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Abstract 

This study uses a combination of empirical observations and an analysis of mass 

transfer behaviour to yield new insights into the mechanism of microwave assisted 

extraction. Enhancements in extraction rate and yield were observed experimentally 

compared with conventional extraction at temperatures in excess of 50°C, however at 

lower temperatures there was no observable difference between the two processes. A 

step-change in extract yield between microwave and conventional processes was shown 

to be caused by selective heating. A temperature gradient of the order of 1
o
C is 

sufficient to reduce the water chemical potential within the cell structure, which changes 

the osmotic potential such that internal cell pressures can increase to the point where 

disruption occurs. This paper demonstrates the need to operate microwave extraction 

processes at a temperature that enables selective heating, and a newly-proposed mass 

transfer phenomenon that could have wider positive implications for extraction and 

leaching processes. 
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1. Introduction 

There is an increasing interest in the use of extraction processes to produce natural 

compounds from plant materials as a sustainable alternative to direct chemical 

synthesis. Extraction is carried out using a wide range of solvents and processing 

methods, and a significant number of studies have focussed on the use of microwave 

assisted extraction (MAE) instead of conventional hydrothermal processes. 

Improvements in the rate of extraction and quality of the extract have been reported for 

applications in gas and oil, food and medicine and perfume and flavour industries when 

microwave heating was used [1,2]. Microwave heating has also been shown to lead to 

wider process engineering benefits when carried out at scale, such as a reduction in 

equipment size and simplification of processing steps when compared to conventional 

methods, which results in further economic benefits [3]. It is widely accepted that the 

selective heating and resulting differences in the heat and mass transfer gradient, 

coupled with thermally induced structural damage of the matrix, play a role in the 

enhanced yield and reaction rates that MAE facilitates [1]. Cell-rupture is widely 

thought to occur when microwave heating is used [4-6], however there has been limited 

consideration of how cell rupture can be induced when microwaves are applied, or that 

the extraction mechanism may vary depending on the material treated and the nature 

and location of the extract with the plant matrix. MAE can be used to extract lipids, 

polysaccharides, polyphenolics, protein and essential oils [1]. This paper considers the 

overall extraction yield from okra pods using neutral aqueous extraction.  Okra pod 
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hydrocolloid has been extracted using MAE at a yield of 14 %, but extensive 

pretreatment (conventional heating, air drying, grinding and refluxing in 80 % ethanol 

for 5 hours) was carried out and results were not compared with yields from 

conventional solvent extraction [7]. The main component of okra extracts are 

polysaccharides [8]. MAE of polysaccharides such as pectin is of particular interest due 

to the inherent difficulty in extraction leading to the requirement for conventional 

extraction techniques to use extremes in pH, and high temperatures and pressures. 

Numerous workers have investigated the use of MAE to extract polysaccharides from 

plant materials.  The yield of pectins from orange peel using MAE is reported to be up 

to 250% higher compared with that of conventional solvent extraction [9]. Several 

papers cite vapour formation in the capillary-porous structure resulting in large pressure 

build-up and swelling of the cells as the primary reason for the increase in extraction 

yield [9-13], and scanning Electron Microscope images are often used to support this 

theory. However, it is often difficult on close examination to see any definite difference 

in the images obtained from microwave and conventionally treated samples. Fishman et 

al. [14] carried out microwave extraction of lime flavedo, albedo and pulp under 

pressure (up to 50 psi) and concluded that MAE occurs via conventional acid extraction, 

albeit accelerated by the unique heating profiles induced by microwave heating.   

There have been extensive studies on the chemical potential and mass transfer of 

solvent/solute systems across membrane and cell structures [15-17], however this 

approach has not previously been used to consider the temperature gradients that can 

exist when microwave heating is used. Dielectric properties, which quantify the 

interaction between microwave energy and process materials, are rarely measured yet 

are essential to understand the heating behaviour and thermal gradients that can exist 
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within the system [18]. To date, there has been no attempt to determine quantitatively 

how microwave heating can lead to enhanced cell rupture, and this paper makes a 

significant contribution to the field by addressing this question. 

