extraction of pectin via CE increased the cost-benefit 
ratio (Yang, Mu, & Ma, 2018). Also, it should be noted that CE usually 
consumes high amounts of acids that could be an environmental 
concern. Besides, the CE is known to be a time-consuming method with 
low efficiency (Mao, Wu, et al., 2019). Furthermore, this method tends 
to yield pectin with undesirable attributes due to degradation reactions. 
Such a process may yield a product that cannot meet the standards (i.e., 
both quality and quantity) required for high-quality pectin (Bagherian, 
Zokaee Ashtiani, Fouladitajar, & Mohtashamy, 2011). Such drawbacks 
make the industrial application of conventional PE expensive. There-
fore, emerging thermal and non-thermal technologies, as well as their 
combination, have been explored (Marić et al., 2018). As a result, 
various innovative techniques have been proposed to extract pectin. 
Fig. 1 illustrates the conventional method of pectin extraction from food 
waste. 

3. Innovative approaches for improving pectin extraction 

Innovative techniques for improving PE are based on emerging 
thermal processing technologies such as ohmic and microwave heating 
and non-thermal processing technologies including moderate electric 
field, pulsed electric field, high-pressure processing, and ultrasound. 
Fig. 2 represents emerging thermal and non-thermal technologies that 
have been recently employed to improve PE. These technologies extract 
pectin through different mechanisms other than CE. Therefore, under-
standing these processing parameters can help in designing an efficient 
PE protocol based on the EPT (Table 1). 

3.1. Emerging thermal processing methods for extraction of pectin 

3.1.1. Ohmic heating 
Ohmic heating is an advanced thermal heating process that is quick 

and uniform in nature, as electric current is transferred through food 
materials generating heat according to Joule’s law (Gavahian, Chu, & 

Farahnaky, 2019). This technology has been used to sterilize foods and 
to extract valuable components from plant materials (Al-Hilphy, 
Al-Musafer, & Gavahian, 2020; Gavahian, Farahnaky, Javidnia, & 
Majzoobi, 2012; Gavahian, Lee, & Chu, 2018). Ohmic heating has been 
also used for PE because it can enhance the extraction yield through 
volumetric heating. This could be due to rapid heating in the hetero-
geneous system, which enhances heat and mass transfer during the 
extraction process. This reduces processing time and minimizes changes 
in pectin properties. Therefore, ohmic heating has the potential to 
enhance pectin quality and reduce manufacturing costs. 

For example, Saberian, Hamed Hamidi-Esfahani, Zohrehb Ahmadi 
Gavlighi, Banakar, and Barzegar (2018) extracted pectin by ohmic 
heating using the different voltage at 15 V/cm at 90 ◦C in 30 min which 
significantly increased PE in comparison with CE. This is due to the fact 
that a high alternating current was passed through the solution 
enhanced the membrane permeability and rate of diffusion. Besides, the 
authors tried to assess the effects of various processing parameters such 
as time, temperature, voltage gradient on DE of pectin using a central 
composite design. The results revealed that pectin yield and DE were 
higher than the CE when ohmic heating was performed at 90 ◦C. Ac-
cording to this study, the emulsifying activity, flow behavior, and vis-
cosity of pectin were improved. Therefore, ohmic heating helped in 
enhancing the pectin yield and quality. 

In another study conducted by Saberian et al. (2018), the effects of 
pH, solvent, Solid-Liquid (S/L) ratio, and voltage on the pectin yield, 
quality, and system performance coefficient (SPC) were evaluated at a 
constant extraction temperature of 90 ◦C using orange waste as a raw 
material. At higher voltage gradients with lower pH and S/L ratio, the 
SPC was appreciably enhanced to 84.4%. Also, it influenced the pectin 
yield increasing it from 1.17 to 10.69%. Therefore, the yield of pectin 
was higher at 30 V/cm, pH of 1.5, and S/L ratio of 1:20 g/ml. The au-
thors reported that ohmic heating took less extraction time (15 s) 
compared to CE (200 s). Analyzing temperature gradient, SPC, and other 
engineering parameters, it can be concluded that ohmic heating is an 
efficient method for PE. 

3.1.2. Microwave heating 
Microwave heating is considered an emerging thermal technology in 

the food industry, which is applicable in the drying of food products, 
inactivation of enzymes, sterilization, and extraction (Carbonell Capella 
et al., 2017). This technology uses frequencies from 300 MHz to 300 

Fig. 1. Schematic representation of conventional method of pectin extraction from food waste.  
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GHz (similar to radiofrequency heating) heating the polar components 
due to the phenomenon of ionic polarization and dipoles rotation. Also, 
microwave processing accelerates biomass production and electromag-
netic waves which can transfer and deplete energy very fast, in a 
continuous and flexible manner. These processes could damage the cells 
inside the biomass, causing an improved extraction with higher yield 
(Taqi, Farcot, Robinson, & Binner, 2020). 

A summary of the findings on the applications of ohmic and micro-
wave heating, as advanced thermal technologies, for PE is presented in 

Table 2. Microwave-assisted extraction (MAE) has been used to enhance 
PE and was found to yield a higher amount of pectin in a shorter period 
of time than with CE (Carbonell Capella et al., 2017). Also, a study on 
sugar beet with MAE showed no significant difference in terms of yield 
and quality. This shows MAE may be or may not influence the extraction 
every time depending upon the sample used (Mao, Wu, et al., 2019). 
Similar results were observed in a study conducted by Mao, Robinson, 
and Binner (2021) which states that below threshold levels, the effi-
ciency of both the conventional and microwave extraction processes are 

Fig. 2. Emerging technologies to improve pectin extraction.  

Table 1 
Major mechanisms involved and key process parameters in PE by EPT.  

Extraction 
technology 

Key process 
parameters 

Main mechanisms involved References 

Ohmic heating  1. Electrical field 
strength  

2 Frequency  
3 Electrical 

conductivity  

- Volumetric heating, that is quick and uniform Saberian, Hamidi-Esfahani, Gavlighi, 
Barzegar, and Mohsen (2017) 

Microwave heating 1.Microwave energy  
2. Dielectric property  

- Quick heating leads to displacement of polar molecules forming dipole rotation Hu et al. (2019) 

Moderate electric 
field  

1. Electric field  
2. Frequency  
3 Process 

temperature  

- Electroporation enhances mass transfer. Sensoy and Sastry (2004) 

Pulsed electric field 1.Voltage  
2 Pulsation  
3 Frequency  

- Formation of pores across the cell membrane which enhances mass transfer. Gómez et al. (2019) 

High-pressure 
processing 

1.Pressure 
2.Temperature  

- Uniform and quick distribution of pressure throughout the sample releases the 
pectin.  

