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Plant-based drinks require suitable processing methods to improve extraction efficiency, 

liquid recovery and functional quality. Enzymatic treatment and ultrasound-assisted 

processing can help solid–liquid separation by modifying the structure of the raw material 

during slurry preparation. In this thesis, oat- and chickpea-based products were prepared 

using α-amylase hydrolysis and ultrasound treatment. The slurries were prepared using a 1:8 

solid-to-liquid ratio. Different levels of α-amylase activity, ranging from 60–240 U/g raw 

material (corresponding to 0.2%-0.8% dosages), were tested at 65 °C for 60 min, followed 

by ultrasound treatment. The study compared how enzyme concentration and ultrasound 

treatment affected liquid recovery, separation and the functional properties of the extracted 

liquids. Rapeseed oil was added at 2%, 5% and 10% levels to observe the emulsion 

behaviour of the extracts.  

Descriptive Mean ± SD analysis revealed that the highest liquid recovery was obtained with 

0.80% α-amylase (240 U/g raw material)- US of 37kHz of power 70% at 45 mins for both 

oat and chickpea. Thus, the condition of 0.80% α-amylase and 45 min ultrasound treatment 

at 37 kHz and 70% power (406 W) was chosen for scale up experiments and emulsion 

stability tests.  

Chickpea showed higher soluble protein content than oat, while oat was more affected by 

starch hydrolysis. Residual starch test showed that α-amylase treatment reduced the amount 

of starch remaining in the pellet. Later emulsions of oat and chickpea were found to be 

visually stabilised at 10% and 5% of rapeseed oil. Future work should focus on optimization 



 

 

 
 

studies on ultrasound treatments, detailed analysis of viscosity, size of particles, colour, 

storage stability and sensory properties, and pilot-scale testing to evaluate the process for 

plant-based beverage production. 
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SYMBOLS AND ABBREVIATIONS 

 

 A Absorbance   – 

A540 Absorbance measured at 540 nm  – 

A600 Absorbance measured at 600 nm  – 

c Concentration mg/mL 

C Enzyme concentration   % 

DF Dilution factor   – 

DM Dry matter content    % 

f Ultrasound frequency    kHz 

I Ultrasound intensity or amplitude setting W 

m  Mass   g 

n Number of replicates    – 

pH Acidity or alkalinity of liquid fraction    – 

rpm Revolutions per minute min⁻¹ 

SD Standard deviation    – 

t Treatment time   min 

T Temperature   °C 

V Volume   mL 

X Soluble protein content g/100 g 

YL Liquid recovery g or % 

Yp Pellet yield g or % 

ρ Density g/mL 

α-Amylase Starch-hydrolysing enzyme – 

β-Glucan Soluble dietary fibre present in oats – 

λ Wavelength nm 

Δ Change in measured value – 

 

Subscripts 



 

 

 
 

 c                           Concentration 

dp                           Dry pellet 

 e                           Enzyme 

 f                           Flour 

 L Liquid fraction 

p Pellet 

slurry Total slurry 

 

ABBREVIATIONS 

 

CPI           Chickpea Isolate 

CV                              Coefficient of variation 

DNS                            3,5-dinitrosalicylic acid method 

OAT                            Oat sample 

OHC                           Oil-holding capacity 

HPLC                         High pressure liquid chromatography      

 US                             Ultrasound 

UAE                           Ultrasound-assisted extraction 

WHC                          Water-holding capacity 

CAGR                         Compound Annual Growth Rate 

UHPH                         Ultra high-pressure homogenization 

RSM                           Response surface methodology 

PDCAAS                    Protein digestibility corrected amino acid score 
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1 Introduction 

In the last ten years, sales of plant-based beverages have increased significantly, as 

consumers change their food choices and environmental concerns coincide with growing 

awareness of health problems associated with consuming animal foods.  

The rise in lactose intolerance, dairy allergies, and vegan diets, combined with sustainability 

preferences, has contributed to the shift towards non-dairy beverage options (Sethi et al., 

2016; Reyes-Jurado et al., 2023).  

 

Plant-based drinks are now seen as a significant and growing part of the global drinks market 

in various raw material groups such as cereals, legumes, nuts and seeds (Rachtan-Janicka et 

al., 2025). Of these, oat drinks are one of the more commercially successful drinks derived 

from cereal drinks, and chickpeas are one of the more studied ingredients for producing a 

protein-rich dairy option. Oat is known to be a well-marketed beverage base ingredient for 

its natural sweetness, creamy mouthfeel, and acceptance by consumers, which provides 

them with a mild flavour. It is rich in starch, soluble dietary fibre (β-glucan), protein, lipids 

and bioactive compounds which all play a role in its nutritional quality and functional 

performance (Li et al., 2024; McLauchlan et al., 2024).  

 

In fact, the European market for oat drinks is expected to exceed USD 434.4 million by 

2032, highlighting the market's commercial significance and the need for further research 

into oat drinks processing (Persistence Market Research, 2025). However, there are 

processing limitations with oat. On heating, starch gelatinisation occurs between about 45 

and 75 °C; rapid viscosity rise during heating makes the mixing, extraction and separation 

of the starch difficult (Tester and Karkalas, 1996). At the same time, the release of β-glucan 

into the aqueous phase increases the viscosity of the continuous phase making solid and 

liquid separation harder (Dongowski et al., 2005). Controlling these structural changes is a 

key to producing a high-quality oat drink.  

 

Chickpea (Cicer arietinum L.) is a complementary raw material, which has different 

compositional and functional properties compared to other raw materials. It is also seen to 

be nutritionally better than many cereals or nut-based drinks, with the protein digestibility-

corrected amino acid score up to 0.89 as reported by Sharma (2023).  
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The global chickpea milk market is also expected to increase from USD 197.4 million in 

2025 to USD 330.6 million by 2036 (Future Market Insights, 2025). But, the drawbacks of 

the chickpea beverage production are the presence of anti-nutrient factors like trypsin 

inhibitors and phytic acid, beany off flavours due to lipoxygenase activity, and the 

conditions of extraction, which may require careful control to maximise protein yield 

without compromise in the sensory quality (Sharma and Orsat, 2022; Jukanti et al., 2012).  

One of the main treatment methods used during processing oat drinks for controlling 

viscosity related to starch is the enzymatic hydrolysis with α-amylase. The α-amylase 

enzyme breaks down starch into smaller dextrins and simpler sugars, which lowers the 

viscosity of the slurry, helps in the separation and homogenisation of the slurry downstream, 

and promotes greater liquid recovery from the slurry (Zhang et al., 2024; Hu et al., 2025; 

Bhokarikar et al., 2024). It is important that the enzyme concentration is optimised, as it is 

important to achieve sufficient hydrolysis to ensure that there is not too much remaining 

viscosity. Moreover, the amount of hydrolysis should not be too great, such that the integrity 

of the β-glucan and the structure of the beverage will be compromised. Although the role of 

α-amylase in preparing oat drink is well-recognized, data on the effect of enzyme 

concentration on the efficiency of extraction, liquid recovery and soluble protein content of 

oat slurries is not available in detail and similar studies for the chickpea drink- processing 

conditions are limited (Deswal et al., 2014; Wang and Ellis, 2014; Hu et al., 2025).  

 

Ultrasound has proven to be a growing interest as a non-thermal technology to enhance the 

extraction of components, modifying the protein structure and colloidal stability of plant-

based beverage systems (Sarangapany et al., 2022; Rojas et al., 2022; Ampofo and Ngadi, 

2022). During ultrasound processing, localised changes in pressure and temperature disrupt 

plant cell walls, increasing the surface area available for compound extraction and 

facilitating the release of intracellular compounds, such as proteins and soluble fibres, into 

the aqueous phase (Penha et al., 2021). Ultrasound has been reported to alter protein 

structure and improve functional properties, including solubility and emulsifying behaviour, 

in oat (Li and Xiong, 2021; Rafique et al., 2025). In the case of chickpea, ultrasound-assisted 

extraction has been shown to yield more than 21% protein compared to the conventional 

extraction method and to enhance the stability of the emulsion, oil-holding capacity, and 

digestibility (Sharma, 2023; Sudarsanan et al., 2023). The ultrasound can also enhance 
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extraction efficiency when applied together with enzymatic treatment by making substrates 

more available to enzymatic action, as observed in studies of oat fibre-rich side streams 

(Villacís Chiriboga et al., 2026; Zhou et al., 2023). 

Despite this evidence, there is a definite gap in the literature. Previous studies on the 

enzymatic processing of oat drink have mostly focused on single-enzyme systems and have 

limited themselves to examining the systematic effect of α-amylase concentration as the 

sole independent variable on oat extraction, soluble proteins, and emulsion stability. 

Research on ultrasound processing of oats tends to focus on individual protein fractions 

rather than on whole-grain slurry extraction under beverage-relevant conditions. The use of 

ultrasound for chickpea application has been limited to the optimisation of extraction 

process and fermentation studies, with fewer studies on interaction with enzymatic 

processing under matched extraction conditions. Critically, the studies are limited to direct-

comparison analysis of the effect of combined α-amylase concentration and ultrasound-

assisted processing on extraction efficiency, liquid recovery and soluble protein extraction 

of both oat and chickpea processed in the same experimental framework. Moreover, the 

emulsion-forming ability of the resultant treated extracts after mixing with rapeseed oil has 

not been systematically studied. 

 

This thesis aims to fill this gap by studying the extraction of oat and chickpea. The plant-

based drink preparation was carried out by ultrasound-assisted treatment and varying 

concentrations of α- amylase with particular attention to the considered variables of the 

process. The aim of the study is to find out how the results indicate that the efficiency of 

solid -liquid separation and soluble matter are affected by the different enzyme 

concentrations and the extraction of protein from oat and chickpea slurries, and also the 

possible use of ultrasound pre-treatment before centrifugation could increase the protein 

recovery from slurries. In addition, the visual emulsion is considered to determine the 

functional value of the treated extracts. The stability of the liquid phases of oat and chickpea 

blended with various amounts of rapeseed oil was evaluated. Finally, this study uses oat and 

chickpea as comparable systems under the same experimental design to better understand 

both the mechanisms and practical aspects of cereal–legume plant-based drink 

development. 



9 

 

2 Literature Review 

This chapter discusses what previous researchers have found on this topic. It summarises 

the main theories, concepts, and findings from earlier studies. Together, these points help 

build the theoretical foundation for this study. 

2.1 Plant-based drinks and raw materials 

 

2.1.1 Properties of grains and legumes utilized in plant-based drinks. 

Cereals and legumes are among the most important materials in plant-based drink 

preparations, because of their various nutritional and application-related properties. Cereals 

like oats are known largely for their composition, mild flavour, and ability to give good 

texture and creaminess (Sethi et al.,2016). Legumes such as chickpeas are known for their 

higher protein content, a more favourable amino acid profile compared to many cereal-based 

raw materials, and stronger functional capabilities, specifically for emulsification, foaming, 

and oil-binding behaviour (Boye et al., 2010). These differences are critical because plant-

based drinks are not just aqueous solutions but complex colloidal systems that contain 

soluble chemicals, suspended particles, proteins, polysaccharides, starch and, in some cases, 

lipid droplets (Aghababaei et al., 2025) 

 

2.1.2 Production of plant-based drink raw materials 

 

Plant drinks typically involve extracting targeted plant materials in water and creating a 

beverage base from the extract. This is done using raw materials such as cereals, 

pseudocereals, legumes, nuts and seeds. The same production principle is applied; however, 

the processing behaviour varies with the raw materials due to variations in starch, protein, 

fibre and lipid content. Hence, the composition of raw materials has a significant impact on 

their viscosity, separation behaviour, extraction efficiency and the stability of the product 

(Karayigit and Ozer, 2024; Rachtan-Janicka et al., 2025). 

A simplified production scheme for different raw material groups used for plant-based 

beverages is given in Figure 1. It shows that the pre-treatment steps for cereals, 

pseudocereals, nuts, and legumes can differ (e.g., washing, soaking, cooking, roasting, 
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milling, or blanching). The downstream processes of the extraction generally include 

filtering, adding ingredients, homogenization, optional fortification, heat treatment and 

packaging (Rachtan-Janicka et al., 2025). 

 

 

Figure 1 A simplified scheme to produce plant-based beverages (adapted from Rachtan-Janicka et al. (2025)) 

This general scheme for production is applicable to the current thesis since both oat and 

chickpea are different plant matrices. The viscosity and solid–liquid separation properties 

of oat are greatly influenced by its starch and β-glucan content as cereal raw materials 

(Tester and Karkalas, 1996; Dongowski et al., 2005). In the case of chickpea, Protein 

extraction, good dispersibility and reduction of undesired compounds are important 

processing steps to improve the quality and functional use of chickpea-based liquid fractions 

as chickpea is an important legume raw material (De Angelis et al.,2021; Boye et al.,2010). 

Hence, these two materials give a good comparison for the study of extraction, separation 

and quality of liquid fractions in the preparation of plant-based drinks. For the detailed 

processing routes and specific operations for oat and chickpea drink preparation are 

discussed later in chapter 2.5. 
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2.2 Applications in plant-based drinks 

Plant-based drinks have moved from simple milk alternatives to a range of functional and 

nutrition-based drinks. Demand is being affected by lactose intolerance, milk allergy, 

sustainability concerns and curiosity in alternate protein sources. However, the nutritional 

and technological quality of plant-milk drinks may differ considerably depending on the 

source materials used, extraction procedure, any additional nutrients, the formulation and 

the processing method (Xie et al.,2023).  

Rachtan-Janicka et al. (2025) defined plant-based beverages as water-based extracts from 

selected plant matrices such as cereals, seeds, nuts, legumes, and pseudocereals. They 

also describe both physically and chemically these drinks as an emulsion or colloid 

suspension of plant matter dispersed in an aqueous base. 

This supports the idea that plant-based beverages should be considered not only as 

nutrient carriers but also as dispersed systems whose stability depends on particle size, 

emulsifiers, proteins, polysaccharides and processing conditions. This approach is 

consistent with the findings of Penha et al. (2021), who emphasised the importance of 

plant composition as it has a significant effect on the manufacturing of beverages by 

promoting rupturing of the cell wall and improving mass transfer of proteins, 

carbohydrates and intracellular bio-active compounds to the aqueous phase. Moreover, 

according to the review, plant cell walls composed of cellulose, hemicellulose, pectin and 

lignin can limit access to intracellular compounds and may reduce the components’ 

recovery during beverage production. 

The food industry is focusing on the development of processing strategies that can reduce 

energy consumption, increase yields, and optimise the utilisation of raw material while 

increasing the nutritional, sensory, and functional quality of beverages (Penha et al., 

2021). To achieve these targets in the manufacture of plant-based beverages, the review 

highlights ultrasound, ultra-high-pressure (UHPH) homogenization, fermentation, and 

enzymatic treatments as key technological advances.  

These technologies are relevant, as they can lead to improved extraction of intracellular 

compounds, reduced residue, better colloidal stability, and improved processability and 
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end-product quality of beverages (Penha et al., 2021). Of particular interest to this large 

category are oat and chickpea, contrasting cereal- and legume-based beverage systems.  

2.2.1 Oat-based drink applications  

Among the most popular plant-based drinks made from oats, and as dairy substitutes in 

both food and at home, are oat-based drinks. The main reasons for their popularity are 

their mild cereal flavour, naturally creamy mouthfeel, β-glucan content, and positive 

consumer preferences. In general, oat drinks are much more widely accepted sensorially 

than some legume-based drinks, which are shown to have more beany or earthy flavours 

(Gupta et al.,2025). The phrase oat drink” is usually used in the European market in place 

of “oat milk” as the word “milk” is restricted to milk from animals (European Parliament 

and Council 2013). Usually, the processing of oat drinks includes milling the oats into 

powdered form or even raw, adding water, allowing an enzymatic hydrolysis, removing 

undissolved impurities and standardizing the final product by heating and packaging 

Bruni (2026). Oil, salt, vitamins, minerals, and stabilisers may also be added to market 

products to enhance the mouthfeel, nutritional value, and stability of the product during 

storage (Sethi et al., 2016).  

Oat drinks can be used directly as dairy alternatives or as the base for coffee beverages, 

smoothies, fermented beverages, bakery applications, and functional drinks. In coffee 

drinks, their application has gained in importance as they can also create a creamy texture 

and give the right foam formation when added for coffee applications (Gupta et al., 2025; 

Mak Food Company, 2026). They also have a naturally sweet taste, due to the enzymatic 

hydrolysis of starch, so they can increase consumer acceptance without the need for high 

amounts of added sugar. 

Basinskiene and Cizeikiene (2020) further highlighted that cereal-based drinks are 

increasingly accepted as useful non-alcoholic beverages for their bioactive contents and 

their ability to help create far healthier products. 
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Figure 2 European oat drinks market growth from 2019 to 2032, showing historical growth and projected 

market expansion in Europe (Persistence Market Research, 2025) 

Recent market shifts in Europe further support the commercial value of oat-based drinks. 

According to market data, the European oat drinks market was valued at US$164.0 million 

in 2019, reached around US$253.5 million by 2025. The market is expected to reach 

approximately US$434.4 million by 2032. Historical growth rate for the period from 2019 

to 2024 is 6.8% as per these numbers and estimated yearly growth rate for the period 

between the years 2025 and 2032 is around 8%. The figures are based on market rather than 

experimental data but show that oat beverages are a fast-growing component of the 

European plant-based sector. This increasing commercial value also highlights the 

importance of research on processing, stability and formulation of oat-based drinks, as 

improvements in product quality and efficiency of each process are directly connected to 

important marketing. 

 2.2.2 Chickpea-based drink applications 

Chickpea drinks are less established than oat drinks but have strong potential because of 

their protein content and nutritional quality. Chickpea is also useful for consumers who seek 

a non-soy, non-dairy and protein-rich replacement. Compared to oat drinks, chickpea 

beverages can provide a higher protein contribution, but they may face challenges related 

to beany flavour, anti-nutritional factors, suspended solids and long-term stability (Lopes et 

al.,2020). 
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Sharma (2022) presents one of the strongest examples of chickpea beverage development. 