The aim of this study is to investigate and understand the extraction mechanisms by 

comparing microwave and conventional extraction methods, analysing the empirical 

observations against the dielectric properties of the system components, and 

understanding the fundamental mass transfer properties of the system by analysing the 

effect of thermal gradients on chemical potential. 

 

2. Material and methods 

2.1 Materials  

Okra, sourced from UK food importers, was used as a model feedstock for this study, 

and the yield of extractable compounds was used as an indicator of process performance 

and for comparison between microwave and conventional extraction methods. Before 

processing the okra was washed with deionised water, the upper crown head and the 

seeds were removed and the pods sliced into uniform sizes. 

  

2.2 Extraction 

Sliced okra and deionised water were loaded into a Pyrex extraction cell and sealed with 

a plastic lid. The cell was placed within a Miniflow 200SS (Sairem, France) microwave 

heating system operating at 2450 MHz. A temperature probe was inserted into the flask 

to monitor the bulk temperature of the solvent (water). Note that it was not possible to 

measure the temperature of the okra during treatment. The power applied to the system 

was varied to achieve a desired temperature set-point. 
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After the predetermined extraction time the flasks were kept aside at room 

temperature for 1 hour for cooling and complete release of the extractable solutes into 

water [19]. Aqueous extract was recovered from the processed mixture by 

centrifugation at 4000 rpm for 30 minutes. A sample of aqueous extract was dried at 

105˚C until a constant solid mass was attained, and extract yield on dry basis (DB) was 

calculated based on the solid extract mass relative to the dry mass of feedstock. A 

sample of the feedstock was dried at 105˚C until a constant mass was obtained to 

calculate the moisture content in the fresh okra, which was 90.93%. Conventional 

hydrothermal extraction of aqueous extract from sliced okra conducted in a water bath 

shaker was reported in a previous study [8] and the extraction data was used for 

comparison with the MAE results. 

                                            

2.3 Dielectric property measurement  

A resonant cavity perturbation method was used to measure the dielectric properties of 

okra from 20 to 100
o
C. It consists of a cylindrical copper cavity connected to a vector 

network analyser, which measures the frequency shift and change in quality factor 

relative to the empty resonating cavity when a sample is introduced. Samples were 

loaded into a quartz tube, and held in a furnace above the cavity until the temperature 

set-point was reached. The tube was then moved into the cavity, and the properties 

determined at 2470 MHz, which is within 20 MHz of the microwave heating equipment 

used in this study. The dielectric properties of deionised water were measured using an 

Agilent 8753 ES Vector Network Analyser and Coaxial Probe. 

 

3. Results and Discussion 
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3.1 Extraction time 

The effect of processing time on the yield and quality of the extract was studied at 

70°C for microwave and conventional extraction. Conventional extraction was carried 

out for up to 5 hours, whereas microwave extraction was studied for up to 25 minutes. 

The effect of time on extract yield is shown in Figure 1.  

The yield obtained during conventional extraction peaks at 18% after 120 minutes, 

and declines to 13% after 5 hours of processing. Microwave extraction exhibits a much 

higher yield than conventional, peaking at 48% after just 10 minutes. The decline in 

yield is thought to be due to degradation of the extracted compounds when they are 

sustained in the processing environment at 70°C [20,21]. The key observation from 

Figure 1 is that both the peak yield and extraction kinetics are significantly higher for 

microwave heating, and indicates that a fundamentally different extraction mechanism 

takes place as a result. Further insight was sought by studying the effect of temperature, 

whilst maintaining the processing time consistent with the peak values identified in 

Figure 1. 

 

3.2 Extraction temperature 

The effect of temperature on extract yield was studied with microwave and 

conventional heating from 25-90°C, with the results shown in Figure 2.  