- Rapid increase in temperature followed by cooling simultaneously with 
depressurization. 

Balasubramaniam et al. (2015) 
Oliveira, Cibele Freitas Giordani et al. (2016) 

Ultrasound  1. Power  
2. Frequency  
3. Temperature  

- Sonic waves lead to the formation of microbubbles and penetrate cell structure 
which improves diffusion and mass transfer. 

Grassino et al. (2016)  
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almost comparable. However, at the above threshold level microwave 
extraction took less time than CE. Chen, Qun, Hu, Yao, and Liang (2016) 
extracted pectin from pomelo peels using an MAE method and compared 
it with CE, solvent-free microwave extraction (SFME), and hot-solvent 
microwave extraction (HSME). Pectin obtained from pomelo peels was 
3.29% at 520 W, pH of 2.0 in 5.6 min by HSME which was higher than 
CE. Hence, SFME for essential oil followed by HSME for pectin extrac-
tion is a suitable method to extract compounds from plant material. 

Hosseini et al. (2016) used sour orange peel for extraction of pectin 
by MAE and followed Box–Behnken designs (BBD) to reduce the number 
of experiments. According to this study, time, microwave intensity, and 
pH were well managed to enhance the pectin yield. The condition 
maintained was 700 W with pH 1.5 and a time of 180 s. At these con-
ditions, pectin was extracted with a yield of 29.1% from sour orange 
peel. According to this study, MAE needs a short time to obtain a high 
pectin yield from sour orange peel. Another study utilized both MAE and 
CE using hydrochloric acid and citric acid with peel ratios of 1:20 and 
1:40. The results showed that the amount of pectin obtained using HCl 
was higher in both methods. i.e., 8.74 vs.10.51% and 79.29 vs. 95.93%, 
respectively. These researchers have also used Fourier transform 
infrared spectroscopy (FTIR) to assess the methyl esterified carboxyl 
group and found a greater DE and highest equivalent weight for 
extracted pectin by MAE. Viscosity and viscoelasticity properties 
increased its solid concentration and showed a lighter color. Therefore, 
MAE is an efficient methodology compared to CE. 

The effect of various microwave intensities (300, 450, 600, and 800 
W) on pectin yield from the dragon fruit peels (Hylocereus polyrhizus) 
was studied by Rahmati, Abdullah, and Kang (2019). This study was 
performed using a central composite design with an extraction time of 
65 s at a pH 2.07 and an S/L ratio of 66:57. The highest yield of pectin 
was 18.5% which was obtained at the microwave intensity of 800 W. 
The data also showed that MAE was an efficient method to obtain 
high-quality pectin with D-GalA 59.73–69.68%, DE 45.82–46.95%, and 
crystallinity 15.32–21.22%. 

In another study that aimed at comparing MAE and CE, researchers 
measured different parameters such as the yield of pectin, color, 

solubility percentage in hot and cold water, DE, and gelling properties . 
The pectin yield obtained with MAE (15.79%) was greater than CE 
(8.78%). The extraction duration was 90 s and 15 min in MAE and CE, 
respectively. The equivalent weight of MAE and CE pectin was 485 mg/ 
ml and 381 mg/ml, respectively. The gelling property of the extracted 
pectin was improved, in comparison with CE. 

Arrutia, Carrascal, Mao, Bnner, and Eleanor (2020) studied MAE in a 
continuous flow system to extract pectin derived oligosaccharides. 
These authors used potato waste for the extraction of pectin, which is 
highly branched in nature, therefore, rhamnogalacturonan I and II are 
said to be “hairy” pectin. It was observed that the extracted hairy pectin 
showed prebiotic activity. The authors also explored the potential of a 
batch 2-kW MAE system which showed a promising result as the yield of 
the D-GalA was over 40% with a feeding residence time of 0.81 s due to 
shorter heating time and volumetric heating. Then, the overall yield was 
59.75% more than the control batch. These results confirmed the exis-
tence of hairy pectin with a high purity form. The continuous flow 
system operation proved that it is one of the fastest heating methods to 
get pectin from the biomass. During this process, it is necessary to 
remove starch from the potato, as the amount of potato starch affects the 
gel formation during the processing. This research described the process 
of extraction of hairy pectin from the potato waste having bioactive 
components that might help with the commercialization of pectin. 

An optimization study was conducted by Kamal, Ali, Hossain, 
Shishir, and Islam (2020) on elephant apple (Dillenia indica) to extract 
pectin using MAE. The researcher used BBD to optimize processing 
conditions through response surface methodology (RSM) with 
four-factor. The parameters microwave power (170–510 W), pH 
(1.50–2.50), S/L ratio (1:10–1:30), and extraction time (3–9 min) were 
used as independent variables. The authors developed a second-order 
polynomial model to analyze data and relationships between depen-
dent and independent variables. The pectin yield was more than 20%. 
Also, the authors reported that the pectin obtained by MAE has a higher 
DE. Therefore, MAE is considered an eco-friendly method of extracting 
pectin from D. indica. In another optimization study, Pangestu, Amanah, 
Juanssilfero, and Perwitasari (2020) used the pods and husk of cocoa 

Table 2 
A summary of the application of volumetric heating technologies (ohmic and microwave) for pectin extraction.  

Heating 
method 

Raw 
material 

Processing 
conditions (W) 

Temperature 
(◦C) 

Time 
(min) 

Extraction solvent and ratio Pectin 
yield 
(%) 

DE 
(%) 

Insightful findings Reference 

Type S/L (g/ 
ml) 

pH 

Ohmic Orange 
waste 

30 90 0.4 ND 1:20 1.5 10.69 75 -an efficient energy and 
time-saving technology. 

Saberian et al. 
(2017) 

Microwave Pomelo 520 (HSME) 150 
(SFME) 

90 5.6 HCL ND 2.0 2.92 ND -the 2-step microwave 
extraction SFME for plant 
extract and HSME for 
pectin is an effective 
processing method. 