In that work, extraction parameters were adjusted to increase carbohydrates, total solid 

contents and protein, while lowering the lipoxygenase activity. The optimum extraction 

conditions of a water-to-chickpea ratio of 7.13:1, at 77.9 °C and 51 min, produced a 

beverage with 4.12 g/100 mL of protein. This is significant because many commercial 

plant-based drinks, except soy-based beverages, are noted for their low protein content.  

 

Chickpea, therefore, is valued as a high-protein plant-based drink base. The same study 

showed that ultrasound-assisted extraction increased chickpea beverage protein content by 

21.22% compared with conventional extraction, whereas microwave processing increased 

it by 47.78%. The optimised ultrasound condition was 50% pulse cycle for 13.5 min, and 

the optimised microwave condition was 65.8 °C for 6.7 min. These results show that 

processing might lead to improved chickpea beverage quality and that non-thermal 

methods might be beneficial in boosting protein recovery while retaining the functional 

characteristics (Sharma, 2023). 

 

 

Figure 3 shows the projected growth of the chickpea milk market from 2025 to 2036 (Source: Future Market 

Insights). 

 As shown in Figure 3, the market is estimated to reach around USD 197.4 million in 2025 

and USD 330.6 million by 2036, at a predicted CAGR of 4.8% during 2026–2036. This 

trend supports the growing commercial interest in chickpea-based beverages as alternative 
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dairy products, especially because chickpea has high protein content and is well-suited to 

non-soy, plant-based drink development. 

Chickpea-based beverage applications can also include fermentation. Johnson and his 

colleagues studied ultrasound-assisted fermentation on chickpea beverages. They prepared 

fermented chickpea beverages using 16% of solid content, 3% inoculum, 16 h fermentation 

and at 44.5 °C. Their ultrasound optimisation tested the treatment duration, wave frequency, 

start time and applied power densities. The optimum condition was a starting time of three 

hours, treatment duration of 80 minutes, power density of 100 W/L and frequency 27.5 kHz. 

The fermented chickpea drink with ultrasound was found to be uniform and structurally 

stable. Giventhat the present thesis is not focused on fermentation, this study supports the 

broader use of ultrasound to improve the structure of chickpea beverage (Johnson et al., 

2023). 

2.2.3 Applications on functional and emulsion-based drinks 

 

Plant-based drink base formulations are becoming not only more popular as alternative 

milks for consumption but also as functional beverage systems capable of providing oils, 

vitamins, minerals, flavour compounds, and other bioactive ingredients (Xie et al.,2023). 

Many of these additional ingredients are hydrophobic, and their ability to successfully add 

them depends on forming a stable oil-in-water emulsion (McClements 2015). In this sense, 

oat is of special interest, as it has already been recognised as an interesting matrix to develop 

functional beverages. 

 

The nutritional and technological functionality of oat-based beverages is related to their 

attractive components – β-glucan, slowly digestible starch, proteins and unsaturated lipids, 

antioxidants – that were emphasised by Angelov, Yaneva and Gotcheva (2018). This is 

relevant in beverage systems, as oat is also able to increase the viscosity of the continuous 

phase of an emulsion by other mechanisms, such as the presence of soluble fibre and 

material derived from oat starch, which slows the movement of the droplets, creaming and 

visible phase separation. Therefore, when considering the desirable functional properties of 
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a beverage along with a good texture and appearance, oat-based drinks are useful for food 

applications. 

The beverages based on chickpea are also of great relevance in this study, but in a different 

way. The study by Hamioud et al (2025) on chickpea milk highlights its relatively high 

protein, mineral, fibre and unsaturated fatty acid contents that offer techno-functional 

properties for food applications, making it a promising plant-based beverage. 

In particular, the review explains that emulsifying performance depends on the ability of 

proteins to adsorb at the oil–water interface, reduce surface interactions and form a 

protective layer around dispersed oil droplets, thereby helping to prevent coalescence, 

creaming, flocculation and sedimentation. The same review further showed that chickpea 

proteins possess relevant water-holding, oil-holding and emulsifying properties, making 

chickpea especially suitable for beverage systems in which oil must be dispersed and 

retained in a stable form. Therefore, while oat-based beverages may benefit more from 

viscosity-related stabilisation, chickpea-based beverages may provide stronger interfacial 

stability through protein functionality. 

These two raw materials are complementary options for the design of emulsion beverages. 

Oats provide a low-intensity food system with high β-glucan content that can be useful for 

viscosity and texture, as well as for functional beverage development, while chickpeas are 

a high-protein system with potential for emulsification and nutrient enrichment (Angelov 

et al., 2018; Hamioud et al., 2025). Emulsion formation is thus an important use for oat and 

chickpea extracts, particularly when an emulsion is formulated with added oil for 

creaminess, nutritional value, and delivery of lipid-soluble compounds. However, both 

systems must be carefully processed, as beverage stability is not only a function of 

composition but also depends on modifications to viscosity, particle size, and protein 

functionality due to extraction, enzymatic treatment, homogenization, or ultrasound 

treatment (Sethi et al., 2016; Gupta et al., 2025; Rojas et al., 2022). 

Therefore, the research on oat- and chickpea-based emulsions is not only technologically 

relevant but also directly relates to the development of functional plant-based beverages 

with enhanced quality and stability. 
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2.3 Oat composition and functionality 

Oat (Avena sativa L.) is one of the main ingredients in plant-based beverages due to its mild 

flavour, consumer acceptance and β-glucan content, and is used in products as dairy-

alternative options. 

Oats contain starch, protein, lipids, dietary fibre, minerals, etc. Compared with several other 

cereals, oats also contain relatively high protein and lipid contents, which makes them 

technologically different from rice- or corn-based drink materials (Mantila et al.,2024). 

              

Figure 4 Schematic representation of the oat grain (Avena sativa) anatomy, illustrating the spatial distribution 

of macro- and micronutrients across distinct botanical tissue layers (Li et al. (2024)). 

The image shows the structural distribution of the oat grain and the localisation of the key 

nutrients between distinct tissues. Oats are made up of three parts: the bran, the endosperm, 

and the germ, each with distinct effects on their nutritional and functional properties. The 

endosperm contains granules of starch and proteins. The bran layer is rich in cell wall 

components, including β-glucan, arabinoxylan and phenolic compounds (Li et al.,2024). 

This structure is important in the processing of oat drinks, since milling, enzymatic 

hydrolysis, and separation techniques affect the release of starch, protein, lipids, and 

soluble fibres into the liquid fraction. 
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Starch is one of the main components of the oat kernel. Kaur et al. (2022) reported that 

starch constitutes 60% of the dry weight of the kernel, and the starch content generally 

varies from 51% to 65% depending on genotype and growing conditions. Oat starch 

consists mainly of amylose and amylopectin arranged in semi-crystalline granules. During 

heating in the presence of water, these granules absorb water, swell, lose crystalline order 

and leach amylose into the surrounding phase. This process, called gelatinisation, is 

associated with an increase in viscosity and is important for the flow behaviour of oat 

suspensions (Tester and Karkalas, 1996; Kaur et al., 2022). This is important for the 

production of oat drinks, as excessive gelatinisation can lead to a slurry that is too thick to 

allow efficient mixing, filtration, or centrifugation. 

 

Oat starch occurs not only as an isolated carbohydrate fraction but also embedded in a 

grain matrix with proteins, lipids and cell-wall polysaccharides. Kaur et al. (2022) noted 

that the difficulty of starch recovery from oats is due to the high interaction between 

protein-matrix and interfering β-glucan networks. This is significant in beverage 

processing, where similar interactions can reduce extraction efficiency and complicate 

phase separation. When dispersed in water and heated, oat flour undergoes starch swelling, 

β-glucan solubilisation, and protein release. Therefore, oat drink processing has to deal 

with several structural changes at the same time and consider starch as not the only factor 

(Berggren, 2017). 

 

β-glucan is another important component of oats. It is a soluble dietary fibre that is 

responsible for most of the nutritional profile and structural rheology of oat-based meals. 

The content of β- glucan in oat grains usually ranges from 4% to 10%, depending on variety 

and environmental factors (Li et al., 2024). Oat β glucan is a straight-chain carbohydrate 

consisting of glucose molecules primarily linked by β-(1→4) bonds, with β-(1→3) 

linkages. It is widely used in food manufacturing to stabilise, modify texture and provide 

health benefits due to its easy solubility in water, thickening of blends and formation of 

gels (Li et al., 2024). 

 

The viscosity provided by β -glucan is a major factor in the mouthfeel and physical stability 

of oat drink systems. The aqueous solutions of β-glucan from oats and oat bran at 2% and 

4% are non-Newtonian systems with structural viscosity (Dongowski et al., 2005). Their 
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investigation showed greater observable and process viscosities for β-glucan from oat bran 

than for β-glucan from autoclaved oatmeal. This shows that the origin and the processing 

history of β-glucan affect its rheological behaviour. While β-glucan can increase mouthfeel 

and limit sedimentation during oat drink processing, high viscosity may also reduce 

separation efficiency and make the beverage more difficult to process. 

 

Oat protein also helps to add to the nutritional and functional value of oat-based drinks; 

however, it plays a lesser role than chickpea protein. Oats can provide up to 20% protein 

and up to 36% essential amino acids (Mantila et al.2024). They also found that the solubility, 

foaming, emulsification, gelation and fibrillation characteristics of oat proteins make them 

promising for application in liquid and solid plant-based foods. Despite this, oat protein 

functioning strongly depends upon the way of its separation and processing. For beverage 

applications, low protein denaturation and excellent solubility are required, although 

extruded or gelled products may benefit from decreased solubility and increased 

aggregation behaviour (Mantila et al., 2024). 

 

The main storage proteins in oats are the globulins. Oat proteins are mostly composed of 

12S globulin and globulins, which can make up around 70–80% of the total oat protein 

based on the Osborne categorisation (McLauchlan et al., 2024). Oat proteins are 

nutritionally interesting, but their low solubility in neutral aqueous forms limits their 

commercial and practical attributes in food systems. One of the major limitations of oat 

drink bases is their low solubility, which can reduce the amount of protein recovered in the 

liquid fraction and may also result in aggregation or sedimentation during heating and 

storage (McLauchlan et al., 2024). But the oat drink-making procedure has to be controlled 

carefully. Oat milk has been described as a complex colloidal dispersion of proteins, 

suspended starch granules made up of cellular debris and lipids (Zhang et al. 2024). 

The commercial production also contains a number of steps such as grinding, enzymatic 

hydrolysis, filtering, homogenization and heat sterilisation. These steps are important 

because raw oat slurry lacks inherent stability. The viscosity and storage stability of starch, 

proteins, and insoluble fibres need to be adjusted or dispersed to achieve acceptability 

(Zhang et al., 2024). 
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It appears that β-glucan is closely related to the functionality of oat drink, and it is used as 

a thickener, giving the drink a good mouthfeel, and it has physiological properties linked to 

cholesterol-lowering and glycaemic effects. Wang and Ellis (2014) indicated that 

physicochemical properties such as molecular weight, viscosity, and solubility are factors 

in the health-related efficacy of β-glucan oat. This creates a technological problem in drink 

making: lower viscosity is better for processing and separation, but excessive degradation 

of the β-glucan can reduce functional value. Thus, when oat drink is processed, its viscosity 

needs to be controlled while avoiding unnecessary degradation of the β-glucan structure. 

Oat protein is also known for its use in plant-based applications. Mantila et al. (2024) studied 

oat as a novel and efficient protein source and its usage in beverages, snacks and other plant-

based foods. Oat proteins are less soluble than most dairy proteins and generally not ideal 

for the formation of stable emulsions. These can be the reasons that treatments such as 

enzyme modification, ultrasound and homogenisation are being studied to further improve 

their functioning. In general, oats can be used to develop drinks with plant-based sensory 

properties, carbohydrate-based body, viscosity and protein contribution, which can be 

derived from the β-glucan content (Dongowski et al., 2005; Angelov et al., 2018; Li et al., 

2024;). 

2.4 Chickpea composition and functionality 

Chickpea (Cicer arietinum L.) is a legume-based raw material with high potential for plant-

based drinks and functional beverages (Sharma and Orsat 2022). Compared with oat, 

chickpea is known for its protein content, functional and technological properties, and 

protein quality. Chickpeas are made up of a strong nutritive profile, including minerals, fat, 

and carbohydrates, which makes them a versatile option that could be used as the main 

ingredient in plant-based beverages (Arik Kibar and Aslan, 2024). They also pointed out 

that the protein extracted from chickpeas has highly water-soluble, emulsifying, foaming 

and gel-forming properties, which are desirable in drinks and emulsion systems where 

proteins can play a role in the dispersion stability. 

Legume proteins generally show high emulsifying activity and foam stability when 

compared with cereal proteins. Their properties make them good functional agents for 

texturising plant-based food systems (Zhang et al.,2024). 
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Sudarsanan, Addanki and Shanmugam (2023) reported that the Desi chickpea proteins are 

mostly made up of globulins, glutelins, albumins and prolamins. Chickpea protein in their 

ultrasound-assisted extraction studies showed better solubility, emulsion stability, oil-

holding capacity, foaming capacity, and digestibility than traditional extraction. These 

results are of interest as the functional value of chickpea is not only based on its protein 

content but also on the extraction and modification of proteins for beverage and emulsion 

applications. 

Chickpea protein has also been evaluated in plant-based product systems. 

Arshad, Sharma and Sharma (2025) extracted and characterised chickpea protein isolate and 

reported a protein content of 84.69%, solubility of 60.2%, foaming capacity of 62.37% and 

emulsion capacity of 69.54%. When the isolate was used in an oat beverage-based frozen 

dessert, increasing (CPI) chickpea protein isolate from 5% to 15% increased viscosity from 

2317 to 2709 cP and improved melting resistance. The formulation containing 10% 

chickpea protein isolate was the most acceptable in terms of sensory attributes. Although 

the product was a frozen dessert rather than a fluid drink, this study demonstrates that 

chickpea proteins can contribute to viscosity, structure and fat stabilisation in plant-based 

systems. 

 

Chickpea has also been examined directly as a raw ingredient in beverages. Sharma and 

Orsat (2022) used RSM to enhance chickpea beverage extraction. The calculated best 

conditions were 7.13 :1 water to chickpea ratio, extraction temperature of 77.9 °C and 

extraction period of 51 min, yielding a beverage with 5.78 g/100 mL total carbohydrate 

content, 4.12 g/100 mL protein and 10.57 g/100 mL of total solids. At the same time, the 

lipoxygenase activity was reduced effectively to 0.0084 units/mg protein. This is 

particularly important as lipoxygenase activity is mainly connected with beany off-flavour, 

chickpea beverage extraction has to balance nutritional recovery and sensory quality 

(Sharma and Orsat, 2022). 

 

Next, Sharma (2023) reported a protein content of 5.59 ± 0.17% and a PDCAAS value of 

0.89 for the optimised chickpea beverage in a quality evaluation. This means that chickpea 

drinks can provide more protein than many cereal- or nut-based drinks. The study also 
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showed increased sensory responses for flavour, taste and aftertaste, indicating chickpea’s 

promise as a beverage base rather than only a protein enrichment element. 

Chickpeas contain key antinutritional components, such as phytic acid and trypsin 

inhibitors, that may impair nutrient absorption if not sufficiently inactivated. To overcome 

this structural barrier, processing methods such as soaking, heat treatments, ultrasound, 

fermentation, and microwave exposure are used to denature these components and enhance 

protein digestibility (Patil et al.,2024). 

Sharma (2023) notably revealed that the application of ultrasound- and microwave-assisted 

processing enhanced the solubility, protein production, and in vitro digestibility of chickpea 

drinks, and also reduced trypsin inhibitor activity. Therefore, simultaneous large 

volume extraction and nutritional functioning optimisation need targeted processing. 

Overall, in this study, chickpea is not treated as a blending ingredient with oat, but as a 

separate plant-based drink base whose response to ultrasound and functional testing can be 

compared with oat. 

2.5 Processing strategies for oat- and chickpea-based drink preparation 

The plant-based drinks are produced by a series of steps for extracting components that are 

required, reduction of insoluble residues improves dispersion and helps in final liquid 

system stabilisation. According to the findings of Karayigit and Ozer 2024, the actual 

processing varies depending on the raw materials used, grinding or wet milling, aqueous 

extraction, enzyme treatment, heating, s/l separation, and formulations. 

In oat and chickpea systems, these operations have different technological purposes. In oat, 

the process must control starch gelatinisation, reduce excessive viscosity and maintain β-

glucan functionality. The process must improve protein solubility and digestibility, reduce 

antinutritional factors such as phytic acid, tannins, and protease inhibitors, reduce the 

undesirable beany flavour, and maintain or improve functional properties such as 

emulsifying, foaming, and oil-holding capacity in chickpea processing (Patil et al., 2024). 
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Therefore, the process design must be adapted to the raw material rather than copied directly 

from dairy technology.  

 2.5.1 Conventional processing steps 

The first stage in plant-based drink production is usually hydration or soaking. Hydration 

softens the plant matrix, improves grinding efficiency and allows water penetration into 

protein bodies, cell-wall structures and starch granules. In legumes such as chickpea, 

soaking can also help cooking time to reduce and may reduce some soluble antinutritional 

compounds (Haileslassie et al.,2019). Before the main extraction step in cereals such as oat, 

careful control of hydration is needed since they may begin initially.                      

The grinding or wet milling process can help to reduce the particle size by expanding the 

area needed for extraction. While treatment with enzymes may assist in releasing 

intracellular compounds by directly acting on the plant cell wall (Aleksanochkinet al.,2025). 