The yield obtained from microwave and conventional heating show markedly 

different trends with temperature. At 40°C and below, the yield is comparable or 

slightly higher with conventional extraction. Above 50°C the yield obtained with 

microwave extraction is significantly higher, rising to 53% at 90°C compared with just 

15% with conventional heating. Conventional extraction shows a decline in yield at 
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temperatures above 50°C, which is consistent with Figure 1 and the degradation of 

extracted compounds, whereas the yield from microwave heating continuous to increase 

with increasing temperature. There is a defined transition at 50°C, at which the yield is 

comparable between the two techniques. 

 Figure 2 shows that the increase in yield observed in Figure 1 occurs throughout the 

60-90°C temperature range, but is not apparent at temperatures below 50°C. The 

inference from both Figure 1 and Figure 2 is that a different mechanism occurs with 

microwave extraction at temperatures above 50°C, but the mechanisms appear to be 

similar at lower temperatures. The reasons for this behaviour can be understood by 

studying the dielectric properties of okra and water across this temperature range. 

 

3.3 Dielectric Properties 

When a component is selectively heated, it gets hotter than other components in a 

heterogeneous system. Dielectric properties quantify the interaction between microwave 

energy and process materials, and can be used to identify and understand selective 

heating within heterogeneous mixtures. The loss tangent (tan) is the ratio of the 

dielectric loss factor (") to dielectric constant ('), and defines the relative ability of a 

substance to be heated at a particular frequency. Substances with high tan values will 

heat more than those with low tan values, and thus tan can be used to identify 

whether selective heating will occur within a given system. Figure 3 shows the variation 

of loss tangent with temperature for okra and the deionised water used in this study.  

The dielectric property data shows the same transition at around 40-50°C that was 

observed in Figure 1. Below 45°C water has a higher tan value than okra. In this case 

water will be heated selectively during microwave heating. Above 45°C the tan of okra 
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is higher than water, which implies that okra will be heated preferentially over water 

within this temperature range.  

The findings from Figure 3 suggest that at temperatures below 45°C the microwave 

extraction process will behave in the same manner as a conventional extraction process, 

the only difference being the technique used to heat the water. For conventional and 

microwave processes below 45°C the okra will be heated primarily due to heat transfer 

from the surrounding water, with little direct heating of the okra taking place due to 

interactions with the electric field component of the microwave. On this basis it would 

be expected that the extraction mechanisms would be the same, and this is supported by 

the data shown in Figure 2 at temperatures below 50°C. Above 45°C the okra will be 

heated selectively, meaning that it will be at a higher temperature than the surrounding 

water and heat transfer taking place in the opposite direction than the case below 45°C. 

It is highly likely that the enhancements in yield with microwave heating at 50°C and 

above are due to selective heating, and that a different extraction mechanism 

subsequently occurs due to this phenomenon. 

 

4. Extraction mechanism due to selective heating 

Several previous studies have observed enhancements in the rate and yield of 

extraction processes when microwave heating was used [2,9,20,22]. Several authors [9-

13,23] have suggested a physical mechanism to explain the observed cellular disruption 

using microwave heating. They proposed that steam was created within the cellular 

structures, which increased the pressure within the cell and consequently led to cell 

swelling and rupture. Microscopy images are often used to qualitatively support this 

theory [2,9,24,25]; however, it is difficult on close examination to see any definite 
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difference between the images obtained from microwave and conventionally treated 

samples. To date, there has been no attempt to determine quantitatively how microwave 

heating can lead to enhanced cell rupture. It is possible to estimate the pressures 

required to cause cell rupture, and consequently the temperatures needed to raise steam 

at this pressure. From a theoretical standpoint it is known that the elastic modulus of 

epidermal cells can be as high as 240 bar [26]. The yield stress, i.e. the pressure at 

which cell rupture occurs, can be estimated as the point at which 30% strain 

deformation of the cell wall occurs due to the increase in pressure [27]. For epidermal 

cells this equates to a pressure of around 70 bar for cell rupture to occur. If physical 

disruption was to occur then the vapour pressure of water within the cell would need to 

approach 70 bar, which would require an internal cell temperature of 286°C [28]. A 

similar analysis applied to subsidiary and mesophyll cells gives temperatures of 275°C 

and 145°C respectively. It is highly unlikely that these temperatures could be achieved 

by selective heating, as heat transfer from the cell to the surrounding solvent would 

limit the temperature that could be achieved.  