Chen, Qun, 
Hu, Yao, and 
Liang (2016) 

Microwave Sour 
orange 
peel 

700 ND 3 C6H8O7 15:0 1.50 29.1 ND -The time taken for 
extraction of pectin is very 
less compared to CE. 

Hosseini et al. 
(2016) 

Microwave Dragon 
fruit peel 

800 ND 1.3 HCl 1:90 2.0 18.59 46–47 -increasing microwave 
power increased pectin 
yield and affected D-GalA 
content 

Rahmati et al. 
(2019) 

Microwave Potato 
waste 

400,800 (batch 
process) 2000 
(continuous) 

90, 85 5,20, 
60 

ND ND ND ND 40–45 -hairy pectin extracted 
potato pulp possesses 
several bio-functional 
properties. Microwave 
increased the yield by 60% 
compare to CE 

Arrutia et al. 
(2020) 

Microwave Elephant 
apple fruit 

495 ND 8.93 HCl 1:20.59 1.99 20.36 ND -MAE improved extracting 
condition and quality of the 
pectin 

Kamal, Ali, 
Hossain, 
Shishir, and 
Islam (2020). 

Microwave Cocoa pod 
husk 

400 ND 15 C2H2O4 0:25 1.16 9.64 ND - extraction was more rapid 
and extraction time was 
reduced 2–6 times than CE 

Pangestu et al. 
(2020)  

M. Gavahian et al.                                                                                                                                                                                                                              



Trends in Food Science & Technology 115 (2021) 42–54

47

(Theobroma cacao) to extract pectin by MAE methodology. They used 
RSM to optimize processing parameters. These researchers set the 
specification including pH, S/L ratio, irradiation time, and quantity of 
pectin. The reducing S/L ratio did not affect pectin yield but, a greater 
oxalic acid concentration, lesser pH, and longer irradiation time 
enhanced the yield of pectin. These results showed that at pH 1.16. L/S 
ratio 25.0 with 15 min produced a higher pectin yield (9.64%) than CE. 
The irradiation time was reduced to achieve higher pectin efficiency. 
Therefore, oxalic acid is considered as a safe acidifying agent that can be 
used in future research. 

Santo Domingo et al. (2020) studied artichoke flower heads (Cynara 
cardunculus) tissues, as an agro-industrial plant residue, to obtain pectin 
using an MAE. This innovative approach yielded more carbohydrate 
content (95 g/100 g vs 83 g/100 g) compared to the CE. Also, MAE 
reduced the time (36 min vs 75 min) and solvent (110 ml vs 140 ml) 
consumption. The fractions obtained are yellow/red colored and form 
gels due to the presence of Ca2+. These findings indicated that the pectin 
obtained took less time and consumed fewer solvents, implying that 
MAE is an environmentally friendly process used to extract pectin by 
different plant by-products. A study was conducted by Ciriminna et al. 
(2019) using microwave-assisted hydro-diffusion and gravity to inves-
tigate the utility of betanin and pectin from Barbary Fig (Opuntia ficu-
s-indica) peel. Researchers developed a laboratory scale pectin and 
betanin extraction process, which comprise operations such as milling 
the fresh peel followed by irradiation and microwave for 1 h at 70 ᵒC. 
The aqueous solution was set up in a dialysis to detach pectic polymer 
from betanin and bio phenols compounds. Pectin dipped in ethanol at 
− 18 ᵒC formed pure crystals via lyophilization. A similar method was 
followed to extract stable betanin powder and enhanced bio-phenols in 
fig samples. The energy consumed per cycle is 8.7 kWh. Therefore, it was 
concluded that the pectin obtained from the Fig using 
microwave-assisted hydro diffusion with solvent-free is technically 
acceptable. 

3.2. Non-thermal emerging thermal processing technologies 

3.2.1. Moderate electric field 
MEF involves applying an electrical field (usually at low frequencies) 

at relatively low temperatures, which may cause electroporation and 
enhanced diffusion. This technology has been used for various extrac-
tion processes such as extraction of cellular materials from black tea and 
mint leaves, extraction of pectin from passion fruit peel (Oliveira et al., 
2015). Generally, MEF can enhance the PE by application of voltage on 
the food materials which affects the cell membrane. A high electric field 
ruptures the cell membrane and enhances permeability (Sensoy & Sas-
try, 2004). The field strength of the MEF is high and it damages the 
tissues, thereby enhancing extraction (Lebovka, Shynkaryk, El-Belghiti, 
Benjelloun, &Vorobiev, 2007). 

Oliveira et al. (2015) used passion fruit (Passiflora edulis) peels to 
extract pectin by various methods to study D-GalA and DE. It was found 
that MEF is one of the most efficient, eco-friendly, and time-saving 
methods of PE. Therefore, pectin yield was comparatively less than CE 
whereas, pectin obtained through MEF from passion fruit peel was found 
to have higher DE and D-GalA content. 

3.2.2. Pulsed electric field 
PEF is an emerging non-thermal technology that generates electro-

poration on cytoplasmic membranes and improves its intracellular 
components by avoiding undesirable changes in plant food materials. In 
a previous study, PEF was applied to apple pomace with a high-power 
source to extract pectin. The extraction method was followed by a 
comparison with the acid extraction method, ultrasound extraction, 
MAE method. Single-factor and orthogonal experiment processing con-
ditions were acquired to perform this experiment. The specifications 
followed were 15 kV/cm electric field, pH of 3, and constant tempera-
ture of 62 o C with electric pulse number of 10, and S/L ratio of 1:19. PEF 

treatment resulted in a yield of 14.12% which is more than the CE (Yin 
et al., 2009). Therefore, PEF showed a better result in PE from apple 
pomace because PEF breaks the cell membrane and alters the structural 
and intracellular organelles (Martínez, Delso, Álvarez, & Raso, 2020). 
Also, the electro-compressive force damages the cell membrane of plant 
material and leads to the formation of pores, which can enhance the 
pectin yield in PEF processing (Gómez et al., 2019). 

3.2.3. High-pressure processing 
HPP is one of the non-thermal pasteurization processing technolo-

gies, which is widely applied in the food industry. In HPP, samples are 
sealed in special packages and placed in a vessel under isostatic pressure 
above 300 MPa. HPP induces high pressure which causes severe damage 
to plant cells and leads to the diffusion of solvents and enhances the mass 
transfer and release of the extracts (Balasubramaniam, Martí-
nez-Monteagudo, & Gupta, 2015). HPP is used in synergetic extraction 
to improve the yield of pectin and other functional components by 
reducing the extraction time. For example, Oliveira, et al. (2016) com-
bined CE and HPP methodology to extract pectin from the passion fruit 
peels. The pectin yield was increased from 7.4 to 14.3% due to HPP 
pre-treatment. It was noted that the DE was 50% and the D-GalA of 
pectin was 65% higher than CE. HPP resulted in reduced extraction time 
with higher efficiency rates. Therefore, HPP can be considered a 
promising alternative to CE extraction of pectin that can reduce envi-
ronmental concerns through enhancing resource efficiency. 