Smaller particles commonly increase the amount of proteins released, but excessive 

grinding may result in highly fine insoluble particles. Thereafter, they will be more difficult 

to remove by either filtration or centrifugation, making it harder to sediment. Thus, grinding 

intensity plays a huge role in efficiency of separation along with yield in extraction (Daryani 

et al.,2024).  

Thermal treatment is essential to ensure microbiological safety, inactivate enzymes and 

improve sensory quality. The anti-nutritional factors will be destroyed by the heat treatment 

of the chickpea, but there can also be an improvement in digestibility (Patil et al.,2024). For 

the case of oat, heating must be carefully controlled as oat starch gelatinises in the 

temperature range normally employed in the processing of beverages. The gelatinisation of 

oat starch occurs at approximately 45-75 °C (Tester and Karkalas 1996). If starch 

gelatinisation happens before enough hydrolysis, the viscosity may increase rapidly and lead 

to difficulty in extraction and separation.            

Solid–liquid separation is carried out after the extraction and heating by filtration, 

centrifugation, or a combination of both. This step filters out large (coarse) insoluble solids 

and yields the liquid drink base. Immonen et al. (2021) studied oat protein concentrates by 

experimenting with assisted enzyme mild alkaline extraction, ultrafiltration and 

diafiltration, thereby improving the solubility of proteins. Centrifugation is helpful in 
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laboratory-scale experiments when measuring liquid recovery, wet pellet mass, and dry 

pellet mass. These results can give information about the separation efficiency and the water 

retained in the residue. 

After separation, the size of particles can be reduced, and dispersion stability can be 

improved by a homogenization method (Penha et al.,2021). This method can also help by 

reducing size of oil droplets and makes the fat more evenly dispersed into the emulsified 

drink. Yet, the plant proteins and polysaccharides could not be as effective as dairy proteins 

so, further processing like ultrasound might be beneficial (Ampofo and Ngadi, 2022; Rojas 

et al., 2022). 

2.5.2 Slurry preparation and extraction conditions 

The preparation of slurry is the most important stage, as the ratio of solid to liquid defines 

viscosity, extraction efficiency and separation behaviour. High solid loading improves 

nutrient content but also increases viscosity, which makes mixing more difficult. At low 

solid loading, better fluidity is achieved, but dilution of the extract may reduce the 

concentration of protein or beta-glucan in the final drink base. Thus, the solid-to-liquid ratio 

has to be chosen for analytical feasibility and processing behaviour. (Hu et al., 2025; Sharma 

and Orsat, 2022).  
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Figure 5 It represents a flow diagram of the oat milk preparation process (adapted from Deswal et al. 2014). 

The figure shows the main steps used for oat milk preparation. Rolled oats are first mixed 

with water to form an oat slurry, followed by enzymatic hydrolysis using α-amylase. After 

hydrolysis, the slurry is filtered to separate the liquid fraction, resulting in oat milk. The 

diagram is important because it shows the basic roles of water addition, enzyme treatment, 

and filtration in oat-based drinks (Deswal et al., 2014). 

 

Hu, Yuying et al. (2025) used an oat-to-water ratio of 1:8 before enzymatic hydrolysis during 

oat milk processing. This is a good reference ratio as it balances solids concentration and 

processability. Sharma (2023) optimised chickpea beverage extraction and found a ratio of 

water to chickpea of 7.13:1, an extraction period of 51 min and an extraction temperature 

of 77.9 °C. These figures highlight that the different raw materials require different 

conditions for hydration and extraction. Oat requires careful viscosity control, while 

chickpea requires sufficient water and heat for protein extraction and to eliminate the off 

flavour associated with lipoxygenase. 

 

Also, attention must be given to selecting the temperature at which the extraction is carried 

out. For oats, temperatures around 60–70 °C are close to or above the starch gelatinisation 

overlap and can increase viscosity if enzyme treatment is not used (Collinius, 2018). For 
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chickpea, greater extraction temperatures can enhance protein and solids recovery, while 

excessive heat might lead to protein denaturation or aggregation (Pennells et al.,2024; 

Charlotte et al.,2022). So, the extraction temperature impacts both the recovery and the 

functioning. 

 

Another important factor is the extraction time. Short extraction may not be good enough 

for the release of proteins and soluble components, while a long time for extraction may 

increase the energy consumption and lead to structural changes (Xie et al.,2023; Sethi et 

al.,al 2016; Ozgolet et al., 2024). Treatment time also affects cavitation intensity and protein 

modification in US-assisted systems (Penha et al., 2021; Rojas et al., 2022). Thus, time has 

to be focused along with temperature, enzyme dosage and ultrasound power. Since slurry 

viscosity and extraction rate are dependent heavily on starch behaviour and solid loading, 

enzymatic and physical treatments can be the main tools for recovery and improved 

separation. 

 

2.5.3 Enzymatic hydrolysis using α-amylase 

Enzyme hydrolysis is commonly used in oat drink production as starch is the main 

component in oats and affects the overall viscosity of the milk. The reaction is alpha amylase 

hydrolysis of the α-1,4 glycosidic linkages of starch molecules, thus helping reduce the size 

of molecules, resistance to flow, extraction and finally liquid-solid separation. Careful 

control of the oat slurry will reduce the chance of thick slurry while heating due to 

gelatinisation of starch and β-glucan solubilization (Pek and Dewi 2025). 

Deswal, Deora and Mishra (2014) studied the optimisation of oat drink using enzymes by 

response surface methodology, and results showed that oat milk properties had a significant 

effect due to hydrolysis time, temperature and concentration of enzymes. Their work further 

supports the use of enzyme concentration as an experimental variable rather than as a fixed 

processing step. The main usage of α-amylase in this study is to reduce viscosity and 

improve processing behaviour.    

The α-amylase concentrations tested ranged from 0 to 2.0%, and hydrolysis was performed 

at 65 °C for 60 min, followed by enzyme inactivation at 100 °C. Increasing enzyme dosage 
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improved dispersion stability and reduced sedimentation, and about 1.5% α-amylase 

provided a good balance between structural modification and physical stability (Hu et 

al.,2025). This literature supports the selection of different enzyme levels in the present 

thesis because enzyme dose can change liquid recovery, soluble protein, pellet formation 

and stability.  

In the work of enzymatic extrusion processing, Bereka et al. (2026) studied the possible 

use of enzyme application in the extrusion processing of oat protein concentrates obtained 

from pregelatinized whole oat flour. They found that the extrusion process aided by α-

amylase gave better results for oat protein concentration than the conventional enzymatic 

hydrolysis process. Before defatting, the highest protein content was observed in the high-

thermal α-amylase extrusion treatment (58.78%), the medium-thermal α-amylase extrusion 

(52.02%), and the conventional enzymatic hydrolysis (44.08%). The protein concentration 

of the defatted sample increased further after ethanolic defatting, and the functional 

properties (water-holding capacity, oil-holding capacity and emulsifying capacity) 

improved. The results revealed that the starch-rich fraction could be reduced, and the 

recovery and functional properties of oat proteins could be enhanced by the processing 

method assisted by α-amylase. The study could be concluded that enzyme-assisted 

processing was important for modifying the oat starch–protein matrix. 

Zhang et al. (2024) studied the enzymatic breakdown of oat flour components and used a 

multi-enzyme approach. Their process included α-amylase at 15 U/g and 95 °C for 30 min, 

high-temperature α-amylase at 15 U/g and 60 °C for 30 min at medium temperature, and 

saccharification using saccharase, β-amylase and pullulanase at 60 °C for 10 h. Additional 

neutral protease, cellulase and lipase treatments were used to improve stability and sensory 

behaviour. The treatment using enzymes shown in the study had reduced the sediment 

formation during centrifugation, increased the solubility index of water, apparent viscosity 

and sensory acceptance of colour (Zhang et al., 2024). 

Although the present thesis focuses on α-amylase rather than the complete multi-enzyme 

process, these studies show that enzyme modification is important for oat drink stability. 

However, enzyme treatment must be controlled. Too little enzyme may result in the slurry 

being viscous, while too much hydrolysis may reduce the texture, change in mouthfeel or 
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even affect the balance between soluble and insoluble fractions. Therefore, the best enzyme 

level should be selected by experimenting with different variables rather than relying on a 

single result. 

Table 1 Previous studies of oat milk on enzyme treatments and their processing steps 

Raw 

material 

Enzyme 

treatment tested 

Processing 

conditions 

Main effects 

reported 
Reference 

Oat Milk α-Amylase 

Enzyme 

concentration, 

hydrolysis 

temperature and 

time were 

optimised by  

RSM 

Reduced 

viscosity and 

improved oat 

milk 

processability 

Deswal, 

Deora and 

Mishra 

(2014) 

Oat milk α-Amylase 

0–2.0% α-

amylase; 65 °C 

for 60 mins; 

enzyme 

Improved 

suspension 

stability and 

reduced 

sedimentation; 

1.5% gave 

good balance 

Hu et al. 

(2025) 

Core oat 

drink 

Multi-enzyme 

treatment 

including α-

amylase, protease, 

lipase and 

cellulase 

α-amylase 15 

U/g at 95 °C for 

30mins High-

Temperature 

amylase 15 

Reduced 

sedimentation 

rate, improved 

water, 

solubility 

index and 

sensory 

quality 

Zhang et al. 

(2024) 
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Oat hulls 

Viscozyme®, 

Alcalase®, 

feruloyl esterase 

and 

ultrasonication 

Ultrasonication-

assisted, 

enzyme 

treatment; best 

Increased 

soluble 

proteins and 

phenolic acids 

in the liquid 

fraction by 2–

19 times 

Zhou et al. 

(2023) 

 

The table summarises earlier studies focusing on the preparation of oat drinks in which 

different enzymes, enzyme levels and processing settings were tested and their outcome. 

The results presented demonstrate the potential of enzyme treatment for preparing plant-

based drinks.   

2.5.4 Ultrasound-assisted processing 

Ultrasound-assisted processing is a non-thermal or low-thermal technology based on 

acoustic cavitation. The propagation of ultrasonic waves through an aqueous medium 

triggers' acoustic cavitation, defined by dynamic nucleation, growth, and violent implosion 

of microscopic bubbles (Zhu et al.,2024). The fast collapse generates intense, localised shear 

stress, microjets, turbulence and shockwaves that break the rigid cell walls of plants, speed 

up the mass transfer of solvents and alter the conformation of suspended proteins and 

particulate matter. The cavitation-based processes are highly important to extract high yield, 

reduce the diameter of particles and the long-term stability of manufacturing plant-based 

drinks (Soria & Villamiel, 2010; Penha et al., 2021; Rojas et al., 2022). 
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Table 2 Studies on chickpea bases using ultrasound and their outcomes. 

Raw 

material/system 

Ultrasound 

conditions 

tested 

Best/important 

values 

reported 

Main 

outcome  
Study 

Chickpea 

protein isolate 

Solids 

concentration10–

20 g/100 mL; pH 

range: 8.5– 10.5; 

US intensity: 

70–90%; 

Processing time: 

10–20 min 

Optimum 

parameters: 

13.42 g/100 mL 

solids load; pH: 

8.8; Interval: 10 

min; Sonic 

power: 70% 

amplitude 

Protein yield 

66.1% with 

UAE vs 

55.1% 

conventional 

alkaline 

extraction 

Arik Kibar 

and Aslan 

(2024) 

Desi chickpea 

protein isolate 

50% and 100% 

amplitude; 200 

W, 24 kHz; 

different 

treatment times 

Highest 

solubility 

91.1%; 

conventional 

extraction 

85.5% 

Improved 

solubility, 

emulsion 

properties, 

OHC, 

foaming and 

digestibility; 

WHC 

decreased 

Sudarsanan, 

Addanki 

and 

Shanmugam 

(2023) 

Chickpea milk 

+flaxseed oil 

emulsion 

20 kHz; 130 W 

and 195 W; 2–8 

min; 4% 

flaxseed oil 

Sonic inputs: 

195 W for 6 

min,195 For 8 

min and 130 W 

for 8 min, 

achieved 100% 

creaming 

stability 

Reduced 

particle size, 

improved 

zeta 

potential and 

increased 

protein 

solubility 

by86% 

Vallath and 

Shanmugam 

(2022) 

Fermented 

chickpea 

beverage 

Treatment starts 

0–18 h; duration 

20– 120 min; 

frequency 20–60 

kHz; power 

density 40–140 

W/L 

Optimum: 3 h 

start time, 80 

min, 27.5 kHz, 

100 W/L 

Improved 

structural 

stability and 

homogeneity 

of fermented 

chickpea 

beverage 

Johnson et 

al. (2023) 



31 

 

The table above shows the previous study conducted on the processing of chickpea-based 

systems using the ultrasound technique. The results show that ultrasonics could be applied 

for increasing protein production, protein solubility, emulsion stability and structural 

uniformity. 

The US can change the extent of extraction and functional properties in plant-based drinks. 

Penha et al., (2021) described US as an eco-friendly technology to help in increasing 

efficiency of final product and quality. The ultrasound can be applied before or after 

separation based on the process objectives to improve release of the liquid or to modify the 

dispersive effects. 

Protein-rich matrices can undergo reduced aggregation size, a change in protein structure, 

and improved functionality due to cavitational and mechanical effects. According to studies 

by Ampofo and Ngadi 2022, they found that the plant proteins are closely bound with lipids, 

polyphenols and fibres; thus, applying ultrasound can disrupt their interactions, leading to 

easy extraction. However, the degree of modification depends on the protein source, its 

structure and the treatment conditions applied. 

The present thesis is especially well supported by chickpea-based systems. Arik Kibar and 

Aslan (2024) improved the extraction of chickpea protein by ultrasonic assistance and 

reported a protein yield of 66.1% under the ideal circumstances vs 55.1% for traditional 

alkaline extraction with shorter processing time and reduced energy input. Further research 

by Addanki and Shanmugam (2023) showed improvements in protein solubility, emulsion 

properties, oil-holding capacity, foaming behaviour, and digestibility after ultrasound 

processing, with a reduction in water-holding capacity. It proves that positive effects on 

specific properties are limited, and effects are general. Vallath and Shanmugam (2002) 

reported in case of emulsion-based uses, chickpea milk extract exposed to sonication gives 

particles into reduced sizes, zeta potential improvement and achieved good stability in 

creaming using flaxseed oil. Because of ultrasound method fermented chickpea drinks also 

resulted in better unity in the structure as per the findings from Johnson et., al 2023. 

The beneficial interaction of ultrasound with enzymatic processing was confirmed even in 

complex cereal substrates by Zhou et al. (2023), who illustrated by oat-based matrices that 
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the combined ultrasound–enzyme treatment of oat hulls led to an increase of soluble protein 

and phenolic acid content in the liquid fraction by 2–19-fold compared to untreated material. 

Rafique et al. (2025) studied changes in oat protein isolates by testing ultrasound levels of 

200, 400, and 600 W. The study found that the ultrasonic treatment changed the 

microstructure and functional behaviour of oat proteins, with 400 W US being the 

most suitable level. At this level of treatment, oat proteins have given a more 

even secondary structure with β-sheets of around 71.04 ± 0.08%, α-helix of 16.27 ± 

0.02% and 12.68 ± 0.03% β-turns, as well as an improved behaviour in dissolution. And 

further reported that the highest amount of vital amino acid was also in the same treatment 

with 22.75 ± 0.82 mg/100 mg, and for the total amino acid, the highest concentration was 

found in the same treatment of 64.94 ± 2.7 mg/100 mg. 

On the other side, higher US of 600 W caused more structural damage, protein accumulated 

in fragments, revealing that proteins tend to lose their properties under high levels. 

However, overexposure to ultrasound may result in overheating, oxidation or unwanted 

protein aggregation. Rojas et al. (2022) pointed out that effects are highly reliant on 

conditions and materials, whereas Penha et al. (2021) identified that the industrial 

implementation needs more case-specific optimisation. Hence, ultrasound should not be 

seen as a general intervention but as a variable in the process to be modified. 

In the present thesis, ultrasound serves as a secondary treatment following enzyme selection, 

providing an additional physical means to improve matrix disruption, soluble protein 

release, and the functional applicability of oat and chickpea liquid fractions after the 

enzymatic stage. 

2.5.5 Emulsion Preparation in Plant-Based Drink Systems 

Once the liquid fractions have been recovered, a practical question arises: whether they can 

support oil-in-water emulsion formation. Most plant-based beverage emulsions consist of 

oil droplets dispersed in an aqueous continuous phase, and their stability is governed by 

droplet size, interfacial film strength, zeta potential, protein solubility and the density 
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contrast between the two phases (Vallath and Shanmugam, 2022; Rojas et al., 2022; 

Hamioud et al., 2025). 

Plant proteins are used to stabilise emulsions by adsorbing at the oil-water interface, and 

their performance is affected by solubility, surface hydrophobicity, flexibility and charge. 

Chickpea proteins are ideally suited for this purpose due to their emulsifying and oil-binding 

properties, whereas oat proteins are less effective at the interface because of their reduced 

water solubility (Hamioud et al., 2025; McLauchlan et al., 2024). Ultrasound can, to some 

extent, overcome this constraint by unfolding proteins, which increases the solubility and 

reduces the droplet size. Vallath and Shanmugam (2022) showed that sonicated chickpea 

milk emulsions achieved a complete creaming stability and significantly enhanced the zeta 

potential. In the current thesis, emulsion experiments with rapeseed oil at varied 

concentrations were employed as a final functional test of the selected treated extracts from 

both matrices.   

                  

Figure 6 Schematic illustration of ultrasound-induced protein unfolding and emulsion stabilisation. (modified 

from Taha et al.2020) 
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The image shows how ultrasound treatment can improve the emulsion stability by unfolding 

proteins. The hydrophobic areas are exposed by shear forces and cavitation, allowing 

proteins to adsorb at the oil–water interface and thus form a protective layer around the oil 

droplets. This helps reduce droplet coalescence, create smaller droplets and improve 

stability in emulsions. 