The analysis of physical cell disruption suggests that cell rupture due to vapour 

pressure elevation is highly unlikely to occur given the large temperature difference 

needed. An alternative mechanism must therefore exist, which will result in pressures 

high enough to cause cell disruption but at much lower temperatures. 

 

4.1 Mass transfer characteristics during selective heating 

Mass transfer occurs due to a difference in chemical potential (), and in the case of 

extraction processes both the solvent (water) and solutes can move across cell-wall 

boundaries. Osmosis and Osmotic Potential describe this phenomenon under 
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conventional conditions where temperatures are equal between the plant cell and 

surrounding water, however the thermodynamic basis of osmosis is not valid when a 

temperature gradient exists, as is the case during selective heating. In this case chemical 

potential, from which osmotic pressure calculations are derived, is the fundamental 

parameter that governs water and solute equilibria as it can be applied for variable 

pressure, temperature and water activity (i.e. composition). There are numerous studies 

that present mass transfer models for pressure-driven transport through cellular 

structures using chemical potential as a basis [15-17], however the effect of a 

temperature gradient on mass transfer has not been reported. 

When selective heating takes place the plant material is hotter than the surrounding 

solvent phase. In this case the water and solute within the plant structure are at a higher 

temperature than the water and solute in the solvent phase. Chemical potential decreases 

with increasing temperature [29], so a temperature difference between the plant material 

and surrounding water will impact on the chemical potential gradient and hence water 

and solute transfer. A qualitative illustration of this principle is shown in Figure 4.  

In case (a) the temperature is constant between the plant material and surrounding 

solvent. A chemical potential gradient exists for the solute due to a difference in 

concentration between the cell and solvent phase, which leads to diffusion of the solute 

into the solvent as observed in conventional extraction processes. The chemical 

potential for water is equal between the cell and solvent phases as a result of an 

increased pressure within the cell due to osmosis. The cell pressure is caused by 

transport of water into and out of the cell structure to balance the chemical potential 

between each phase. If case (a) in Figure 4 proceeds to equilibrium then the solute 
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chemical potentials will also be equal in each phase, as the solute concentration in the 

solute will increase s.  

In case (b) the cell is heated selectively during microwave processing, which causes 

the chemical potential of both water and solute to decrease within the cell. A chemical 

potential gradient exists for water between the cell and surrounding solvent, which 

causes more water to diffuse into the cell. As water transfers into the cell the pressure 

within the cell increases, which acts to increase the chemical potential within the cell. 

The solute chemical potential in the cell also decreases due to the increase in 

temperature, leading to a smaller chemical potential gradient than the constant 

temperature case.  

Case (c) shows the result of the selective microwave heating process proceeding until 

equilibrium is reached. A higher pressure is required within the cell to increase the cell-

side chemical potential of water such that it equals that in the solvent phase.  

Figure 4 shows how selective heating can influence solute and water transport during 

an extraction process. The implications are that selective heating results in a lower 

driving force for solute mass transfer, which is contrary to the experimental findings in 

Figure 2. However, selective heating also influences water transport, and it is this 

phenomenon that leads to a difference in cell pressures compared to conventional 

extraction processes. If the cell pressure is high enough then cell rupture/disruption 

could be induced under selective heating conditions, which would decrease the 

resistance to mass transfer and therefore explain the observations in Figure 2. The 

magnitude of the equilibrium pressure in case (c) can be estimated by developing a 

quantitative analysis of the mass transfer process, and can subsequently be compared to 
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known pressure limitations within plant cells to identify the likelihood of cell 

rupture/disruption due to selective heating.  