In a recent study, Ninčević Grassino et al. (2020) employed HPP to 
extract pectin and polyphenols from tomato peel waste. HPP extraction 
was performed by using nitric acid (0.01 mol/L) with 300 MPa pressure 
performed at 10, 20, 30, and 45 min. Results showed that 14–15% of 
pectin recovery at 30 and 45 min, whereas CE took a longer time (180 
min). Even though anhydrouronic acid mass fraction was almost the 
same as both HPP and CE, HPP consumed less time for peel processing 
than CE. 

3.2.4. Ultrasound 
Ultrasound consists of vibrations greater than 20 kHz which can be 

applied to solid, liquid, and gas. The term “ultrasound” generally refers 
to frequencies greater than 16 kHz (Šic Žlabur et al., 2015). The ultra-
sound technology has many applications in food industries including 
extraction, drying, homogenization, blanching, and microbial inactiva-
tion (Gavahian et al., 2017; Misra et al., 2017). 

During extraction, ultrasound frequencies play a major part in 
collapsing the cavitation bubbles close to the cell wall, which leads to 
stronger agitation and solvent can penetrate the cells, resulting in an 
intensification of mass transfer (Barba, Turk, Boussetta, Vorobiev, & 
Eugène, 2015; Misra et al., 2017). The ultrasound can help in reducing 
the extraction time, energy consumption, and enhance the overall yield 
mainly due to the cavitation force which can impel the chain of 
compression and rarefactions, that leads to the formation of bubbles and 
changes in the temperature and pressure on the molecules (Chemat, 
Rombaut, Sicaire, et al., 2017; Shirsath, Sonawane, & Gogate, 2012). 
Ultrasound technology can be considered as an innovative approach to 
enhance resource efficiency. Due to its various advantages compared to 
CE, it is extensively used on several types of plant by-products and food 
waste. An overview of recently conducted studies on the UAE of pectin is 
shown in Table 3. 

Grassino et al. (2016) explored the possibility of valorization of to-
mato waste peels, skin, and pulp through ultrasound-assisted extraction 
(UAE) and CE. To achieve greater agitation, a lesser frequency of 37 kHz 
was used during the entire study. The extraction was under reflux in CE, 
which was done at 60 ◦C and 80 ◦C for 24 h in the initial step, and later, a 
new volume of extracting solvent was used for 12 h. UAE was done for 
15, 30, 45, 60, and 90 min in which the highest amount of yield was 
obtained at 60 ◦C with 15 min of extraction time in comparison with CE. 
The quality of the pectin (e.g., DE) obtained through UAE was high. The 
pectin extracted was analyzed by nuclear magnetic resonance (NMR) 
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and FTIR spectroscopy indicating the presence of esterified pectin in all 
samples. This showed that UAE helps with the reduction of time and is 
environmentally friendly due to reduced extraction procedures 
compared to CE. 

Idrovo Encalada et al. (2019), extracted pectin enriched fractions 
from the waste of carrot (Daucus carota). The extracted pectin was 
considered as “enriched” due to the presence of other functional com-
pounds as carrot contains antioxidants such as α- and β-carotenes, lutein, 
and α-tocopherol. Researchers used a highly efficient 
ultrasound-enzyme assisted extraction method to obtain higher yields of 
pectin from carrot waste. The processing parameters were ultrasound 
pre-treatment (12.27 W/cm2, 20 kHz, 80% amplitude, 20 min) followed 
by digestion for 5 h at 40 ◦C with or without cellulase and hemicellulase. 
The highest yield (27.1%) was obtained when samples were treated with 
ultrasound-hemicellulase. Ultrasound reduced the DM (24–50%) and 
molecular weight of pectin. However, a higher elastic modulus was 
noted in comparison with non-ultrasound extracted pectin enriched 
fractions. 

Nguyen and Pirak (2019) extracted pectin from dragon fruit peels 
and studied the physicochemical properties and antioxidant activities of 
the product. UAE was applied to peels and compared with CE. Pectin 
was extracted at temperatures of 45, 60, and 75 ◦C for 30 min and 60 
min in both UAE and CE. The results showed UAE enhanced the anti-
oxidant activity of the pectin compared to CE. The antioxidant activity 
(51.58 ± 0.30 by DPPH, and 39.81 ± 1.43 mgGAE/100 g by ABTS) was 
higher at 45 ◦C for 30 min. The pectin extracted from peels was classified 
under low methoxy pectin. Therefore, ultrasound technology is an 
effective alternative method for PE. 

Polanco-Lugo et al. (2019) worked on citrus pectin using UAE to 
analyze physicochemical, structural, rheological, and functional prop-
erties (WHC, OHC, Intrinsic viscosity). The authors used tangerine 

(Citrus reticulata) and grapefruit (Citrus paradise) for PE using UAE and 
CE. The pectin obtained showed a pseudoplastic fluid with a shear thin 
behavior, which has high DE in both tangerine and grapefruit. The 
greater viscosimetric molecular weight was observed in grapefruit while 
tangerine peels showed the highest polyphenol and protein. Therefore, 
the highest amount of yield was observed in the UAE in a short time 
(grapefruit: 26.05%, 30 min; tangerine peel: 13.46%, 15 min) in com-
parison with CE. The combination with citric acid showed that UAE is an 
alternative method that can extract pectin in a short time and in an 
eco-friendly manner. This study also highlighted the importance of 
sample type and their influence on the efficiency of the UAE. 

Guandalini, Rodrigues, and Marczak (2019) used mango peel to 
extract pectin and phenolics by the ultrasound method. The Experiment 
was performed using ethanol and ultrasound to extract the phenolics. 
This approach did not affect the yield of pectin and a total phenolic yield 
of 67% was extracted using the solvent 50% ethanol in water (v/v). 
Pectin was extracted in UAE in the leftover after extracting the phenolics 
from the peels. The UAE helped to enhance the yield of pectin by 50% 
without affecting its quality. Furthermore, artichoke (Cynara scolymus) 
was used to extract pectin using UAE (Sabater, Sabater, Olano, Montilla, 
& Corzo, 2020). The authors analyzed the difference between ultra-
sound and the combination of ultrasound (ultrasound + enzyme), and 
acids such as nitric acid and sodium citrate. The pectin yield was greater 
when the ultrasound was applied for 6 h in combination with celluclast 
®1.5 L (up to 13.9%). The molecular weight of pectin was higher 
(160–267 kDa) when a combination of ultrasound and enzyme was used 
in comparison with ultrasound alone (146–155 kDa). Also, the extracted 
pectin had a higher D-GalA (82.2–90.2%). In another study, 
high-methoxy pectin was extracted from dragon fruit peels (Hylocereus 
polyrhizus) using UAE and examined its functional properties and 
chemical characteristics. Results revealed that pectin yield was 31.4% 

Table 3 
An overview of recently conducted studies on ultrasound-assisted extraction of pectin.  