One of the models that is relevant to this thesis is directly related to the emulsion stage 

(Vallath and Shanmugam 2022). They obtained 4% flaxseed oil and chickpea milk from 

these and prepared a functional beverage emulsion without any external stabilizers by high 

shear homogenization and then sonication at 20 kHz for 2–8 min at two power levels, which 

resulted in complete creaming stability, droplet size in the range of 0.78–1.12 µm, zeta 

potential of −36.91–−40.4 mV and an increase in protein solubility of 86%. 

Importantly, the study also observed that moderate power (130 W for 8 min) maintained the 

oil's oxidative stability, with no change in conjugated diene levels detected. This indicates 

the need to take care of the intensity of the sonication when working with unsaturated oils. 

2.6 Challenges in the production of plant-based drinks 

Although plant-based drinks are commercially important, their processing may pose 

technical challenges. These challenges stem from their complex raw-material structure and 

the need to develop thick slurries into stable, acceptable liquid systems. Due to different 

dominant components, oat and chickpea present contrasting challenges. 

The main challenges in oat systems are gelatinised starch, β-glucan viscosity, protein 

solubility, solid-liquid separation and sedimentation. But for chickpeas drinks beany 

flavour, anti-nutritive factors, trypsin inhibitors can affect the final quality. When enzyme 

and ultrasound treatments are used, additional challenges include controlling treatment 

intensity and avoiding overprocessing (Yeasmen and Orsat, 2024; Miranda et al., 2026). 

 

2.6.1 Viscosity and structural limitations in oat drink production 

The most important limitation in oat drink processing is the development of viscosity. Oat 

starch gelatinises during heating, increasing slurry thickness. At the same time, β-glucan 
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dissolves into the water phase and increases continuous-phase viscosity. These two effects 

can occur together, making the slurry difficult to mix, pump, centrifuge, or filter (Patra et 

al.,2022; Bhokarikar et al., 2024). 

Dongowski et al. (2005) showed that β-glucan preparations from oat products have non-

Newtonian, shear-thinning behaviour. This means that oat drink viscosity is not constant but 

varies with shear conditions. In processing, this can affect pumping, centrifugation and 

homogenization. High viscosity might lead to temporary particle suspension, but it can limit 

the success of separation and yield thick, unstable products. 

Starch can also make the structure harder. Extraction of oat starch has been reported to be 

difficult due to strong protein binding to the matrix and the presence of β-glucans. These 

responses mean that starch, protein and fibre are difficult to separate in drink processing. 

Centrifuging the slurry may trap some water within the wet particle and reduce liquid 

recovery (Kaur et al., 2022). 

In oat kernels, starch granules, protein bodies, lipids and β-glucan cell walls are packed in a 

tight form. This structural state has a major effect on the extraction process and separation. 

Therefore, enzyme treatments alone may not be sufficient to fully resolve the problem if 

protein–polysaccharide bonds and small fibre particles remain in the system (Grundy et al., 

2017). 

2.6.2 Limitations on separation efficiency and physical stability 

Solid–liquid separation is one of the most important parts in the process of making plant-

based drinks. The slurry after extraction is made up of soluble proteins, starch fragments, β-

glucan, insoluble fibre, swelling particles and suspended solids (Xie et al.,2023). The aim is 

to recover liquid fractions and to remove unwanted coarse particles. But the high viscosity 

and small particle size might reduce the efficiency of separation. 

In oat systems, resistance to flow is increased by gelatinised starch and high β-glucan 

content. This leads to lower filtration flow and less efficient centrifugation (Tester and 

Karkalas, 1996; Dongowski et al., 2005; Bhokarikar et al., 2024). Fine particles may be 

suspended and may settle out during storage, protein solubility, cooked starch, fibre and 

residue carryover effect separation in chickpea systems. Excessive residue in the liquid 
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phase may cause the beverage to be gritty, unstable, or visually unappealing (Sharma and 

Orsat, 2022; Yeasmen and Orsat, 2024). 

Enzymatic hydrolysis might enhance separation by reducing the molecular size and 

viscosity of the starch. Hu, Yuying et al. (2025) demonstrated that higher α-amylase levels 

enhanced oat milk stability and decreased sedimentation. However, enzyme treatment 

mainly affects starch and may not directly solve protein aggregation or fibre particle 

instability. This can be the reason to use ultrasound as an assisted treatment. 

Ultrasound can reduce particle size and improve dispersion, but this effect can be double-

edged. Fine particles may remain suspended for longer and improve visual stability, but very 

fine particles may be more difficult to remove during separation. Strong ultrasound can also 

unfold proteins and cause secondary aggregation. Therefore, ultrasound should be 

optimized based on actual separation and stability results rather than applied at maximum 

intensity. (Rojas et al., 2022; Ampofo and Ngadi, 2022; Miranda et al., 2026). 

2.6.3 Nutritional and functional preservation constraints 

The nutritional quality should not be compromised with technological improvements. β-

glucan is one of the important functional components in oat drinks; its physiological effects 

are directly linked to molecular weight and viscosity. Wang and Ellis (2014) reported that 

the cholesterol-lowering and glucose-lowering effects of β-glucan in oats are influenced by 

its material interactions, such as molecular weight and solubility. But, if it is processed too 

much, the β-glucan can become easier to process and may not be as useful. 

Li et al. (2024) also further pointed out that processing may affect the structure, solubility 

and bioactivity of β-glucan. Moderate degradation can also increase dispersibility, but 

uncontrolled degradation could negatively affect viscosity and its ability as a stabiliser or 

functional fibre. Therefore, processing oats to reduce viscosity should not affect β-glucan 

activity. Preservation of protein is also crucial. 

One other important factor is the preservation of proteins. Oat proteins could be less soluble, 

while protein in chickpea could be more functional but still affected by processing methods. 

Sometimes sonication is used to enhance solubility and expose functional groups, but 

excessive intensity can lead to protein denaturation or aggregation (Taha et al.,2020). 
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Ultrasound increased chickpea protein solubility but reduced water holding capacity, 

suggesting there might be a compromise in the processing of one feature over the other 

(Sudarsanan et al.,2023). 

 

Table 3 Nutritional Properties and Limitations of Selected Plant Matrices in Comparison to Cow's Milk. 

Plant 

matrix 

Nutritional 

characteristics 

Main 

limitations 

References 

Oat (Avena 

sativa) 

Rich in carbohydrates 

and contains a higher 

lipid content than many 

other cereals. Good 

source of dietary fibre, 

especially βglucan. 

Naturally gluten-free 

and generally 

considered to have low 

allergenic potential. 

 

High starch 

content may 

impair 

emulsification 

and increase 

viscosity. It 

contains anti-

nutritional 

compounds 

such as phytates 

and trypsin 

inhibitors. 

Lysine is the 

limiting amino 

acid. Low 

calcium content 

and endogenous 

lipase activity 

may also 

promote 

rancidity. 

Basinskiene and 

Cizeikiene 

(2020); Vanga and 

Raghavan (2018); 

Deswal et al. (2014) 
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Chickpea 

(Cicer 

arietinum) 

Good protein 

bioavailability and 

relatively high iron 

availability compared 

with several other 

legumes. Contains a 

considerable proportion 

of polyunsaturated fatty 

acids, especially linoleic 

and oleic acids. Also 

provides B group 

vitamins, including 

thiamine, riboflavin, 

niacin, folate 

Lysine and 

methionine 

have been 

reported as 

limiting amino 

acids. 

Jukanti et al. 

(2012); Ferreira 

et al. (2006); 

Brazaca and Silva 

(2003) 

Rice (Oryza 

sativa) 

High carbohydrate 

content, gluten-free 

status and low allergenic 

potential. Contains 

phytosterols such as β-

sitosterol and γ-

oryzanol, as well as 

phosphorus, magnesium 

and potassium. Also 

contributes vitamin E 

and B-complex 

vitamins. 

Low protein 

content and 

relatively poor 

protein 

digestibility. 

Lysine is the 

limiting amino 

acid. Contains 

phytates and 

trypsin 

inhibitors. High 

starch content 

may hinder 

emulsification, 

and sugar 

content may 

also be 

relatively high. 

Biswas et al. 

(2011); Boye et al. 

(2012); Sethi et al. 

(2016); 

ChalupaKrebzdak et 

al. 



39 

 

Sesame 

seed (Sesam 

um 

indicum 

) 

Contains lignans such as 

sesaminol, sesamin and 

sesamolin. Low in 

saturated fatty acids and 

relatively rich in 

sulphur-containing 

amino acids. The lipid 

fraction is characterised 

by oleic, palmitic, 

linoleic and stearic 

acids. 

Contains 

phytates and 

oxalates. Lysine 

is the limiting 

amino acid. 

Protein 

solubility is 

greater in salt 

solution than in 

water. The 

protein fraction 

is heat 

sensitive, and 

flavour defects 

such as 

bitterness and 

chalky notes 

may occur. 

Vanga and Raghavan  

(2018); ); Sethi et al. 

(2016); Silva et al. 

(2020) 

 

Table 3 outlines the nutritional benefits and main limitations of oat, chickpea, sesame and 

rice plant matrices used in plant-based drinks. 

Mineral bioavailability is another consideration. Cereals and legumes have phytic acid 

which may bind minerals like iron and zinc. Gupta, Gangoliya and Singh (2015) stated 

that phytic acid is the storage form of phosphorus in grains, legumes, oilseeds and nuts 

that it may chelate micro-nutrients and reduces bioavailability. Processing methods like 

soaking, fermentation and treatment with enzymes can lower the phytic acid content but 

separation can also transfer the minerals and phytate into liquid and solid parts. Extraction 

and stability should be checked along with nutritional preservation (Gupta et al.,2015). 
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2.6.4 Challenges of protein functioning and emulsion stability 

The functions of proteins in emulsion-type plant drinks are of great importance. Proteins 

must break down or disperse to carry the oil-water surface, adsorb fast and create a stable 

interfacial layer that covers the oil droplets. The emulsion stability of protein is reduced 

when they are insoluble or grouped together. Chickpea proteins are expected emulsifying 

and oil-binding qualities, as already stated (Hamioud et al., 2025; Vallath and 

Shanmugam, 2022). 

 

Figure 7 Comparison of oat and chickpea drink stability during storage at 4 °C and room temperature (modified 

from He et al.,2023) 

The image is designed to show the difference in the behaviour of oat and chickpea beverages 

when they are refrigerated and when they are at room temperature. The instability of the oat 

drink over time was more visible, with the formation of creaming and sedimentation and 

the separation of the phases. The chickpea drink appeared to be more stable and less hazy 

than the other samples, particularly when held at the lower temperature of 4 °C, with 

minimal changes at both the room temperature and at 4 °C. Overall, the image shows that 

the physical stability of plant-based drinks may be strongly affected by storage temperature 

and raw material content. 
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The emulsion stability of the oat extracts could be due to either adsorption of proteins or 

improved viscosity due to the presence of β-glucan and residual starch particles in the 

continuous phase (Taha et al., 2020; Patra et al., 2022). In general, however, the solubility 

of oat proteins and their interfacial activity are lower than the properties of legume proteins 

in water. It also has poor solubility at neutral pH, which limits its techno-functional use, and 

heat-induced aggregation can limit their ability to adsorb at the oil–water interface, as 

reported by McLauchlan et al. (2024). In oats-based emulsions, stability may be more due 

to continuous-phase thickening than to protein films at the interfaces. Increased oil content 

will result in increased surface area of the interface, and if there is not enough surface-active 

material, it will lead to coalescence of droplets or creaming up. For this reason, the best 

extraction condition does not translate into the best emulsion condition — a treatment that 

yields high soluble protein may improve the interfacial coverage, while one that reduces 

viscosity strongly may destabilise the continuous phase. Emulsion results, therefore, were 

not considered as an end, but treated together with the soluble protein content, the 

observation of the oil-holding capacity, and the visual stability.  

 

3 Materials and Methods 

3.1 Raw materials and ingredients 

In this study, two plant-based raw materials were selected for use as matrices for preparing 

a drink: oat flour and chickpea flour. Oat material was a commercial gluten-free, high fibre 

oat flour called Pirkka Kaurajauho Producer Helsingin Mylly, Järvenpää, Finland, and the 

chickpea material was a commercial organic chickpea flour called Foodin Luomu 

Kikhernejauho, Turkey. The products were purchased from local retail stores in Finland and 

used in their dry-flour form before the experiments, without any further milling or sieving. 

These materials were chosen directly for the aim of the thesis to compare the behaviour of 

a cereal-based system and a legume-based system when studied with enzymatic and 

ultrasound-assisted extraction, and to see if the liquid phases could be developed into a 

simple application of plant-based drinks. 

 

Distilled water was used as the liquid phase throughout the slurry preparation and dilution 

steps. The hydrolytic enzyme used in the study was α-amylase from Aspergillus oryzae 
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supplied by Sigma-Aldrich in powder form (product code 10065-10G), with a stated activity 

of approximately 30 U mg⁻¹. The enzyme was chosen because it has a starch-hydrolysing 

activity, which was thought to be directly relevant to the reduction of structural resistance 

in the slurry, particularly in oat. However, the same enzyme formulation was also applied to 

chickpea to compare how both raw materials respond to the same treatment logic. The 

enzyme stock solution was produced by dissolving 0.25 g enzyme powder in 100 mL water 

(2.5 mg mL ⁻¹). Based on this stock concentration, enzyme solution quantities of 3.2, 4.8, 

6.4, 9.6 and 12.8 mL were utilised in the 4 g flour trials, corresponding to 8, 12, 16, 24 and 

32 mg of enzyme activity. These values were calculated from the specific activity supplied 

by the supplier and corresponded to approximate enzyme activities of 240, 360, 480, 720 

and 960 U. The experimental work was done on 0.20, 0.30, 0.40, 0.60 and 0.80% enzyme 

levels, which were referred to as such in this study. 

Additional reagents were used in the analytical stages. Soluble protein was determined by 

the Lowry method based on the Folin–Ciocalteau reagent using bovine serum albumin 

(BSA) as the external standard. Bovine serum albumin was obtained from 

VWR/ThermoFisher Scientific (Product no. 268130100, CAS no. 9048-46-8). Folin–

Ciocalteu’s phenol reagent was obtained from Merck/Sigma-Aldrich (Product no. F9252). 

According to the laboratory's analytical instructions, the BSA stock solution was prepared 

at 2 mg mL⁻¹, and standards of 0.05, 0.10, 0.20, 0.32, and 0.40 mg mL⁻¹ were prepared for 

the calibration curve. The protein assay further required alkaline copper reagent and diluted 

Folin phenol reagent, and the absorbance was measured at 540 nm. For the supportive starch 

analysis, starch standards were prepared from a starch stock solution, iodine reagent was 

added, and absorbance was measured at 600 nm, as further described in chapter 3.2. 

Finally, rapeseed oil Keiju rypsiöljy, manufactured by Bunge Finland Oy, Raisionkaari 

Raisio, Finland was used in the preliminary emulsion trials carried out after scale-up 

preparation. The purpose of the oil was not only to mimic a final commercial product in full, 

but also to provide a basic functional test to determine whether the oil or water systems 

could be formed and would maintain them in a controlled environment for the purpose of 

observing the storage period. In this way, the selection of the feedstock and the reagent 

helped the extraction part of the thesis, as well as the evaluation part of the extraction. 



43 

 

3.2 Experiment and method setup 

 

The experimental work was a staged design, that is, the process variables were added step 

by step and not all at once. This is to keep the treatment selection explainable. The structure 

of the present study was a preliminary sample size test followed by enzyme-level screening, 

ultrasound-assisted treatment at the selected enzyme concentration, starch test, soluble 

protein test, and pH test, and finally, preparation for scale-up and simple functional testing. 

The detailed set-up is described in the flow chart given below. 

            

                                        Figure 8 Flow chart of experiment setup.       

Figure 8 shows the main steps for preparing oat and chickpea drink bases. This process 

began with oat and chickpea flours, which were slurried in water, then treated with α-
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amylase and ultrasound. Following the separation, the liquid fraction was used for soluble 

protein analysis, pH testing, and testing for emulsion stability, and the pellet was tested for 

yield and residual starch. Lastly, the results for oat and chickpea were compared with the 

most suitable treatment to assess improved extraction and easier separation. 

 

3.2.1 Supernatant collection and preparation 

 

Oat flour and chickpea flour were used as dry powdered flours in the experiments. In 

preparation for the experimental work, a preliminary sample-size evaluation was performed 

to determine a reasonable sample-size basis for separation measurements and was later used 

in the analytical work. The first trial was done with 2 g flour and 16 mL of total liquid (1:8 

solid to liquid ratio taken from Hu et al.,2025, on which the oat and chickpea basis was 

tested). At that time, the volume of water was 14.4 mL, and that of the enzyme solution was 

1.6 mL, and there were two replicates. The smaller base, however, did not allow sufficient 

recoverable liquid for enough composition measurements, particularly when duplicate 

protein analysis and subsequent functional testing were needed. Thus, the sample size was 

increased. 