 

4.3 Quantitative model for equilibrium pressure 

 

Equilibrium exists when the chemical potential of water within a cell ( wc̂ ) equals 

that of water outside the cell ( ws̂ ): 

wswc  ˆˆ           [Eq. 1] 

The ^ notation denotes that water is within a mixture, i.e. solutes are present. 

Subscript c relates to the cell, and subscript s relates to the surrounding solvent. The 

chemical potential of water within a generic mixture is related to pressure and 

composition according to Equation 2: 
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0

w  is the chemical potential of pure water at temperature T and a standard pressure 

(usually taken as 1 bar), wf̂ is the fugacity of water within the mixture at T, fw is the 

fugacity of pure water at T, aw the water activity at T and 
0

wf is the fugacity of pure 

water at T and the standard pressure. If the water outside the cell is assumed to be solute 

free then aws = 1, and combining Equations 1 and 2 yields: 
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The fugacity of liquid water at temperature T is related to pressure according to 

Equation 4: 
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ff        [Eq. 4] 

*

wf  is the fugacity of water at saturation, vw the molar volume of water at T and 
*

wp  

the saturated vapour pressure at T. Combining Equations 3 and 4 gives: 

  wcwscwcws aRTvPP ln00        [Eq. 5] 

Where Pc is the pressure within the cell and Ps the external pressure within the 

solvent. When the temperature is constant between cell and solvent and an ideal mixture 

exists then 
00

wcws    and awc = xwc, and Equation 5 reverts to the classical definition 

for osmotic pressure. However, when selective heating takes place the assumption of 

constant temperature cannot be made, so a different approach is required. In this case 

there are two temperature values, Tc and Ts, and 
0

ws and 
0

wc  will have different values 

based on the temperature of the solvent and cell respectively. If the change in chemical 

potential with temperature for pure water is quantified then Equation 5 can be adapted 

to estimate the equilibrium pressure within the cell for a variable temperature case, 

provided that awc is known or can be estimated: 
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At the standard pressure of 1 bar 
*0

ww ff   as water is liquid under these conditions. 

Fugacities at saturation can be approximated to the saturated vapour pressure, which 

gives the final result shown by Equation 6: 
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Equation 6 can be solved for Pc for fixed values of Ts and Tc based on widely 

available thermodynamic data for vw and p*. The change in chemical potential with 

temperature can be related according to Equation 7 [30]: 

T           [Eq. 7] 

 is a temperature coefficient, which is numerically equivalent to –s, where s is the 

entropy over the temperature range. For liquid water the standard state entropy is 80 

J/mol.K at 70
o
C [31,32]. 

0

ws  can be calculated from the bulk water temperature and 

0

wc  based on an assumed cell temperature. When Ts = Tc then 
0

ws =
0

wc  and Equation 

6 reverts to the standard expression for osmotic pressure.  

Ts was chosen to be 70°C, consistent with the data shown in Figure 1 and Figure 2. A 

range of water activities were chosen such that the equilibrium cell pressure at constant 

temperature gave values within the range of known osmotic/Turgor pressures for plant 

materials. The lowest value for awc was chosen to be 0.96, which corresponds to an 

osmotic pressure of 64 bar. The equilibrium pressure as a function of temperature 

difference between cell and solvent for a range of cell water activity is shown in Figure 

5. 