Raw material Freq. 
(kHz) 

Power 
(W) 

Temp. 
(◦C) 

Time 
(min) 

Extraction solvent Pectin Yield 
(%) 

DE (%) Insightful findings Reference 

Type pH 

Tomato 
waste 

37 ND 80 15 C₂H₂O₄ 3.26 15.1–21.1 84–89 -depending on time, 
temperature, and number of 
extractions, pectin yield varies 

Grassino et al. 
(2016) 

Dragon fruit 
peels 

132 80 65 70 C6H8O7, 
CH₃COOH, 
HNO₃ 

2 30.11 (HNO3) 56.1 -UAE method of pectin 
extraction from dragon fruit 
peel showed a good 
nutritional valve. 

Zaid et al. (2020) 

Walnut 
processing 
waste 

ND 200 ND 10 ND 1.5 12.78 59.2 -pectin extracted from walnut 
processing waste is high 
quality which is rich in 
methylated D-GalA. 

Asgari et al. (2020) 

Carrot 
powder 

20 750 ND 20 Na2CO3 11.2 14 ND -ultrasound treatment on 
carrot root powder showed an 
efficient method to extract 
antioxidants and pectin 

Idrovo Encalada 
et al. (2019) 

Dragon fruit 
peel 

ND ND 45 30 C6H8O7 2.0 19.48 49.9 -pectin yield increased with an 
increase in extraction time 
and temperature. 

Nguyen and Pirak 
(2019) 

Tangerine 
and 
Grapefruit 

20 130 80 15 C6H8O7 ND grapefruit 
26.05 

grapefruit: 
84.25–72.15 

-yield and functional 
properties (WHC, OHC, 
Intrinsic viscosity) were 
higher in UAE than in CE 

Polanco-Lugo et al. 
(2019) 

tangerine 
13.46 

tangerine 
82.30–71.81 

Mango peel 20 497.4 30 10 HNO3 2.00 ND ND -parameters such as yield, 
color, quality, and the time of 
extraction, the ultrasound 
extraction was better than CE 

Guandalini et al. 
(2019) 

Artichoke 20 400 50 6 h C6H8O7 5.00 ultrasound + E: 
13.9 

65 -enzyme celluclast increased 
the pectin yield. Various 
models are used to extract 
pectin 

Sabater, Sabater, 
Olano, Montilla, and 
Corzo (2020) 

Tomato 
waste 

ND 540 85 4 HCL 1.5 at 450 W 
18.00% 
(highest 
recovery) 

73.3 -combination of ultrasound 
with microwave, resulted in 
better results in quality and 
quantity of pectin. 

Sengar et al. (2020)  
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and DE was 56.10%. Therefore, UAE help with obtaining a higher pectin 
yield (Zaid et al., 2020). 

Sengar, Rawson, Muthiah, Kalakandan, and Kumar (2020) studied 
PE from tomato processing waste using the UAE. These researchers also 
used MAE, ohmic heating assisted extraction (OHAE), 
ultrasound-assisted microwave extraction (UAME), and 
ultrasound-assisted ohmic heating extraction (UAOHE) to study degra-
dation kinetics and to optimize the process of extraction. The yield of the 
pectin was 9.30% and 25.42% for OHAE and MAE, respectively. On the 
other hand, MAE and ultrasound-microwave assisted acid extraction 
presented a lesser pectin yield. Therefore, UAME is a successful method 
of PE from tomato processing waste compared to other methods. 
Furthermore, a study was conducted on UAE of grapefruit peels which 
showed a significant increase in the yield (26.74%) (Xu et al., 2014). In a 
similar study by Maran, Prakash, and Priya (2015) on pectin extraction 
from sisal waste, a maximum yield of 29.43% was obtained. Asgari et al. 
(2020) extracted pectin from walnut waste using UAE. According to 
results, UAE yielded a pectin with good emulsifying, antiradical activity, 
and with oil and water holding capacity. 

Sucheta, Misra, and Yadav (2020) studied the black carrot pomace to 
extract pectin using UAE at 70 ᵒC for 30 min in comparison with CE 
(110 ◦C for 90 min). Unlike previous reports, CE was found to be su-
perior to UAE in terms of pectin yield and quality (e.g. higher values of 
DE and GalA). This observation highlights the need for selecting the 
appropriate processing conditions. 

Over the last few years, researchers have been concentrating on the 
effect of UAE in comparison with conventional techniques by studying 
the ultrasound mechanisms involving solid and liquid mixture. Mecha-
nisms such as erosion, shear forces, sonoporation, capillary effect, 
fragmentation, and detexturation on rosemary (Rosmarinus officinalis L.) 
showed these mechanisms were responsible to maximize the yield by 
enhancing the surface area contact with water and leaf compounds 
(Chemat, Rombaut, Meullemiestre, et al., 2017). Therefore, ultrasound 
has a direct impact on plant tissues and thereby enhances the process of 
PE. 

3.3. Combined emerging processing technologies for PE 

Schematic representation of selected combined EPT for improving PE 
is shown in Fig. 3. The possibility of synergistic effects compelled re-
searchers to explore the combined technologies in recent years. Yang, 
Mu, and Ma (2019) extracted pectin from potato pulp through 
ultrasound-microwave assisted acid extraction (UMAE) technique and 
optimized the process using RSM. The main purpose was to evaluate the 
influence of temperature and pH. The parameters followed to extract 
pectin were pH 2.0 at 93 o C for 50 min. The pectin yield was promisingly 
high 22.86 ± 1.29% with a high proportion of branched rhamnoga-
lacturonan (61.54%). The extracted pectin has lower methoxy content 
(35.58%) but higher molecular weight (1.537 × 105 g/mol) and degree 
of acetylation (17.84%). Furthermore, FTIR and NMR showed that the 
pectin obtained had a thin region of α-1, 4-linked D-GalA that might be 
acetyl and methyl esterified and sometimes contains rhamnose, which is 
connected to D-GalA to turn into rhamnogalacturonan consisting 
branched side chains. Therefore, the results showed that UMAE has a 
great efficiency for pectin extraction from potato pulp. 