 

Based on these preliminary findings, the main small-scale experiments were conducted with 

4 g flour and 32 mL total liquid (which equals about a 1:8 flour-to-liquid ratio) with the total 

slurry weight being about 36g. This basis was then repeatedly used for enzyme-level 

comparisons and for ultrasound treatment in both oat and chickpea (Hu et al., 2025). It was 

important to use the same basis for both raw materials so that the process responses to the 

two matrices could be directly compared. Even with the difference in composition and 

behaviour of oat and chickpea, the slurry basis was maintained to ensure the difference 

observed later in the liquid recovery, pellet mass and protein extraction was due to the 

difference in matrix and treatment conditions and not because of the difference in the 

addition of the sample. For each sample, the required amount of flour was weighed directly 

into the 50 ml tube or beaker used for processing. Water and enzyme solution were then 

added according to the selected treatment level. In control samples, the entire liquid phase 

consisted of water. In enzyme-treated samples, the total liquid volume remained the same, 

but the enzyme solution had replaced a portion of the water content. In the earlier enzyme-

level comparison, the selected liquid allocations for 4 g flour were 32/0 mL for the control, 
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28.8/3.2 mL for 0.20%, 25.6/6.4 mL for 0.40%, and 22.4/9.6 mL for 0.60% water/enzyme, 

respectively. In the later extended comparison, the same 4 g/32 mL basis was used for 

0.30%, 0.40%, and 0.80%, with 0.80% corresponding to 19.2 mL of water and 12.8 mL of 

enzyme solution. These values formed the practical basis of the enzyme screening design 

and were kept constant in duplicate runs. After the flour, water and enzyme solution had 

been combined, the slurries were mixed thoroughly using a VELP TX4 Digital IR Vortex 

Mixer (VELP Scientifica, Italy) for about 15 minutes to obtain uniform dispersions before 

heat treatment. The samples were then mixed thoroughly to produce a uniform slurry. The 

enzymatic hydrolysis step was carried out at 65 °C for 60 mins, followed by heating at 

100°C for 5 min to inactivate the enzyme. This thermal sequence was used consistently in 

the small-scale enzyme-level screening and in the ultrasound-assisted treatment stage (Hu 

et al.,2025). 

 

The hydrolysis step was performed to allow the amylase enzyme to work on the slurry 

structure before further separation, to standardise the sample condition before the next 

treatment step, high temperature inactivation could be done. Later, small-scale samples were 

centrifuged using a VWR Mega Star 4.0R refrigerated benchtop centrifuge (VWR 

International, Leuven, Belgium) at 4200 rpm for 10 minutes, and the pellet containing liquid 

supernatant was separated after heating, and the liquid supernatant was separated from the 

pellet. The liquid fraction was collected into pre-weighed tubes and used for liquid recovery 

and soluble protein analysis, while the pellet fraction was used for wet and dry pellet 

collection and selected later starch analysis. The sequence made it possible to connect 

directly the treatment conditions with both physical separation and compositional change in 

the recovery of liquid. The extraction process was developed to address three questions: (1) 

does the slurry become easier to separate, (2) does the volume of residue decreased, and (3) 

does the liquid that is recovered contain any useful soluble material, mainly protein. 

 

For the later scale-up stage focused on oil stability, the feedstock was increased to produce 

sufficient oil to prepare emulsions. The scale-up protocol measured 37.5 g of flour to be 

placed in a 300-mL beaker, and 300 mL of the prepared α-amylase solution (0.020 g in 1 L 

water) was placed in the beaker. This process logic was then applied to the process of scale-

up, but only for the selected final treatment, not for rescreening the whole treatment. Enough 
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liquid was recovered from chickpea and oat to be used for emulsion observations in this 

large volume preparation. 

The resulting slurries already showed some qualitative indications of treatment behaviour, 

particularly in oat, where the untreated and treated slurries were still visibly more viscous. 

But these observations were not the only basis for the choice of treatment. Instead, they 

were followed by thermal treatment, centrifugation and separation measurements. 

 

3.2.2 Enzyme and ultrasound conditions 

Two α-amylase enzyme-level sets were used in the work. The lower-level set examined α-

amylase at 0.20%, 0.30%, and 0.40%, together with enzyme-free controls. In the second 

enzyme-level comparison, the concentrations studied were 0.6% and 0.80%. This set was 

important because it tested whether a higher enzyme level could improve the process 

sufficiently to justify later scale-up. The best enzyme level was later used to guide further 

ultrasound treatments. Zhang et al. (2007 further noted that oat drink processing includes 

hydrolysis of the enzyme amylase, followed by ultra-high temperature and compared 140-

degree Celsius holding for 5 versus 20 seconds, supporting that thermal steps must be 

controlled as per the raw materials.  

 

The ultrasound stage was then designed as a time-based comparison performed at a fixed 

enzyme level. The selected α-amylase concentration after extraction was subjected to 

ultrasound treatment at 37 kHz and 70% intensity (406 W), with treatment times of 15 min 

(T1), 30min (T2), and 45 min (T3). Controls were again included. An additional ultrasound 

comparison at 37 kHz and 100% intensity corresponds to 580 W. The maximum power was 

also tested, but the main route selected for later scale-up remained 37 kHz, 70%- 406 W, 45 

min. The selected scale-up condition was hydrolysis temperature of 65 °C for 1 h, followed 

by enzyme inactivation at 100 °C for 5 min (Hu et al.,2025) and later by ultrasound at 37 

kHz, 70%, 45 min, and this condition was then used in the final larger-volume extraction 

for oil stability preparation. 
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Figure 9 Shows the Elmasonic P ultrasonic bath used for ultrasound-assisted treatment of oat and chickpea 

slurry samples. 

The equipment used through the experiment was an Elmasonic P60H ultrasound cleaning 

machine (Elma GmbH & Co. KG, Singen, Germany), which is given above. The working 

is based on applying ultrasonic waves, which creates cavitation in the liquid, thus helping 

mixing, dispersion and improved extraction during the preparation of samples. The machine 

operates at switchable frequencies of 37 kHz and 80 kHz; power can be adjusted between 

30% and 100%, and the temperature range is 30 to 80 degrees Celsius. 

 

 3.2.3 Soluble protein analysis  

 

Soluble proteins in food include globulins and albumins. They are soluble in water and 

neutral solutions. For measuring the total contents of extracted protein in the sample, Lowry, 

based on the Folin–Ciocalteau method, was used (Nielsen,1994). The method included 

preparing the oat and chickpea sample containing soluble proteins, for example, 1:20 

dilutions made with clear extracts diluted into separate tubes, pipetting 1ml of sample 

solution into duplicate test tubes, a blank that contains 1 ml of water instead of samples, 

followed by taking 1 ml of Bovine serum albumin as the external standard. According to the 

protocol, the BSA stock solution was prepared at 2 mg mL⁻¹, and standards at 0.05, 0.10, 

0.20, 0.32 and 0.40 mg mL⁻¹ were prepared. The final procedure was to add 1 ml of freshly 

prepared alkaline copper reagent mix and let it stand for exactly 10 mins at room 

temperature. At the end, I added 3 ml of diluted Folin’s reagent and mixed them fully, 

meanwhile placing the tubes inside a SLS1178 14 Litre Lab Pro Unstirred Water Bath 
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(Scientific Laboratory Supplies Ltd., UK). Allowed them to cool down to room temperature 

and transferred the solutions into disposable cuvettes, and absorbance was measured at 540 

nm using a Thermo Scientific GENESYS 180 UV-Visible spectrophotometer.  

3.2.4 Starch determination 

Selected dried samples of pellets from enzyme level experiments were subjected to a 

supportive starch analysis. The purpose of this analysis was to compare the residual starch 

content of the pellet fractions remaining after enzymatic treatment and solid–liquid 

separation. This analysis was relevant as α-amylase acts mainly on starch, which consists 

primarily of amylose and amylopectin. The presence of starch can be measured by reacting 

with iodine thus forming a dark-blue complex during the mixing stage. Oat and chickpea 

pellet samples were added for comparison (Zhan et al., 2021). The dried sample of pellets 

was taken, and 0.25 g of dry pellet sample was mixed with 25 mL of water and heated at 

100 °C to extract starch. The mixture was then cooled to about 50°C, and solid–liquid 

separation was performed using a VWR Mega Star 4.0R refrigerated benchtop centrifuge 

(VWR International, Leuven, Belgium) to remove insoluble material. The supernatant 

obtained was subjected to the iodine colourimetric starch test. The Thermo Scientific 

GENESYS 180 UV-Visible spectrophotometer (Thermo Fisher Scientific Inc., USA) was 

used to measure the absorbance at 600 nm. Diluted-sample protocol (1:10) was used with 

the dataset, the samples were coded as oat A2, B2 and C2, corresponding to α-amylase levels 

from 0.2% to 0.80%, respectively, together with oat and chickpea controls. To the assay 

mixture, 2.7 mL of diluted sample solution was added, and 30 µL of iodine reagent was 

added, with a dilution factor of 10(Yap et al.,2022). 

Calibration curves were generated from starch standards by selecting Potato powder– extra 

pure —as the reference standard, which was purchased from VWR/Thermo Fisher Scientific 

(product no 419695000, CAS no 9005-25-8). Starch powder was weighed and dissolved in 

distilled water by heating, and then cooled to room temperature, and the volume was made 

up to 50 mL of a 0.1% (w/v) stock solution. This resulted in a concentration of 1 mg/mL in 

the stock. Iodine and potassium iodide, ≥99% (both obtained from VWR/VWR Chemicals) 

were used to prepare the iodine reagent. The reagent was prepared by dissolving 3 g of 

potassium iodide and 2.54 g of iodine in distilled water, then diluting to a final volume of 

100 mL. The stock solution of iodine was then diluted 10 times and kept in the dark for later 
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use (Yap et al.,2022). For the starch measurement, the calibration curve was built from the 

standards of 0.02, 0.05, 0.10, 0.15 and 0.20 mg mL−1 and the standard-curve equation was 

found as: 

 

                                        y=2.545x−0.001,                                     (1) 

R2=1.00. The measured absorbance values were used to determine the concentration of 

starch from the appropriate calibration curve, and the concentration was corrected by the 

appropriate dilution factor for each sample based on the calculations described in Chapter 

3.3. This iodine-based analysis is typically used as a simple and useful method for starch 

analysis and is well-suited for comparison-based testing of starch-containing materials. 

3.2.5 pH measurement  

The pH was measured using the device VWR pH /conductivity meter PH/CO-2500L. Done 

as a supportive characterisation method after sample preparation. The analysed samples 

consisted of the chickpea liquid main sample, the oat liquid main sample, the chickpea 

control, and the oat control. All measurements were carried out at 25 °C. Before pH 

measurement, the selected liquid samples were prepared according to the final treatment 

route used in this study. For the emulsion-related samples, homogenization was carried out 

before testing in order to ensure uniform dispersion of the liquid phase prior to further 

observation and characterisation. After preparation, the samples were allowed to equilibrate 

to room temperature before pH measurement. The pH was measured directly in the liquid 

phase using a calibrated pH, Meter. Each sample was measured in triplicate, and three 

replicate readings were recorded. The average value of the three readings was later used for 

comparison in results section. The pH measurement was included as a supportive analytical 

step to characterise the final liquid fractions obtained from oat and chickpea.  

  

3.2.6 Emulsion test 

The scale-up preparation for emulsion stability was carried out only with the selected final 

condition of enzyme activity 0.8%, the enzyme solution A (0.25% enzyme solution as 
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0.8%v/v) used in scale-up was prepared at 0.002% in water, equivalent to 0.02 g L⁻¹, and 

this solution was used directly as the liquid phase in the larger-scale slurry preparation. In 

each scale-up run, 37.5 g flour was added to a 300mL beaker, and 300 mL of α-enzyme 

solution was added. The beaker was then covered and treated with the same thermal and 

ultrasound sequence as in the small-scale experiments.  

 

In principle, sedimentation was considered as a possible alternative to centrifugation at this 

stage, but if sedimentation did not yield enough material, it had to be divided into tubes and 

centrifuged. This is an important practical point because it shows that scale-up was not 

merely a volume increase but also involved changes in handling constraints. The larger-

scale liquid fractions obtained from the selected treatment were then used in the preliminary 

oil stability and emulsion stage. According to the protocol, 100 mL of the recovered liquids 

from both oat and chickpeas were combined with rapeseed oil at 2%, 5% and 10% levels. 

The liquid/oil ratios were therefore 98/2, 95/5 and 90/10, respectively.  

 

The mixtures were homogenised using IKA T25 easy clean digital ULTRA TURRAX (IKA-

Werke GmbH & Co. KG, Staufen, Germany) at a speed 11×1000rpm for about 2 mins and 

transferred into 100 mL measuring cylinders, and visual observation of the liquid level of 

separation was recorded immediately after preparation, after 1 hour, and after longer storage 

for 2 days. In practice, chickpea yielded enough liquid to complete this stage, whereas oat 

did not provide sufficient supernatant under the selected conditions, so after the heating 

treatments the oat slurry was directly transferred into a muslin cloth within a separation 

funnel to collect the oat milk. Muslin cloth filtration has also been used in previous plant-

based milk preparation methods for separating oat and chickpea milk from solid residues 

(Seifu et al., 2025). This difference became one of the most important practical observations 

of the study because it demonstrated that the selected final treatment was more suitable for 

chickpea than for oat when functional application was considered later. 

 

The heights of three emulsion stages were measured visually on the scale-up emulsion stage 

and evaluated by the storage stability test. The emulsions prepared with 2%, 5%, and 10% 

rapeseed oil content were observed immediately after preparation, after 1 hour, and after 

storage. This provided a relevant functional test to determine whether the chosen liquid 

fractions could form homogeneous systems and whether visible separation would occur 
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during storage. Thus, the analytical work in the thesis moved from simple physical 

extraction to compositional characterisation to later scale-up analysis.  

 

3.3 Calculation method 

The measured values obtained from the experiments were converted into standardised 

response variables using the following equations. These calculations were used to describe 

fractionation performance, pellet composition, soluble protein content and starch 

concentration. The equations were used throughout the work, but the calculated values 

themselves are presented and discussed in Chapter 4. 

a) The mean value of duplicate samples was calculated as: 

                                        X̄     =  
𝑥1+𝑥2

2
                                        (2) 

where x̄ is the mean value, x1 is the first replicate value, and x2 is the second replicate value. 

This equation was applied to liquid recovery, wet pellet mass, dry pellet mass and other 

duplicated analytical measurements. 

b) The recovered liquid mass was calculated as: 

𝑚L = 𝑚𝑡𝑢𝑏𝑒+𝑙𝑖𝑞𝑢𝑖𝑑−𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑢𝑏𝑒                      (3)                                                                              

where mL is the recovered liquid mass in grams,  𝑚𝑡𝑢𝑏𝑒+𝑙𝑖𝑞𝑢𝑖𝑑 , the mass of the tube 

containing the liquid fraction in grams and m_empty tube, mass of the empty liquid 

tube in grams. Liquid recovery was therefore expressed in grams (g). 

c) The separation yield was calculated as: 

                   Separation yield (%) = (
𝑚𝐿

𝑚 𝑆𝑙𝑢𝑟𝑟𝑦
) × 100                           (4)   
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where mL is the recovered liquid mass in grams, and m_slurry is the total slurry mass in 

grams. In the main small-scale experiments, the total slurry mass was approximately 36 g, 

consisting of 4 g flour and 32 g liquid. 

d) The wet pellet mass was calculated as: 

               𝑚𝑤𝑒𝑡 𝑝𝑒𝑙𝑙𝑒𝑡  = 𝑚𝑡𝑢𝑏𝑒+𝑤𝑒𝑡 𝑝𝑒𝑙𝑙𝑒𝑡−𝑚𝑒𝑚𝑝𝑡𝑦 𝑝𝑒𝑙𝑙𝑒𝑡 𝑡𝑢𝑏𝑒             (5)                                                                     

Where 𝑚𝑤𝑒𝑡 𝑝𝑒𝑙𝑙𝑒𝑡   is the mass of the wet pellet (g) 𝑚𝑡𝑢𝑏𝑒+𝑤𝑒𝑡 𝑝𝑒𝑙𝑙𝑒𝑡 is the combined mass 

of tube and wet sediment pellet(g) 𝑚𝑒𝑚𝑝𝑡𝑦 𝑝𝑒𝑙𝑙𝑒𝑡 𝑡𝑢𝑏𝑒  is the initial tare mass of the empty 

pellet tube (g). 

 

e) The soluble protein concentration in the measured sample solution was 

obtained from the standard-curve equation: 

                                             y=ax+b which was rearranged as: 

   X= 
𝑦−𝑏

𝑎
                                             (6) 

 

where x is the protein concentration in the measured solution in mg mL⁻¹, y is the absorbance 

measured at 540 nm, a is the slope of the protein calibration curve, and b is the intercept. 

The protein concentration in the measured solution was obtained from the calibration curve. 

Because the extracts were diluted 1:20 before measurement, the original protein 

concentration in the extract was calculated as: 

                              𝐶orig = 𝐶meas × 𝐷𝐹                                       (7) 

 

where 𝐶orig  is the original protein concentration in the extract (mg 𝑚𝑙−1  ) , 𝐶meas  is the 

measured protein concentration from the calibration curve (mg 𝑚𝑙−1), and DF is the dilution 

factor (20). 
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The protein amount in the total extract was then calculated as: 

                           𝑚protein = 𝐶orig × 𝑉extract                               (8) 

 𝑚protein  is the protein in the extract (mg), 𝐶orig  is the corrected protein concentration 

(mg𝑚𝑙−1 ), and 𝑉extract is the extract volume (32 mL). 

This value was further converted into mg g⁻¹ flour by dividing by the 4 g flour basis, and 

finally into g/100 g flour by dividing the mg g⁻¹ value by 10. In this way, the soluble protein 

yield of the treated extracts was expressed on a flour basis. 

 

f) For the starch analysis, the concentration in the measured solution was 

obtained from the starch calibration curve using the same linear form: 

                             y=ax + b rearranged as: 

                                                     X = 
𝑦−𝑏

𝑎
                                          (9) 

 

where x is the starch concentration in mg mL⁻¹, is the absorbance measured at 600 nm, a is 

the slope of the starch calibration curve, and b is the intercept. When the sample had been 

diluted before measurement, the original concentration was calculated as: 

                               𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =    𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ×   𝐷𝐹
              (10) 

 𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the measured concentration of starch in the cuvette solution in mg mL⁻¹, and 

DF is the dilution factor.  