The predicted equilibrium pressure within the plant material varies linearly with the 

temperature difference between the cell and surrounding water. The y-intercepts shown 

in Figure 5 represent the osmotic pressure (absolute) at 70°C for the range of water 

activities investigated. A solute free system (awc = 1) has an osmotic pressure of 1 bar, 

by definition, but shows that an equilibrium pressure of around 45 bar would be 

achieved if the plant material was 1°C hotter than the surrounding water. When solutes 

are present within the plant system then the equilibrium pressures are higher still. When 

awc = 0.96, a solute concentration equivalent to an osmotic pressure of 64 bar, the 
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equilibrium pressure exceeds 100 bar with a temperature difference of just 0.8
o
C. Whilst 

water activity within the cell is not known for the okra/water system used in this study, 

it is apparent from Figure 5 that a temperature difference of a few degrees will be 

sufficient to induce an equilibrium pressure that will exceed the yield stress of most 

cellular structures, irrespective of the water activity within the plant material [27]. When 

the yield stress is reached then cell disruption is likely to occur, which reduces the 

resistance to solute mass transfer and results in a step-change in the extraction kinetics.  

 

The theoretical predictions shown in Figure 5 imply that cell disruption due to 

increased water uptake is the most likely mechanism that takes place during MAE when 

selective heating occurs, and it is this mechanism that accounts for the difference 

between microwave and conventional heating. With conventional heating the plant 

structures and solvent are at the same temperature, so there is no net chemical potential 

gradient for water transport. When microwave heating is used at temperatures below 

50°C there is no selective heating of the okra, hence no chemical potential gradient for 

water and the process behaves in the same manner as conventional hydrothermal 

extraction. Above 50°C the okra heats selectively due to its tan value being higher than 

water, and under these conditions the okra is at a higher temperature than the 

surrounding water. A temperature difference of the order of 1°C is sufficient to induce 

an equilibrium pressure of around 100 bar within the cell structures, which will exceed 

the yield stress and lead to disruption of the cell structures. The previously-proposed 

physical disruption mechanism based on vapour pressure requires a temperature 

difference between cell and solvent of the order of 100
o
C before pressures are sufficient 

to overcome the yield stress of the cell. It is therefore more likely that cell disruption 
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occurs due to a change in water chemical potential, which subsequently results in the 

yield stress being exceeded when the temperature difference is of the order of 1
o
C.  

 

The implications of this newly-proposed mechanism could be far-reaching in the 

field of microwave-assisted extraction, and other mass-transfer limited processes. 

Whilst the exact extraction mechanism is yet to be fully-proven and is likely to be 

dependent on the nature and location of the target extract, this study has categorically 

shown that significant enhancements in yield and extraction rate can be achieved 

provided that selective heating occurs. Measurement of the dielectric properties of the 

system components across the process temperature range is essential in order to develop 

this understanding. The cell disruption mechanism based on chemical potential is likely 

to apply for a wide-range of systems that use other solvents for extraction and/or 

reaction purposes where mass-transfer is the rate-determining step, and consequently 

this work could lead to an enhanced understanding and improvement in process 

performance where MAE is utilised. 

 

Conclusions 

This study shows, for the first time, that enhancements in extraction rate and yield can 

be achieved when the loss tangent of the feedstock is higher than the solvent. A step-

change in yield of extracted compounds occurs during selective microwave heating, 

which is due to a decrease in the chemical potential of the plant cells due to the 

temperature gradient. A temperature difference of the order of 1°C is sufficient to 

induce an equilibrium pressure of over 100 bar within the cell structures, leading to cell 

disruption and hence improved extraction efficiency. 
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Figure 1 - Effect of extraction time on extract yield (DB) at 70
o
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Figure 2 - Effect of extraction temperature on extract yield (DB). Conventional 

extraction was carried out for 2 hour and microwave extraction for 10 minutes. 
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Figure 3 - Loss tangent of okra and deionised water measured at 2470 MHz 
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Figure 4 – Illustration of pressure (P), temperature (T) and chemical potential (µs for 

solute and µw for water) across a cell boundary during microwave heating. (a) – 

Constant temperature with no selective heating; (b) selective microwave heating; (c) 

Equilibrium during selective microwave heating. 
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Figure 5  – Theoretical equilibrium pressure as a function of temperature difference 

between plant and solvent for varying water activity within the plant material. Baseline 

solvent temperature = 70°C. 