Gharibzahedi, Smith, and Guo (2019) used UMAE process to extract 
pectin from the fruit of fig (Ficus carica L.) under various parameters 
including sonication time, microwave intensity, time of irradiation, and 
S/L ratio. Pectin was reported highest (13.97%) at an average molecular 
mass of 6.89 9 × 103 kDa with sonication time of 21.35 min, 580.9 W 
microwave intensity, 11.67 min of irradiation time with 24.66 ml/g of 
L/S ratio. The pectin extracted from fig samples had a lower methoxy 
content i.e., DE of 33.65%, and a considerable proportion of uronic acid 
and monosaccharides. Therefore, UMAE was an efficient method for PE 
from the fig samples. 

Another research group studied the UMAE of pomelo peel using citric 
acid with different sonication time, microwave intensity, time of irra-
diation to understand the yield and DE (Liew, Ngoh, Yusoff, & Teoh, 
2016). The yield of the pectin and DE were reported to be 38% and 
56.88% respectively, at a pH of 1.80, a microwave irradiation time of 
6.40 min at a power of 643.4 W. The pectin obtained from 
microwave-ultrasound assisted extraction (MUAE), MAE, and UAE were 

Fig. 3. Combined emerging technologies to improve pectin extraction.  
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analyzed in this study. The pectin obtained was highest in UMAE and 
less in UAE, and pectin extracted from combining different processing 
technologies showed the highest D-GalA content compared to a single 
extraction method and pectin gel obtained from different methods 
showed pseudoplastic properties. The morphological structures of 
extracted pectin were almost similar in the case of MUAE and MAE. The 
yield of the pectin reported for UMAE was 38.00% with DE of 56.88%. 
Even though UMAE has a narrower particle size distribution, the com-
bination of the technique showed better GalA. At the same time, pectin 
gel obtained from different methods showed pseudoplastic activity. A 
morphological study (Fig. 4) revealed that MAE yielded pectin with a 
rough and slightly ruptured surface while UAE yielded a product with a 
wrinkled surface. This observation could be attributed to the thermal 
and non-thermal nature of MAE and UAE, respectively. Besides, MAE 
followed by UAE shattered the pectin surface. On the other hand, the 
application of UAE followed by MAE resulted in pectin with a smooth 
surface. Such information is valuable in understanding the effects of 
extraction methods on pectin properties and can help with selecting an 
appropriate combination of the extraction methods in the best order. 

In an attractive study conducted by Liew et al. (2016), 
ultrasound-assisted and microwave-assisted extraction combined to 
improve pectin extraction from pomelo peels. At the same time, the 
performance of UMAE and MUAE were compared and UMAE was found 
to be superior to MUAE in terms of extraction yield. Therefore, the order 
of treatment when combining two or more technologies may signifi-
cantly affect the extraction process. Rupturing of plant tissue by mi-
crowave irradiation followed by ultrasound effect showed less 
effectiveness. At the same time, SEM analyses revealed that the com-
bined extraction methods resulted in profound structural changes 
(Fig. 4). Pectin structure from MUAE was more compacted than UMAE. 
UMAE has a smaller particle size distribution that may improve the 
dissolution rate of pectin, which is favorable for food, cosmetic, and 
pharmaceutical industries. Such information is valuable in under-
standing the effect of extraction methods on pectin properties and can 
help with selecting an appropriate combination of the extraction 
methods in the best order. 

4. Challenges in the applications of emerging technologies for 
PE 

Regardless of promising data obtained in laboratories around the 
world, in practice, there are still several challenges for the industrial 
application of EPT for pectin extraction (Table 4). While relatively high 
capital costs, the need for professional operators, and limited machinery 
suppliers can be considered as general challenges for these EPT, tech-
nological concerns also challenge their commercialization. For example, 
even though ohmic heating technology can positively affect the PE, the 
maintenance cost of the ohmic apparatus is higher than CE due to 
electrode corrosion and the need for frequent change of electrodes 
(Gavahian & Farahnaky, 2018). Also, the electrochemical reaction and 
the possibility of product contamination (e.g., when low corrosion 
resistance metals are used as electrodes) can risk the safety and quality 
of the products (Ramaswamy, Marcotte, Sastry, & Abdelrahim, 2014). 
Regarding microwave heating, the possibility of inconsistent distribu-
tion of temperature Vadivambal and Jayas (2010) could be a challenge. 
Moreover, microwave radiations have a poor efficiency on nonpolar 
components and viscous solvents which are major concerns for the in-
dustrial level use of this technology (Fomo, Madzimbamuto, & Ojumu, 
2020). The challenges related to radiation leakage and operator safety 
need to be considered. Also, these studies were conducted at laboratory 
scale models whereas more investigations are required at industrial 
levels to arrive at a meaningful conclusion. 

The industrial application of ultrasound technology for has several 
challenges. For instance, limited information about the effects of process 
parameters such as energy density, sample volume, pulsation, and probe 
types in an up-scaled process is a major concern. Similarly, extraction 
protocols for such a process should be established. Besides, it is neces-
sary to evaluate the safety of the process. Moreover, the presence of gas 
bubbles in a sample is another challenge that may affect the final yield of 
the product (Rastogi, 2011). Uneven distribution of ultrasound energy, 
as well as a decrease in the power with time, were observed (Luque--
Garcıa & De Castro, 2003). Besides, solvent consumption is more and 
requires a filtration step during processing (Chemat, Zill e, & Khan, 

Fig. 4. Scanning electron micrograph of pectin obtained through ultrasound assisted extraction (UAE) (A), microwave assisted extraction (MAE) (B), UAE + MAE 
(C), and MAE + UAE (D); magnification: × 500, 100 μm. This Figure is adopted from Liew et al. (2016) with permission. 
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2011). Along with this, reduction in the sound waves with distance and 
wave attenuation in the dispersed stage is a major challenge during ul-
trasound technologies (Danlami, Arsad, Zaini, & Sulaiman, 2014). Most 
importantly, the up-scaling of ultrasound-assisted PE systems could be 
challenging. Conventional HPP systems operate in batch mode and lack 
of continuous operation may reduce the capacity of production. Also, 
the need for packaging the samples in flexible packages before the 
application of isostatic pressure and then removal of the product can 
significantly slow down the production rate and increase the production 
cost. For MEF, a limited number of research publications is a challenge 
for the commercialization of this technology. Also, up-scaled MEF units 
need to be designed accurately to enhance the safety of the equipment. 
Besides, the electrochemical reactions that occur during the process 
need to be controlled (Gavahian, Chu, & Sastry, 2018). Regarding PEF 
limited information about the effects of process parameters, irregular 
treatment due to possible bubbles formed during the process are the 
major shortcomings (Kumar, Patel, & Kumar, 2015). 