In the standard starch protocol, a 1:10 dilution was used before where 𝐶orig is the original 

starch concentration in the extract (mg 𝑚𝑙−1), 𝐶meas is the measured starch concentration in 

the cuvette solution (mg 𝑚𝑙−1) and 𝐷𝐹 is the dilution factor. In the diluted-sample protocol, 

a dilution factor of 10 was used, whereas in the undiluted-sample protocol, a dilution factor 

of 1 was applied. 
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The total starch content in the extract was then calculated as 

                                   𝑚starch = 𝐶orig × 𝑉extract  (11) 

 

where 𝑚starch is the total starch in the extract (mg), 𝐶orig is the corrected starch concentration 

(mg 𝑚𝑙−1), and 𝑉extract  is the extraction volume (25 mL). 

Because the starch extraction was carried out using 0.25 g of dried pellet sample, the starch 

content relative to sample mass was calculated as 

                                Starch (mg/g dry pellet) =  
𝑚 𝑠𝑡𝑎𝑟𝑐ℎ

0.25
                                          (12) 

                             Starch (g/100 g dry pellet) =
Starch (mg/g dry pellet)

10
 

 

where 𝑚starch is the total amount of starch in the extract, expressed in mg, and 0.25 is the 

mass of dried pellet used for extraction, expressed in g. The calculated value gives the starch 

content in mg/g of dry pellet. The starch content was then converted to g/100 g dry pellet 

by dividing the mg/g value by 10. This conversion was used because 1 g/100 g is equivalent 

to 10 mg/g.                       

      

                 

The enzyme activity applied in the treatments can be described using the relationship: 

                        U= 𝑚𝑒𝑛𝑧𝑦𝑚𝑒 ×𝑆𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
                             (13) 

where U is the enzyme activity in units (U), 𝑚𝑒𝑛𝑧𝑦𝑚𝑒  is the mass of enzyme used in mg, 

and 𝑆𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 is the specific activity of the enzyme in U mg⁻¹. The α-amylase used in this 

study had an approximate specific activity of 30 U mg⁻¹. 
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3.4 Statistical data treatment and interpretation 

A one factor at a time (OFAT) sequential method was used to assess the experimental 

conditions for the extraction. The process was chosen because the study was to evaluate the 

impact of selected process variables on liquid recovery, separation behaviour and extraction 

of soluble proteins. 

  

The effect of the α-amylase activity was first tested. The enzyme activities tested were 60, 

90, 120, 180 and 240 U/g raw material (0.20 % to 0.80%) enzyme doses, and a control 

sample where no enzyme was added. To evaluate the effect of enzyme activity, the slurry 

preparation, the thermal conditions for the slurry, and the enzymatic hydrolysis and 

separation conditions were fixed. The main response variables were liquid recovery, 

separation yield and wet pellet mass as they represent the efficiency of separation and 

amount of liquid fraction recovered for later preparation of plant-based drinks. This 

screening led to the selection of the enzyme 0.80% α-amylase (240 U/g raw material), which 

resulted in the maximum amount of liquid recovered under the conditions tested. 

In the second stage, ultrasound treatment was given after enzymatic treatment (0.80% α-

amylase). Different treatment times (15, 30, 45 min) and controls were compared regarding 

the main ultrasound condition that was evaluated for further processing: 37 kHz at 70% 

power (406 W). Finally, a condition of 37 kHz, 70 % power, 45 min was selected as it 

produced a satisfactory liquid recovery from the pellet, soluble protein recovery, and wet 

pellet mass. This condition was later applied for the scale up and emulsion stability test. 

An extra ultrasound comparison was also conducted at 37 kHz and 100% power which is 

equivalent to 580 W for treatment times of 15, 30 and 45 min. To compare the effect of 

higher ultrasound power and treatment time, after selecting 0.80% α-amylase, the 

comparison was included. The 100% power results indicated that liquid recovery was more 

favourable with shorter treatment times and soluble protein extraction was more favourable 

with longer treatment time. The aggregated particles were observed at longer treatment time 

during the high-power testing; this observation was only based on a qualitative experimental 

observation. 
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The choice of 70% ultrasonic power was due to the need to reduce the ultrasound level of 

intensity and keeping the extraction performance. It is noted from the previous studies that 

the effects of US are highly dependent on the power level and treatment time. Moderate 

amounts of ultrasound might help the functioning of proteins and emulsion, but high 

ultrasound could lead to protein refolding and decrease in the stability of the emulsion (Cui 

et al., 2025). Ultrasound has also shown to increase the qualities of oat beverage such as 

recovery of β-glucan, protein solubility and foaming behaviour; but these benefits are 

dependent on the ultrasound strength and length of treatment (Kwok et al., 2024). Also, high 

ultrasonic power and long treatment duration might greatly affect the quality of the product, 

especially sensory qualities (Juraga et al., 2021). So, the final conditions were kept at 37 

kHz, 70% power and 45 min to help US extraction while lowering the risk of over-

processing before scale-up and emulsion stability tests. 

For treatments where repeated measurements were available, two replicate measurements 

were taken. Results are reported as mean ± standard deviation (SD) and raw data are 

presented in the Appendix. Descriptive statistical analysis was used to treat the data. Most 

of the treatments were based on two duplicate measurements, therefore no full inferential 

statistical testing was performed. Therefore, the results are considered as observable trends 

and not as statistically proven significant differences. 
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4 Results and discussion 

4.1 Effect of α-amylase concentration on separation performance 

The effect of α-amylase concentration on the separation behaviour of oat and chickpea 

slurries was evaluated using liquid recovery, separation yield, and mean wet pellet mass 

after centrifugation. For the final comparison, the enzyme levels were arranged in increasing 

order: 0.20%, 0.30%, 0.40%, 0.60%, and 0.80%, along with the untreated controls. The 

results are presented in Table 4 

Table 4 Effect of α-amylase concentration on liquid recovery, separation yield, and mean wet pellet mass of 

oat and chickpea samples. 

Material 
Enzyme 

level (%) 

Liquid recovered 

(g), mean ± SD 

Separation 

yield (%) 

Wet pellet 

mass (g), 

mean ± SD 

Oat control 0 0.00 ± 0.00 0 
21.80 ± 

0.00 

Oat 0.2 0.00 ± 0.00 0 
16.65 ± 

0.49 

Oat 0.3 16.40 ± 0.99 45.56 
16.70 ± 

0.71 

Oat 0.4 15.80 ± 0.14 43.89 
15.60 ± 

0.42 

Oat 0.6 10.15 ± 0.21 28.19 
10.95 ± 

0.64 

Oat 0.8 25.75 ± 0.78 71.53 
11.40 ± 

1.27 

Chickpea 

control 
0 4.40 ± 0.57 12.22 

17.00 ± 

0.28 

Chickpea 0.2 6.45 ± 0.78 17.92 
11.85 ± 

0.21 

Chickpea 0.3 17.80 ± 0.14 49.44 
16.10 ± 

0.57 
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Chickpea 0.4 18.05 ± 0.64 50.14 
16.20 ± 

0.42 

Chickpea 0.6 5.00 ± 0.71 13.89 
15.50 ± 

0.00 

Chickpea 0.8 22.00 ± 0.14 61.11 
16.95 ± 

0.07 

 

4.1.1 Liquid recovery 

The liquid recovery results showed that the response to α-amylase concentration differed 

between oat and chickpea, although in both matrices the highest enzyme level, 0.80%, gave 

the greatest liquid-phase recovery. In oat, the control and 0.20% treatment gave no 

meaningful liquid recovery after correction. At 0.30%, the mean liquid recovery increased 

markedly to 16.40± 0.99 g, then to 15.80± 0.14 g at 0.40%. At 0.60%, the recovery 

decreased to 10.15± 0.21 g, whereas the highest value was observed at 0.80%, with a mean 

liquid recovery of 25.75± 0.78 g. Thus, in oat the strongest separation effect was clearly 

observed at the highest tested enzyme concentration. 

In chickpea, the control had a mean liquid recovery of 4.40± 0.57 g, while 0.20% increased 

it slightly to 6.45± 0.78 g. A much stronger increase was observed at 0.30% and 0.40%, with 

mean liquid recoveries of 17.80± 0.14 g and 18.05 ± 0.64 g, respectively. At 0.60%, the 

recovery decreased sharply to 5.00± 0.71 g, after which it increased to 22.00± 0.14 g at 

0.80%. Therefore, chickpea also showed its best liquid recovery at the highest enzyme level, 

although the intermediate trend was not linear. 

Taken together, the liquid recovery data indicate that α-amylase improved the release of the 

liquid fraction, but the extent of improvement depended on the applied concentration and 

the raw material (Deswal et al., 2014; Bhokarikar et al., 2024; Hu et al., 2025). In both oat 

and chickpea, the greatest practical benefit was obtained at 0.80%, showing that this level 

was the most effective for maximising liquid recovery under the tested conditions. 
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4.1.2 Separation yield 

The separation yield followed the same general pattern as liquid recovery. In oat, the 

separation yield was 0% for both the control and 0.20%; it was higher at 45.56% at 0.30%, 

remained close to this level at 43.89% at 0.40%, decreased to 28.19% at 0.60%, and then 

increased strongly to 71.53% at 0.80%. This shows that oat responded most favourably to 

the highest enzyme concentration, while the intermediate levels produced only moderate 

improvement. 

In chickpea, the separation yield was 12.22% in the control and 17.92% at 0.20%. The yield 

has been significantly higher, to 49.44% and 50.14%, at 0.30% and 0.40%, respectively. A 

lower result was observed again at 0.60%, where the separation yield fell to 13.89%, 

followed by the highest value of 61.11% at 0.80. For the chickpea, the result was the same 

as that of oat, with the highest yield at 0.80%, but with more variation in the pattern. 

The separation yield data also showed that 0.80% α-amylase was the most effective level to 

enhance the overall efficiency of solid–liquid separation in both bases. The effect was most 

noticeable at oat (0.80% - all lower levels). The difference was smaller for chickpea but still 

large enough to choose 0.80% for the highest separation performance. 

 4.1.3 Mean wet pellet mass 

Mean data for wet pellet mass gave a deeper understanding of the amount of material left in 

the pellet fraction followed by centrifugation. The mass of wet pellets was the highest in oat 

for the control at 21.80± 0.00 g. There was little difference between the 16.65± 0.49 g of the 

pellet mass applied at 0.20% and the 16.70± 0.71 g applied at 0.30%. At 0.40%, the value 

decreased to 15.60± 0.42 g, and at 0.60%, it reached 10.95± 0.64 g, the lowest value in the 

oat series. At 0.80%, the wet pellet mass was 11.40± 1.27 g, slightly higher than at 0.60% 

but still clearly lower than the values observed at the lower enzyme levels. Thus, oat showed 

a general reduction in pellet mass as the treatment became more effective. 

In chickpea, the control gave a wet pellet mass of 17.00± 0.28 g, while the lowest value was 

observed at 0.20%, with a mean wet pellet mass of 11.85± 0.21 g. At 0.30% and 0.40%, the 

values got higher to 16.10± 0.57 g and 16.20± 0.42 g, respectively. At 0.60%, the pellet 

mass reduced slightly to 15.50± 0.00 g, whereas at 0.80% it increased again to 16.95± 0.07 
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g, which was very close to the control. Unlike oat, chickpea therefore did not show a 

consistent reduction in pellet mass with increasing enzyme concentration. 

These results show that wet pellet mass was more informative in oat than in chickpea. In 

oat, lower pellet mass generally accompanied improved separation, whereas in chickpea, 

the highest liquid recovery and separation yield were not associated with a lower pellet 

mass. This suggests that in chickpea, the improvement in extraction was expressed more 

clearly by the recovery of the liquid phase than by the reduction of the wet solid fraction. 

4.1.4 Overall interpretation of separation performance 

When the three separation indicators were considered together, 0.80% α-amylase gave the 

best overall performance in both oat and chickpea. In fact, this conclusion was supported 

by the highest liquid recovery, the highest separation yield, and a low wet pellet mass. 

Although the wet pellet mass at 0.60% was slightly lower than at 0.80%, the liquid recovery 

and separation yield at 0.60% were substantially poorer, and therefore, 0.60% could not be 

considered the best overall treatment. While the wet pellet mass did not reduce in the same 

manner, 0.80% also yielded the highest separation yield and the highest liquid recovery in 

chickpea. In the case of chickpea, the better indicators of process performance were the 

liquid recovery and separation yield. 

Based on the process selection case, these results provide a clear indication of the amount 

of enzyme required for the next step in the work. The main purpose of the screening step 

was to get the best possible liquid fraction for the next functional evaluation and treatment. 

Thus, liquid recovery and separation yield were the most critical factors. Based on this, 

0.80% α-amylase was selected at each level for further processing of the oat and chickpea 

systems. 

 

4.2 Effect of α-amylase concentration on soluble protein extraction 

The soluble protein content of oat and chickpea extracts was calculated after α-amylase 

treatment to check how the enzyme concentration affected protein release into the liquid 

fraction. The comparison included the untreated controls and the selected enzyme levels of 
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0.20%, 0.30%, 0.40%, 0.60% and 0.80%. The results are presented in Table 5, and a similar 

trend can be illustrated in Figure 10. 

Table 5 Soluble protein content of oat and chickpea extracts at control and selected α-amylase concentrations. 

Treatment 
Oat soluble protein 

(g/100g) 

Chickpea soluble 

protein(g/100g) 

Control 3.5 4.4 

0.20% 0.9 4.6 

0.30% 1.4 4.9 

0.40% 1.9 4.3 

0.60% 1.1 4.2 

0.80% 2.9 4.3 

 

As shown in Table 5. Chickpea gave higher soluble protein values than oat at all tested 

treatment conditions, including the controls. In oat, the soluble protein content was 3.5 g/100 

g in the control (no liquid was obtained after extraction thus, the initial raw slurry was taken 

for protein test) 0.9, 1.4, 1.9, 1.1 and 2.9 g/100 g at 0.20%, 0.30%, 0.40%, 0.60% and 0.80% 

α-amylase, respectively. In chickpea, the corresponding values were 4.4 g/100 g in the 

control and 4.6, 4.9, 4.3, 4.2 and 4.3 g/100 g at the same enzyme levels. Here are two 

important points that these results show. In the first place, chickpea was more effective for 

the recovery of soluble protein than oat. Secondly, the soluble protein extraction in both 

matrices did not show a direct increase in α-amylase concentration. 

The overall soluble protein content of the untreated control was the highest as seen from the 

oat result, while the highest content of soluble protein was obtained in 0.80% enzyme treated 

oat sample. The oat values lessen between the treated levels, higher from 0.20% to 0.40% 

and again at 0.80%. This pattern suggests that the oat matrix was altered by α-amylase 

treatment, but not in a clearly dose-dependent manner, and that the effect of this enzyme 

was not direct since it mainly hydrolysed starch rather than protein and therefore had an 

indirect effect on the extraction of soluble protein.  

Process-wise, hydrolysis of starch may make the slurry less viscous, influence the release 

of entrapped elements, change the particle distribution during centrifugation, and alter the 
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availability of soluble components in the liquid fraction. So, the lower soluble protein 

contents of some enzyme-treated oat samples compared with the untreated ones were 

practical. This result does not suggest that the treatment did not work, but rather that the 

selected experimental conditions were not fully optimised for the recovery of soluble 

protein. (Zhu, 2017; Bhokarikar et al., 2024; Hu et al., 2025; Tester and Karkalas, 1996;). 

The chickpea results were different. The highest soluble protein value was obtained at 

0.30% α-amylase, at 4.9 g/100 g, followed by the control at 4.4 g/100 g, while 0.40%, 

0.60%, and 0.80% remained in a narrow range between 4.2 and 4.3 g/100 g. This shows that 

the higher concentration of α-amylase did not fully affect the extraction of chickpea protein, 

like oat. The finding of this is also understandable from the compositional viewpoint. 

Chickpea is a protein-rich legume matrix, and so high soluble protein values can be achieved 

even without a good starch hydrolysing treatment. In contrast, oat is a cereal matrix in which 

the structure related to starch is the major factor and therefore changes in slurry structure 

and extraction behaviour may be of greater importance than protein solubilisation to the 

release of soluble protein. Thus, when the enzyme concentration was even higher, the 

enzyme had mainly acted on the oat matrix by starch modification, and the protein extraction 

profile of the chickpea was already more promising (Tester and Karkalas, 1996; Zhu, 2017; 

Bhokarikar et al., 2024; Hu et al., 2025; Almeida et al., 2024). 

The use of the control is important for discussing the results. For oats, the control was higher 

than all treatments in terms of soluble protein content. In chickpea, the control was lower 

than 0.20% and 0.30%, but remained higher than 0.40%, 0.60% and 0.80%. This shows that 

protein extraction was not always higher with enzyme treatment compared to the untreated. 

The protein results should not be taken as a proof that “more enzyme is more protein”. 

Rather, the results here suggest that the α-amylase treatment altered the extraction system, 

but the effects were influenced by the plant matrix and by starch release on the separation 

of solids from liquids. This is also the reason for showing soluble protein values with liquid 

recovery, pellet reduction and later the functional tests. 
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Figure 10. Chart showing the effect of different enzyme levels on the x-axis vs protein extraction in oat and 

chickpea bases on the y-axis. 

The protein data suggest that, once moderate enzymatic hydrolysis had been achieved, 

further improvement was more likely to arise from ultrasound-assisted matrix disruption 

than from a continued increase in α-amylase concentration. This was especially evident in 

oat, where the effect of enzyme increase remained limited, and the untreated control still 

showed the highest soluble protein content. At low enzyme levels, chickpea already showed 

high soluble protein, thereby suggesting that increasing the enzyme levels will not be 

beneficial (Akintayo et al., 2025; Bhokarikar et al., 2024; Hu et al., 2025). 

Finally, the Lowry method may have limitations, as interacting chemicals in complex food 

matrices can affect the accuracy of protein analysis. The next work might thus include an 

alternative or additional protein-measuring method to increase the reliability of the analysis. 

As noted by Maehre et al. (2018), the reported protein concentration could change as a 

function of the analytical method applied, and errors may occur if the measurement is 

indirect or affected by other chemical compounds. Thus, Amino acid analysis is less affected 

by interfering chemicals and may offer a more accurate method for protein content analysis. 

 

4.3 Residual starch concentration of selected pellet samples 

The enzyme-level studies have been validated by the residual starch content in the selected 

pellet samples. The analysis was particularly important for oat, as α-amylase largely breaks 
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down the starch, although chickpea samples were also included for better comparison. This 

is consistent with previous studies that starch is an important structural component affecting 

the physicochemical stability of oat-based beverages, and enzymatic hydrolysis of starch 

can improve the beverage stability by changing the structure of starch and reducing the 

instability of ungelatinized or poorly hydrolysed starch (Zhan et al., 2025; Hu et al., 2025). 

 

 

Figure 11 Effect of enzymes on starch residue content in oat and chickpea samples. 

The residual starch in oat was higher than in chickpea at all enzyme levels tested (Figure 

11). In oats, the control showed the highest value, 25.2 g/100 g. After enzyme treatment, the 

residual starch content became less to 13.0 g/100 g at 0.20%, went up slightly to 14.2 g/100 

g at 0.30%, became greater further to 17.8 g/100 g at 0.40%, lowered again to 12.8 g/100 g 

at 0.60%, and then rose moderately to 15.8 g/100 g at 0.80%. In chickpea, the starch results 

were lower compared to oat. The residual starch in chickpea control was 11.0 g/100 g, which 

reduced to 8.0 g/100 g at 0.20% α-amylase. At 0.40% and 0.60% enzyme levels, the residual 

starch contents were 7.8 g/100 g and 8.7 g/100 g, respectively. This shows that α-amylase 

treatment decreased the starch content of the chickpea pellet compared with the control. The 

results for chickpeas with 0.30% and 0.80% enzyme were not plotted in the graph due to 

the low absorbance, which was not suitable for comparison.  

 

The results indicate that oat retained substantially more starch in the pellet fraction across 

the range of enzymes tested. This is expected because oats are a more starch-dominant cereal 
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matrix. The reduction in starch after enzyme treatment compared with the control confirms 

that α-amylase contributed to starch breakdown in both materials. However, the response 

was not linear. In oat, the lowest value was obtained at 0.60%, not at the highest enzyme 

level, the last factor affecting the final starch content in the pellet was starch gelatinisation, 

hydrolysis efficiency, matrix structure, liquid release and redistribution of solids during 

centrifugation (Tester and Karkalas, 1996; Zhu, 2017; Bhokarikar et al., 2024; Hu et al., 

2025) combined with enzyme concentration. Oat contains 50-60% of starch, so the staining 

method provides a more accurate measurement of amylose and, in general, gave some 

critical views for the values obtained during the experiments (Jokinen et al.,2023). 

This non-linear behaviour is theoretically reasonable. Akintayo and his colleagues found out 

in their studies on faba bean milk that starch reduction and sedimentation behaviour were 

strongly linked. In the beginning stage of enzymatic treatment, starch was reduced without 

necessarily increasing the time or intensity of the process, but the size of particles and 

physicochemical properties were strongly linked. Similarly, Bhokarikar et al. (2024 

highlighted that the enzymic process of oat milk not only affected the hydrolysis of starch 

but also the viscosity, particle size, zeta potential and heating stability of the product, 

indicating starch alteration in plant-based drinks is closely associated with changes in the 

structure. Hu et al. (2025 also discovered that it also affects droplet size and overall stability 

of oat milk, giving a broader effect on physicochemical properties rather than through starch 

reduction alone. 

The oat results are especially meaningful for beverage structure. Previous studies have 

shown that oat starch contributes strongly to viscosity, colloidal instability and sediment 

formation in oat milk, and that hydrolysis of oat starch can improve stability by reducing 

the size and structural impact of starch-related components (Zhan et al., 2025; Hu et al., 

2025). At the same time, oat beverage systems are complex, and the extent to which 

hydrolysed material remains in the pellet or transfers to the liquid phase depends on heating 

history, gelatinisation behaviour, enzyme accessibility and the degree of solid– liquid 

separation. This likely explains why the oat pellet starch values fluctuated between 12.8 and 

17.8 g/100 g across the treated samples, rather than decreasing steadily with increasing 

enzyme level. 
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Importantly, the starch findings support the later emulsion results and therefore strengthen 

the overall interpretation of the work. Analysis of the residual amount of starch should be 

done with caution, as it might have changed based on the conditions of processing and the 

limits of the starch-iodine test. Temperature and storage conditions may change starch 

structure and amylolysis behaviour (Edwards et al., 2021) and therefore the detection level 

of starch can change because of gelatinisation state, cooling history, enzyme access and 

matrix structure. Also, protein-rich plant matrices can affect α-amylase activity, as protein-

based peptides have been found to suppress it during starch digestion (Tan et al., 2022). 

The iodine test also responds largely to iodine-reactive starch chains, particularly amylose, 

and can give weaker or less expected results when starch is hydrolysed to shorter dextrins 

or sugars. Therefore, data are helpful to assess relative treatment trends, but future research 

needs to add enzymatic total starch tests, DNS reducing sugar assay or even HPLC for 

more successful analysis of the degradation of starch. 

In general, starch results were not used as the main factor for selecting treatment, but they 

were used as supportive data. Thus, proving that oat was more resistant to starch than 

chickpea after treatment and such that enzyme addition has a general reducing effect on 

residual starch as compared to control, and helped explain why there are material-

dependent differences seen later in the emulsion stability (Zhu, 2017; Bhokarikar et al., 

2024; Almeida et al., 2024). Combined with the liquid recovery, pellet mass, soluble 

protein extraction, and emulsion behaviour, the results indicate that the treatments selected 

resulted in two different but functionally capable, plant-based systems: one more starch-

structured oat, and the other more protein functionality-driven, chickpea system. 

 

 

4.4 Effect of ultrasound treatment time on extraction performance and soluble 

protein extraction at the selected 0.80% α-amylase level 

After selecting 0.80% α-amylase as the most suitable enzyme level from the previous 

enzyme screening stage, a second-stage experiment was carried out to evaluate the effect 

of ultrasound treatment time on oat and chickpea systems. In this stage, both raw materials 

were first treated with 0.80% α-amylase, after which ultrasound was applied at 37 kHz and 

70% power. Three treatment times were compared: 15 min (T1), 30 min (T2) and 45 min 
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(T3). A control sample for each material was also included for comparison. The main 

response variables used to evaluate the effect of ultrasound were mean liquid recovery, 

mean wet pellet mass, and mean soluble protein content. 

Table 6 Effect of ultrasound treatment time on oat and chickpea fractionation and soluble protein extraction at 

0.80% α-amylase. 

Material Treatment 
Ultrasound 

time (min) 

Liquid 

recovery 

(g), mean 

± SD 

Wet 

pellet 

mass 

(g), 

mean ± 

SD 

Soluble 

protein 

(g/100 g), 

mean ± 

SD 

Oat Control 0 
24.80 ± 

0.28 

20.60 ± 

0.28 
1.93 ± 1.20 

Oat T1 15 
29.15 ± 

0.21 

15.15 ± 

0.21 
2.66 ± 0.36 

Oat T2 30 
28.75 ± 

0.35 

15.10 ± 

0.85 
3.22 ± 0.78 

Oat T3 45 
30.10 ± 

0.28 

14.70 ± 

0.85 
3.12 ± 0.04 

Chickpea Control 0 
30.30 ± 

0.71 

15.60 ± 

0.28 
5.27 ± 0.47 

Chickpea T1 15 
31.50 ± 

0.28 

13.50 ± 

0.57 
5.37 ± 0.34 

Chickpea T2 30 
31.15 ± 

0.21 

14.80 ± 

0.00 
5.44 ± 0.04 

Chickpea T3 45 
31.55 ± 

0.21 

14.10 ± 

0.28 
6.52 ± 0.06 

 

Table 6 results showed that ultrasound treatment improved the overall extraction behaviour 

of both oat and chickpea after enzymatic treatment. In oat, the mean liquid recovery 

increases from 24.80± 0.28 g in the control to 29.15± 0.21 g at T1, 28.75 ± 0.35g at T2, and 

30.10± 0.28 g at T3. At the same time, the mean wet pellet mass lessens from 20.60 ± 0.28g 
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in the control to 15.15± 0.21 g, 15.10± 0.85 g and 14.70± 0.85 g, respectively. These changes 

indicate that the combined enzyme–ultrasound treatment enhanced the release of liquid-

phase material while reducing the amount of material remaining in the pellet fraction. The 

soluble protein results supported this trend. In oat, the soluble protein content got higher 

from 1.93 g/100 g in the control to 2.66 g/100 g at T1, 3.22 g/100 g at T2 and 3.12 g/100 g 

at T3. 

Although T2 gave the numerically highest soluble protein value in oat, T3 provided the 

highest liquid recovery, the lowest wet pellet mass, and a similarly high soluble protein 

content, with a very low standard deviation (SD = 0.04). For this reason, T3 was considered 

the most balanced treatment for oat when all response variables were considered together. 

This suggests that extending ultrasound time to 45 min improved overall process 

performance more effectively than stopping at 30 min.  

Chickpea showed a similar but clearer trend. The control had relatively high liquid recovery 

(30.30 ± 0.71 g) and soluble protein content (5.27 g/100 g), which is indicative of the more 

protein-rich nature of chickpea. However, ultrasound treatment still improved performance 

further. The mean liquid recovery rose slightly to 31.50± 0.28 g at T1, 31.15 g at T2 and 

31.55± 0.21 g at T3. The mean wet pellet mass lowered from 15.60± 0.28 g in the control 

to 13.50± 0.57 g at T1, 14.80± 0.00 g at T2 and 14.10± 0.28 g at T3. The strongest effect 

was observed in soluble protein extraction, which increased progressively from the control 

value of 5.27 g/100 g to 5.37 g/100 g at T1, 5.44 g/100 g at T2 and 6.52 g/100 g at T3. Thus, 

in chickpea, T3(45mins) clearly gave the most favourable overall result, especially in terms 

of soluble protein extraction. 

From a process point of view, these findings indicate that ultrasound contributed more 

strongly to performance improvement than further increasing enzyme concentration alone. 

Long-term ultrasonic treatments should be studied with more research to compare better 

treatment time and energy levels. Munir et al. (2019) showed that ultrasound can affect 

protein aggregation, protein degradation and enzyme function. The industrial application of 

ultrasound in plant-based beverages is limited by the scale-up, reactor design and probe 

durability (Rojas et al., 2022). Hybrid processing systems based on ultrasound might help 

to overcome some of these limiting factors. Kavindya et al. (2026) found that the hybrid 

ultrasonic systems promise higher extraction yields, less processing time and reduced 

solvent or energy use, but major issues, including scale-up, cavitation uniformity, cost of 
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equipment and process optimisation, remain of greater importance. Thus, future studies 

should investigate into possible ways for increasing the liquid fractions of oat and chickpea 

by combining ultrasound with enzymatic treatment, mild heating, electromagnetic or other 

assisted technologies, thus lowering energy consumption and increasing industrial 

feasibility. 

The cavitation produced during the ultrasound treatment may contribute to improved 

extraction by breaking weak particle associations and by facilitating solvent penetration and 

mass transfer of the extracted material from the plant matrix, thereby facilitating the release 

of entrapped soluble compounds (Vallath and Shanmugam, 2022). The effect is likely to 

have contributed to the dissolution of the structured slurry network that is left after 

enzymatic hydrolysis in oat, which is rich in starch and β-glucan. The increase in the amount 

of soluble proteins release from the legume matrix might be attributed to the effect of 

ultrasound treatment; this increase is more clearly visible in chickpea (T3(45mins)).  

Similar to oat-based systems, physio-chemical stability and particle-related instability have 

been reported to be improved through enzymatic treatment and related processing in plant-

based liquid systems (Hu et al., 2025). In addition, ultrasound-assisted processing also 

claims the increase of the release of the matrix components and matrix disruption in plant-

based beverage systems, resulting in increased extraction efficiency and functional quality 

(Sharma, 2023). 

 

Overall, the ultrasound experiment confirmed that after selecting 0.80% α-amylase, further 

process improvement could be achieved by modifying the ultrasound treatment time. 

Among the tested conditions, T3 (45 min) gave the best combined outcome for both 

materials. In oat, T3 gave the highest liquid recovery and the lowest pellet mass, while 

maintaining a high soluble protein level close to the oat maximum. In chickpea, T3 showed 

the highest liquid recovery and soluble protein content. Therefore, 0.80% α-amylase 

combined with ultrasound treatment at 37 kHz, 70% power for 45 min was selected as the 

final condition for the subsequent scale-up and emulsion stability experiments. 
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4.4.1 Effect of ultrasound treatment time at 37 kHz and 100% power 

After selecting 0.80% α-amylase as the enzyme level for further processing, the effect of 

ultrasound treatment time at 37 kHz and 100% power was also evaluated on oat and 

chickpea samples. Three treatment times were compared: 15 min (T1), 30 min (T2), and 45 

min (T3), along with untreated controls. The results are shown in Table 7. 

Table 7 Effect of US Treatment time at 37kHz and 100% power on oat and chickpea samples treated with 

0,8% of α-amylase. 

Material Treatment 

US 

time 

(min) 

Mean 

liquid 

Recovered SD 

(g) 

Mean 

wet 

pellet 

±SD 

Mean 

soluble 

protein ±SD 

(g/100 g) 

Oat Control no US 0.00±0.00 30.95±0.21 – 

Oat T1 15 22.20±0.07 9.85±0.35 3.62±0.16 

Oat T2 30 21.45±0.85 10.75±0.92 3.18±0.56 

Oat T3 45 20.10±0.35 11.45±0.78 5.21±0.16 

Chickpea Control no US 16.25±0.57 17.05±0.49 4.39±0.04 

Chickpea T1 15 16.20±0.92 16.90±0.85 5.15±0.59 

Chickpea T2 30 15.75±0.28 16.30±0.28 5.32±0.01 

Chickpea T3 45 15.25±0.28 17.70±0.28 5.43±0.23 

 

Maximum liquid recovery in oat was obtained at T1 where the mean recovered liquid was 

22.20± 0.07 g which was slightly higher at T2 to 21.45± 0.85 g and further to 20.10± 0.35 

g at T3. A similar trend was observed for wet pellet mass, with the lowest value at T1 (9.85± 

0.35 g), followed by T2 (10.75± 0.92 g) and T3 (11.45± 0.78 g). These results indicate that, 

in oat, the shortest ultrasound time was the most favourable for physical separation. 

However, the soluble protein content followed a different trend. The oat soluble protein 

decreased from 3.62 g/100 g at T1 to 3.18 g/100 g at T2, then increased to 5.21 g/100 g at 

T3. Thus, although T1 gave the best separation performance, T3 gave the highest protein 

extraction. 
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Overall, the pattern was similar in chickpea. The highest liquid recovery was again obtained 

at T1 (16.20± 0.92 g), followed by T2 (15.75± 0.28 g) and T3 (15.25± 0.28 g). The mass of 

the wet pellets was the lowest in T2 (16.30± 0.28 g) and the highest in T3 (17.70± 0.28 g), 

with T1 (16.90± 0.85 g) in between. While the soluble protein content was higher with 

treatment time, from 5.15 g/100 g at T1 to 5.32 g/100 g at T2 and 5.43 g/100 g at T3. As for 

oat, the best protein extraction was with the longest ultrasound time, although there was no 

improvement in liquid recovery. 

Overall, it can be concluded that there is a balance between the separation performance and 

the protein extraction at 100% ultrasound power. The shorter treatment time in both oat and 

chickpea resulted in the highest liquid recovery, with the longest treatment time resulting in 

the highest soluble protein content. These results indicate that, in addition to the release of 

soluble protein, extended ultrasound does not always lead to increased liquid-phase 

recovery. So, the most appropriate treatment condition is based on the primary process goal. 

The ultrasound condition (37 kHz, 70%- 406 W power, 45 min) applied after treatment with 

0.80% enzyme was chosen based on the evaluation of the liquid recovery, wet pellet mass, 

and soluble protein extraction stages. While some individual treatments resulted in slightly 

better values for a single response variable, the final selection was made by the best balance 

of the measured parameters and not based on the single value alone. 

The selected condition provided favourable separation behaviour together with high soluble 

protein recovery, making it the most suitable compromise for subsequent processing. This 

selection is also supported by earlier studies showing that ultrasound can enhance extraction 

and modify protein structure and functionality, while excessive sonication severity may 

cause undesirable structural changes or over-processing (Jin et al., 2020; Das et al., 2022). 

Therefore, the condition of 37 kHz, 70% power (406W), and 45 min was considered the 

most appropriate treatment for the next stage of the work and was subsequently used in the 

scale-up and emulsion stability experiments. 
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4.5 pH of selected oat and chickpea supernatant 

The pH of the selected oat and chickpea liquid samples was measured at 25 °C in triplicate 

to compare the acidity of the treated main samples with their corresponding controls. The 

measured values are presented in Table 8. 

Table 8 pH measurements of oat and chickpea samples with replicates 

Sample 
Replicate 

1 

Replicate 

2 

Replicate 

3 

Mean 

pH 

Chickpea 

sample 
6.4 6.4 6.4 6.4 

Oat 

sample 
6.3 6.4 6.4 6.4 

Chickpea 

control 
6.4 6.4 6.4 6.4 

Oat 

control 
6.4 6.4 6.4 6.4 

 

 

A pH of 6 is acceptable for plant-based drink systems, as the pH values of plant-based milk 

alternatives are reported to be near-neutral, depending on the composition of raw materials, 

formulation, and processing conditions (Daszkiewicz et al., 2024; He and Xu, 2023; Reyes-

Jurado et al., 2023). Unlike the case of bovine milk, plant-based milk alternatives are mostly 

water-extracted milk systems and include fewer naturally buffering ingredients when 

compared to milk, unless the milk is stabilised with salts or phosphate during formulation, 

which can make it more buffering (Daszkiewicz et al., 2024; Gupta et al.,2025). 