Furthermore, the analysis of pectin structure is performed at diverse 
levels. For example, gel-permeation chromatography and size exclusion 
chromatography are used to isolate the pectin based on their size. Also, 
ion exchange and ion pair reversed-phase chromatography are being 
used to isolate pectin and separate oligogalacturonic acid. High- 
performance anion-exchange chromatography and pulsed ampero-
metric detection (HPAEC-PAD), are used to isolate pectic poly-
saccharides (Hotchkiss, El-Bahtimy, & Fishman, 1996, pp. 129–146). 
Analytical tools that are commonly used for pectin quantification and 
identification are discussed in detail elsewhere (Grassino et al., 2018). 
However, to have a better understanding of the structure and chemical 
composition of pectins extracted through these innovative approaches, 
advanced analytical techniques are required to be developed. For 
instance, a recent study has highlighted the development of a 
non-destructive method based on hyperspectral imaging to determine 
pectin polysaccharides (Yang et al., 2021). At the same time, the 
application of non-destructive methods, such as near-infrared (NIR), 
attracted attention as an alternative to conventional methods of pectin 
analysis (Badaró, Garcia-Martin, López-Barrera, Barbin, & 
Alvarez-Mateos, 2020; Nematollahi, Alinasab, Nassiri, & Khaneghah, 

2020). 

5. Future trends 

Considering the challenges mentioned in the previous section, future 
studies are expected to design upscaled units of extraction based on 
innovative technologies. Besides, combined extraction technologies to 
study the possible synergistic effect of EPT might be explored by the 
researchers in the future. Moreover, the combination of EPT with con-
ventional PE methods might be a viable future commercial technology 
as such modification will be simpler than replacing the entire production 
line in a PE factory. Furthermore, the performance of EPT in PE from 
different food waste and agricultural by-products may be studied in the 
future to provide new valorization platforms. 

6. Conclusions 

It is safe to conclude that emerging thermal and non-thermal pro-
cessing technologies can be considered as future pectin extraction 
methods due to the promising results. Also, combined technologies can 
provide further benefits due to the possible synergistic effects. It is 
important to understand the effects of processing parameters and 
perform optimization studies to further enhance the performance of 
these technologies. Furthermore, the limitations should be considered in 
future studies for successful commercialization. These include relatively 
high capital costs, limited data for the industrial version of such pro-
cesses, and limited professional operators. Therefore, up-scaling studies 
and professional training can be considered by scientists in this area of 
research. 
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Table 4 
Benefits and limitations of emerging technologies that have been used for PE.  

Extraction 
technology 

Key advantages Concerns/limitation References 

Ohmic heating  1. Rapid heating  
2. Uniform heating  
3. High efficiency and environmentally friendly  
4. Inactivation of pectin methyl esterase in citrus 

juice  

1. The possibility of process runaway.  
2. Possibility of corrosion of electrodes  
3. Possibility of electrochemical reactions  
4. The necessity of using electroconductive solutions 

Saberian et al. (2017) 

Microwave 
heating 

1.Reducing extraction time.  
2. Effective (direct heating)  

1. The possibility of process runaway.  
2. Challenges in upscaling  
3. Possibility of the leakage of microwave radiations 

Rahmati et al. (2019) 

Moderate 
electric field  

1. Non-thermal nature of the process. 
2.Efficient due to electroporation phenomenon  
3. Time-saving  
4. Eco-friendly  

1. The use of expensive electrodes  
2. Possibility of electrochemical reactions 

Sensoy and Sastry (2004) 
Lebovka, Shynkaryk, and Vorobiev 
(2007) 
Oliveira et al. (2015) 

Pulsed electric 
field  

1. Non-thermal process  
2. Increasing extraction yield 

1.The bubbles present during the processing result in 
uneven treatment.  
2. The limitations for upscaling 

Gómez et al. (2019) 

High-pressure 
processing  

1. Non-thermal nature of the process  
2. High pressure will disruptors cell wall and create 

interfibrillar spaces in cell networks  
3. Dispersion of cellulose fiber in water is observed 

due to high shear application to form gel-like 
structures.  

4. Possibility of doubling the pectin yield  

1. The processing cost is relatively high  
2. The process is usually performed in batch style 

(Balasubramaniam et al., 2015; Oliveira, 
Gurak, Marczak, & Karwe, 2016) 

Ultrasound  1. Non-thermal nature of the process  
2. Enhanced extraction efficiency  
3. Reduced extraction time  

1. The possibility of a decrease in pectin yield at high 
power intensities because of collapse in the cavitation 
bubble.  

2. Dispersed phase in ultrasound leads to compressibility, 
heat intensity, and thermal diffusion 

Šic Žlabur et al. (2015) 
(Maran & Priya, 2015; Maran, Priya, & 
Nivetha, 2015) 
Grassino et al. (2016) 
Xu et al. (2014)  
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Nomenclature 

CE conventional extraction 
DE degree of esterification 
D-GalA D-galacturonic acid 
EPT emerging processing technology 
FTIR Fourier-transform infrared spectroscopy 
HPP high-pressure processing 
MAE microwave-assisted extraction 
MEF moderate electric field 
ND not defined 
NMR nuclear magnetic resonance spectroscopy 
PE pectin extraction 
PEF pulsed electric field 
RSM response surface methodology 
UAE ultrasound-assisted extraction 
UAME ultrasound-assisted microwave extraction 
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Optimization of ultrasound assisted extraction of functional ingredients from Stevia 
rebaudiana Bertoni leaves. International Agrophysics, 29(2), 231–237. https://doi. 
org/10.1515/intag-2015-0017 

Srivastava, P., & Malviya, R. (2011). Sources of pectin, extraction and its applications in 
pharmaceutical industry− an overview. 