 

Thus, the similar pH values for the treated and untreated samples indicated that pH variation 

played a primary role in the subsequent differences in emulsion stability. But rather than 

they were more closely related to compositional and structural factors, including the 

presence of soluble solids, the behaviour of proteins, the viscosity, the structure of starch 

and the distribution of suspended particles in the liquid phase. However, pH measurement 

cannot provide the information on the buffering capacity or mineral interactions in the drink 
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system, because it does not provide information on buffer type, concentration and 

complexation of minerals. 

 

4.6 Emulsion stability of oat and chickpea extracts with rapeseed oil 

The emulsion stability of the selected oat extract was evaluated at three rapeseed oil levels, 

namely 2%, 5% and 10%, using the scale-up liquid obtained after the selected enzyme and 

ultrasound treatment. The emulsions were observed immediately after preparation and at 1 

h, 1 day, and 2 days of storage. In addition to the main sample, two replicates and a control 

sample were prepared to compare the visual stability of the oat emulsions under the tested 

conditions. 

 

 

 A1) oat treated samples(1day) B1) Controls(1day) 
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Figure 12 Visual stability of oat fraction emulsions prepared with 2%, 5% and 10% rapeseed oil after 1 and 2 

days of storage. Images include the main sample and the controls. 

Images A1 and A2 show the visual appearance of oat samples treated with 0.8% of alpha 

amylase and ultrasound within 1 and 2 days of sample preparation. Images B1 and B2 are 

oat controls at different oil levels during storage. 

Immediately after preparation and after 1 h, all oat emulsions appeared mostly 

homogeneous, milky in appearance and no severe macroscopic phase separation was 

observed. However, differences became clearer during storage. The 2% oil samples 

consistently showed the clearest top-layer separation, while the 5% oil samples showed 

less separation than 2%, and the 10% oil samples showed the most stable overall visual 

appearance among the tested oat levels. The same general pattern was observed for replicas 

1 and 2 of the primary sample confirming the repeatability of the observation.  

Separation of the top layer was observed in the oat emulsions after 1 day of storage, most 

clearly at the 2% oil level. The 5% oil emulsions were still unstable, but still less separation 

was seen than at 2%. The 10% oil emulsions remained the most uniform in structure and 

showed less visible separation than the three tested oil levels. The same pattern remained 

visible after 2 days. Although all oat emulsions showed minor instability over time, the 

10% oil level still gave the best overall appearance, followed by 5%, whereas 2% showed 

the weakest stability. Thus, the visual stability trend for oat was: 

10% > 5% >2% 

A2) oat-treated samples ( after 2 days) B2) Controls ( after 2 days) 
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This was confirmed by the oat control samples. The control emulsions were creamy in 

appearance at the time of preparation, but upper-layer separation was observed in these 

emulsions during storage. The visual stability of the treated oat samples was compared with 

the oat extract controls as they showed lower visual stability, showing the beneficial effect 

of the chosen enzyme and ultrasound treatment on the emulsion behaviour of the oat extract. 

This outcome is significant since the treatment was not just to enhance the liquid recovery 

rate, but also to affect the later functional properties of the recovered liquid phase. 

The observed behaviour can be explained in terms of the properties of oat systems that are 

already known. The emulsion stability of oat extracts could be due to the protein component 

as well as the viscosity and structure of the continuous phase, which may be affected by the 

presence of β-glucan, residual starch fragments and suspended fine particles. The higher oil 

level likely gave a more cohesive and creamy system, while the lower oil levels exhibited 

better separation of the top layers of the system during the storage period under the 

conditions chosen. Thus, of all the emulsions tested, 10% rapeseed oil was found to be the 

best level for the final oat system. 

4.6.1 Emulsion stability of chickpea extract at different rapeseed oil levels 

The stability of the emulsion at different levels of rapeseed oil was measured in chickpea 

extract. The emulsion stability of the extracted chickpea was also tested at 2%, 5% and 10% 

rapeseed oil to select the optimum level of oil in the chickpea system. The emulsions were 

checked after 1- and 2-days storage, like oat. A comparison consisted of main samples, 2 

sets of replicates and a control set. The emulsions of chickpea represented the visual 

appearance of them in Figure 14. 

At 1 h post-storage, all chickpea emulsions seem to be homogeneous, with an upper foamy 

or creamy layer already observed in some emulsions (Figure 14). During further storage, 

the differences between the oil levels became clearer. Overall visual stability and good 

structural uniformity were observed in 5% oil emulsions during storage. The 2% oil 

emulsions showed moderate behaviour and were more stable than the 10% emulsions but 

were also weaker than the 5% emulsions visually. The formation of the upper oil layer and 

phase separation were more pronounced during storage at the 10% oil level, where stability 
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was lowest. The same trend is observed in the main chickpea samples, replicates 1 and 2. 

The control chickpeas were clearly less stable than the treated chickpeas. Visually, 

instability was already seen after 1 hour, and with longer storage and visual appearance, 

there was an increase in the degree of phase separation which may affect consumer 

acceptance, as it led to yellow. The observations from the control results thus supports that 

the selected treatment resulted in better emulsion behaviour of chickpea extract. 

The stability trend observed for chickpea was: 

5%>2%>10% 

Thus, 5% rapeseed oil was selected to be the most suitable oil level for the chickpea-based 

system under the selected treatment conditions. The observed behaviour of chickpea 

emulsions may be explained by the stabilising components and the oil load. Chickpea is a 

more protein-rich matrix than oat, and its proteins may contribute to interfacial stabilisation. 

However, at the highest oil level, the amount of available stabilising material may no longer 

be sufficient to maintain a stable dispersed system, which could explain the weaker stability 

of the 10% chickpea emulsions. 

 

 

C1) chickpea treated sample (1day) D1) chickpea controls (1day) 
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C2) chickpea treated sample (after2days) D2) chickpea controls (after2 days) 

Figure 13 Visual stability of chickpea emulsions prepared with 2%, 5% and 10% rapeseed oil after 1 day and 

2 days of storage. 

Images include the main sample and the controls. The 5% oil level showed the best overall 

visual stability, whereas the 10% oil level showed the weakest stability. 

 

4.6.2 Comparative discussion of oat and chickpea emulsions 

The emulsion tests showed that the most suitable oil level differed between oat and 

chickpea. In oat, the best visual stability was obtained at 10% oil, whereas in chickpea, the 

best result was obtained at 5% oil. This indicates that the two plant matrices responded 

differently to the addition of oil, even though both had undergone the same general treatment 

route prior to emulsification. 

The overall stability and creaminess of the oat emulsions was more visually stable and could 

be related to the oat continuous phase structure. This can be due to components like β-

glucan, starch derived material and suspended solids, which can increase viscosity and thus 

decrease the visible separation. Zhang et al.2025 has showed that the hydrolysed oat starch 

with enzymes is effective in increasing the stability of oat milk. 
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In chickpea, the balance between the protein-based stabilization and added level of oil seems 

to be more important in selecting emulsion behaviour. The chickpea extract was found to 

have the most stable appearance in the intermediate oil level while the higher oil level gave 

greater instability. 

Considering all the emulsion results, it can be observed that extracts from both oat and 

chickpea gave functional oil levels for the selected treatment, with optimum oil levels 

changing with the raw material source. Under the tested conditions, the final chosen oil level 

was 10% for oat and 5% for chickpea. The table below summarises the ranking of different 

rapeseed oils used for oat and chickpea bases based on the best performance. 

Table 9 Summary of visual emulsion stability ranking of oat and chickpea extracts at different oil levels. 

Material 2% rapeseed oil 

5% 

rapeseed 

oil 

10% 

rapeseed 

oil 

The best 

level 

Oat 

weakest stability, 

clearest upper-layer 

separation 

intermediate 

stability 

best visual 

stability 
10% 

Chickpea intermediate stability 
best visual 

stability 

weakest 

stability, 

strongest 

separation 

5% 
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5 Limitations and Recommendations 

The study had come across some limitations that should be considered. The oat and chickpea 

flours were used without any prior compositional analysis of the specific batches. Natural 

variation in starch, protein, β-glucan, and moisture may have influenced the observed 

fractionation behaviour. The design of the process was also limited to a single α-amylase 

and two ultrasound settings of 37 kHz for 70% and 100% intensity, which limited a broader 

understanding of how other enzymes or ultrasound parameters could affect liquid recovery 

and protein extraction. Moreover, soluble protein was measured using the Lowry-based 

Folin assay, which does not separate protein fractions or fully show protein denaturation. 

The emulsion study was primarily based on visual stability over two days and did not 

include measurements such as droplet size, creaming index, or zeta potential. A practical 

limitation was observed during scale-up, where oat required additional muslin cloth 

filtration to recover enough liquid, pointing out that the selected laboratory-scale conditions 

may not directly gives larger volumes. Finally, anti-nutritional factors in chickpea were not 

tested, so the changes in nutritional composition while processing were not fully 

characterised. 

Future work should focus on improving both process understanding and product featuring. 

Raw materials should be standardised and analysed before experiments to improve the 

reliability. The enzyme tests should be expanded to include β-glucanase, protease and 

cellulase, alone or in combination with α-amylase, and ultrasound optimisation should 

include additional frequencies, intensities or even different pulse levels. More ideas for 

improving protein quality analysis could include SDS-PAGE or similar structural methods, 

which would help clarify how processing conditions affect functional protein integrity. The 

separation bottleneck with oats during scale-up can be solved by options like modified 

centrifugation protocols, membrane filters, or β-glucanase-assisted pre-treatment, which 

could be explored to move past the hurdle. 

Looking ahead, emulsion studies would benefit from more stability measurements, extended 

storage trials, and side-by-side comparisons using standardised formulations. Beyond that, 

bringing in sensory evaluation, in vitro digestibility testing, and either a techno-economic 

or life-cycle assessment helps connect what was found at the process level to the bigger 
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questions of whether this could work at an industrial scale and whether consumers would 

accept it. 

 

6 Conclusion 

This study evaluated the extraction of oat and chickpea as plant-based drink base materials, 

with particular attention to the effects of α-amylase concentration and ultrasound-assisted 

processing on separation efficiency, soluble protein recovery, and final emulsion behaviour. 

The enzyme screening results for both materials, 0.80% α-amylase with activity of 240U/g, 

had the best overall separation performance, in terms of liquid recovery. This effect was 

more notable in oats, showing a higher response of the starch- and β-glucan-rich matrix to 

enzymatic hydrolysis. Further improvement in extraction was observed when treatment was 

run with ultrasound at 37 kHz and 70% intensity (406W), and 45 min treatment was shown 

as the most suitable condition, as it repeatedly gave the maximum liquid recovery and the 

lowest wet pellet mass in both oat and chickpea. The result also showed that the pH values 

were close to neutral, suggesting that the treatment effects were mainly structural rather than 

pH based. 

The scale-up and final emulsion results show that the two materials behaved differently in 

functional beverage applications. Chickpea produced sufficient liquid by centrifugation 

under the selected conditions, but oat required additional filtration, showing that oat still 

presented separation challenges at a larger scale. In the emulsion test, oat showed the best 

visual stability at 10% rapeseed oil, while chickpea was best at 5% oil, indicating different 

stabilisation mechanisms in the two matrices. Thus, the results confirmed that the two plant 

matrices responded to processing through different mechanisms — starch hydrolysis and 

viscosity control were the main factors in oat, while protein solubility and inter facial 

functionality presented chickpea behaviour. These findings show that the combination of 

target α-amylase treatment and ultrasound-assisted processing is a useful approach for 

improving plant-based drink fractions, but the formula for optimisation and analysis of each 

process depends on their composition. 
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Appendix 1 Raw replicate data for Table 4: Effect of α-amylase concentration on liquid recovery, separation yield and wet pellet mass of oat 

and chickpea samples. 

Material 

Enzyme level 

(%) Liquid recovered R1 (g) Liquid recovered R2 (g) 

Mean liquid recovered 

(g) SD 

Oat control 0 -1.3 -2.5 0 0 

Oat 0.2 0.4 -0.7 0 0 

Oat 0.3 17.1 15.7 16.4 0.99 

Oat 0.4 15.9 15.7 15.8 0.14 

Oat 0.6 10 10.3 10.15 0.21 

Oat 0.8 25.2 26.3 25.75 0.78 

Chickpea control 0 4 4.8 4.4 0.57 

Chickpea 0.2 5.9 7 6.45 0.78 

Chickpea 0.3 17.7 17.9 17.8 0.14 



2 

 

Chickpea 0.4 17.6 18.5 18.05 0.64 

Chickpea 0.6 4.5 5.5 5 0.71 

Chickpea 0.8 22.1 21.9 22 0.14 

Material 

Enzyme 

level (%) 

Separation yield 

(%) Wet pellet R1 (g) Wet pellet R2 (g) Mean wet pellet mass (g) SD 

Oat control 0 0 21.8 21.8 21.8 0 

Oat 0.2 0 16.3 17 16.65 0.49 

Oat 0.3 45.56 16.2 17.2 16.7 0.71 

Oat 0.4 43.89 15.9 15.3 15.6 0.42 

Oat 0.6 28.19 11.4 10.5 10.95 0.64 

Oat 0.8 71.53 12.3 10.5 11.4 1.27 

Chickpea 

control 0 12.22 16.8 17.2 17 0.28 

Chickpea 0.2 17.92 12 11.7 11.85 0.21 

Chickpea 0.3 49.44 15.7 16.5 16.1 0.57 

Chickpea 0.4 50.14 16.5 15.9 16.2 0.42 

Chickpea 0.6 13.89 15.5 15.5 15.5 0 

Chickpea 0.8 61.11 16.9 17 16.95 0.07 
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Appendix 2 Raw replicate data for Table 6: Effect of ultrasound treatment time 37kHz for 70% on oat and chickpea fractionation and soluble 

protein extraction after treatment with 0.80% α-amylase. 

Materia

l 

Treat

ment 

Enzy

me 

(%) 

Liquid 

recover

y R1(g) 

Liquid 

R2(g) 

Mean 

L-

recover

y (g) 

SD WPM 

(R1-g) 

WPM (R2-g) Mean WPM 

(g) 

SD 

Oat Contro

l 

0.8 24.6 25 24.8 0.28 20.8 20.4 20.6 0.28 

Oat T1 0.8 29 29.3 29.15 0.21 15.3 15 15.15 0.21 

Oat T2 0.8 28.5 29 28.75 0.35 15.7 14.5 15.1 0.85 

Oat T3 0.8 30.3 29.9 30.1 0.28 15.3 14.1 14.7 0.85 

Chickpe

a 

Contro

l 

0.8 29.8 30.8 30.3 0.71 15.8 15.4 15.6 0.28 

Chickpe

a 

T1 0.8 31.7 31.3 31.5 0.28 13.9 13.1 13.5 0.57 
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Chickpe

a 

T2 0.8 31.3 31 31.15 0.21 14.8 14.8 14.8 0 

Chickpe

a 

T3 0.8 31.4 31.7 31.55 0.21 13.9 14.3 14.1 0.28 

Material Treatment Enzyme (%) Soluble protein 

R1(g/100g) 

Soluble protein 

R1(g/100g) 

Mean soluble 

protein  

SD 

Oat Control 0.8 1.08 2.78 1.93 1.2 

Oat T1 0.8 2.41 2.91 2.66 0.36 

Oat T2 0.8 2.67 3.77 3.22 0.78 

Oat T3 0.8 3.09 3.15 3.12 0.04 

Chickpea Control 0.8 4.94 5.6 5.27 0.47 

Chickpea T1 0.8 5.13 5.61 5.37 0.34 

Chickpea T2 0.8 5.41 5.47 5.44 0.04 

Chickpea T3 0.8 6.48 6.56 6.52 0.06 
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Appendix 3 Raw replicate data for Table 7: Effect of ultrasound treatment time at 37 kHz and 100% power on oat and chickpea samples treated 

with 0.80% α-amylase 

Material Treatment US time 

(min) 

Liquid 

R1 (g) 

Liquid 

R2 (g) 

Liquid mean 

± SD (g) 

Wet pellet 

R1 (g) 

Wet pellet R2 

(g) 

Wet pellet mean 

± SD (g) 

Oat Control 0 0 0 0.00 ± 0.00 30.8 31.1 30.95 ± 0.21 

Oat T1 15 22.15 22.25 22.20 ± 0.07 10.1 9.6 9.85 ± 0.35 

Oat T2 30 20.85 22.05 21.45 ± 0.85 11.4 10.1 10.75 ± 0.92 

Oat T3 45 19.85 20.35 20.10 ± 0.35 12 10.9 11.45 ± 0.78 

Chickpea Control 0 16.65 15.85 16.25 ± 0.57 16.7 17.4 17.05 ± 0.49 

Chickpea T1 15 15.55 16.85 16.20 ± 0.92 17.5 16.3 16.90 ± 0.85 

Chickpea T2 30 15.95 15.55 15.75 ± 0.28 16.5 16.1 16.30 ± 0.28 

         

Chickpea T3 45 15.05 15.45 15.25 ± 0.28 17.5 17.9 17.70 ± 0.28 

Material Treatment US time (min) Protein R1 (g/100 

g) 

ProteinR2 (g/100 g) Protein mean ± SD 

(g/100 g) 

Oat Control 0 — — — 

Oat T1 15 3.51 3.73 3.62 ± 0.16 

Oat T2 30 2.78 3.57 3.18 ± 0.56 

Oat T3 45 5.1 5.32 5.21 ± 0.16 

Chickpea Control 0 4.42 4.36 4.39 ± 0.04 
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Chickpea T1 15 5.57 4.73 5.15 ± 0.59 

Chickpea T2 30 5.33 5.31 5.32 ± 0.01 

Chickpea T3 45 5.59 5.26 5.43 ± 0.23 
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