Sucheta, Misra, N. N., & Yadav, S. K. (2020). Extraction of pectin from black carrot 
pomace using intermittent microwave, ultrasound and conventional heating: 
Kinetics, characterization and process economics. Food Hydrocolloids, 102, 105592. 
https://doi.org/10.1016/j.foodhyd.2019.105592 

Swamy, G. J., & Muthukumarappan, K. (2017). Optimization of continuous and 
intermittent microwave extraction of pectin from banana peels. Food Chemistry, 220, 
108–114. https://doi.org/10.1016/j.foodchem.2016.09.197 

Taqi, A., Farcot, E., Robinson, J. P., & Binner, E. R. (2020). Understanding microwave 
heating in biomass-solvent systems. Chemical Engineering Journal, 393, 124741. 
https://doi.org/10.1016/j.cej.2020.124741 

Vadivambal, R., & Jayas, D. S. (2010). Non-uniform temperature distribution during 
microwave heating of food materials—a review. Food and Bioprocess Technology, 3 
(2), 161–171. https://doi.org/10.1007/s11947-008-0136-0 

Vincken, J.-P., Schols, H. A., Oomen, R. J., McCann, M. C., Ulvskov, P., Voragen, A. G., 
et al. (2003). If homogalacturonan were a side chain of rhamnogalacturonan I. 
Implications for cell wall architecture. Plant Physiology, 132(4), 1781–1789. 

Wang, Y.-T., Lien, L.-L., Chang, Y.-C., & Wu, J. S.-B. (2013). Pectin methyl esterase 
treatment on high-methoxy pectin for making fruit jam with reduced sugar content. 
Journal of the Science of Food and Agriculture, 93(2), 382–388. https://doi.org/ 
10.1002/jsfa.5772 

Williams, M. A., Cornuault, V., Irani, A. H., Symonds, V. V., Malmstrom, J., An, Y., … 
North, H. M. (2020). Polysaccharide structures in the outer mucilage of arabidopsis 
seeds visualized by AFM. Biomacromolecules, 21(4), 1450–1459. 

Xu, Y., Zhang, L., Bailina, Y., Ge, Z., Ding, T., Ye, X., et al. (2014). Effects of ultrasound 
and/or heating on the extraction of pectin from grapefruit peel. Journal of Food 
Engineering, 126, 72–81. https://doi.org/10.1016/j.jfoodeng.2013.11.004 

Yang, L., Gao, H., Meng, L., Fu, X., Du, X., Wu, D., et al. (2021). Nondestructive 
measurement of pectin polysaccharides using hyperspectral imaging in mulberry 
fruit. Food Chemistry, 334, 127614. 

Yang, X. N., Liang, T., Hou, Di, Sun, Y., Guo, L., & Yurong. (2018). Low methoxyl pectin 
gelation under alkaline conditions and its rheological properties: Using NaOH as a 
pH regulator. Food Hydrocolloids, 79, 560–571. 

Yang, J.-S., Mu, T.-H., & Ma, M.-M. (2018). Extraction, structure, and emulsifying 
properties of pectin from potato pulp. Food Chemistry, 244, 197–205. 

Yang, J.-S., Mu, T.-H., & Ma, M.-M. (2019). Optimization of ultrasound-microwave 
assisted acid extraction of pectin from potato pulp by response surface methodology 
and its characterization. Food Chemistry, 289, 351–359. https://doi.org/10.1016/j. 
foodchem.2019.03.027 

Yapo, B. M. (2009). Pineapple and banana pectins comprise fewer homogalacturonan 
building blocks with a smaller degree of polymerization as compared with yellow 
passion fruit and lemon pectins: Implication for gelling properties. 
Biomacromolecules, 10(4), 717–721. 

Yin, Y.-g., Fan, X., Liu, F., Yu, Q., & He, G. (2009). Fast extraction of pectin from apple 
pomace by high intensity pulsed electric field. Journal of Jilin University (Engineering 
and Technology Edition), 5, 21–29. 

Zaid, R. M., Mishra, P., Siti Noredyani, A. R., Tabassum, S., Ab Wahid, Z., & Mimi 
Sakinah, A. M. (2020). Proximate characteristics and statistical optimization of 
ultrasound-assisted extraction of high-methoxyl-pectin from Hylocereus polyrhizus 
peels. Food and Bioproducts Processing, 123, 134–149. https://doi.org/10.1016/j. 
fbp.2020.06.011 

Zdunek, A., Pieczywek, P. M., & Cybulska, J. (2021). The primary, secondary, and 
structures of higher levels of pectin polysaccharides. Comprehensive Reviews in Food 
Science and Food Safety, 20(1), 1101–1117. https://doi.org/10.1111/1541- 
4337.12689 

M. Gavahian et al.                                                                                                                                                                                                                              

https://doi.org/10.1111/ijfs.14625
https://doi.org/10.1111/ijfs.14625
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref89
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref89
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref89
https://doi.org/10.1016/j.ultsonch.2019.104812
https://doi.org/10.1016/j.ultsonch.2019.104812
https://doi.org/10.1111/j.1365-2621.2004.tb17861.x
https://doi.org/10.1016/j.cep.2012.01.003
https://doi.org/10.1016/j.cep.2012.01.003
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref93
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref93
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref93
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref94
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref94
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref94
https://doi.org/10.1515/intag-2015-0017
https://doi.org/10.1515/intag-2015-0017
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref96
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref96
https://doi.org/10.1016/j.foodhyd.2019.105592
https://doi.org/10.1016/j.foodchem.2016.09.197
https://doi.org/10.1016/j.cej.2020.124741
https://doi.org/10.1007/s11947-008-0136-0
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref101
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref101
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref101
https://doi.org/10.1002/jsfa.5772
https://doi.org/10.1002/jsfa.5772
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref103
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref103
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref103
https://doi.org/10.1016/j.jfoodeng.2013.11.004
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref105
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref105
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref105
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref106
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref106
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref106
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref107
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref107
https://doi.org/10.1016/j.foodchem.2019.03.027
https://doi.org/10.1016/j.foodchem.2019.03.027
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref109
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref109
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref109
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref109
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref110
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref110
http://refhub.elsevier.com/S0924-2244(21)00392-7/sref110
https://doi.org/10.1016/j.fbp.2020.06.011
https://doi.org/10.1016/j.fbp.2020.06.011
https://doi.org/10.1111/1541-4337.12689
https://doi.org/10.1111/1541-4337.12689

	Emerging technologies to obtain pectin from food processing by-products: A strategy for enhancing resource efficiency
	1 Introduction
	2 Conventional methods of pectin extraction
	3 Innovative approaches for improving pectin extraction
	3.1 Emerging thermal processing methods for extraction of pectin
	3.1.1 Ohmic heating
	3.1.2 Microwave heating

	3.2 Non-thermal emerging thermal processing technologies
	3.2.1 Moderate electric field
	3.2.2 Pulsed electric field
	3.2.3 High-pressure processing
	3.2.4 Ultrasound

	3.3 Combined emerging processing technologies for PE

	4 Challenges in the applications of emerging technologies for PE
	5 Future trends
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Nomenclature
	References


