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Abstract 

In this study, a Vacuum Swing Adsorption (VSA) process was designed to recover 

ethanol from a binary gas mixture of ethanol and CO2. The VSA feed gas originates in 

the process of alcoholic beverage dealcoholisation where ethanol is stripped off the 

standard beer by CO2 flowing upward in the exchange column. The CO2 recovery of the 

ethanol removal VSA has to be maintained as high as possible in order to improve the 

ethanol removal efficiency and reduce the energy consumption for both vacuum pump 

and ethanol trap. To this end, an ethanol recovery four-step VSA unit using MFI zeolites 

was analysed by Equilibrium Theory in which both non-linearity of ethanol isotherm and 



 

 

incomplete purge were taken into account. The theoretical study revealed that the extent 

of purge had to be slightly greater than its minimum usage to achieve the maximum CO2 

recovery. In addition, the power consumption for evacuation and the process productivity 

per cycle were estimated. It turned out that, to minimise the specific power consumption, 

high desorption pressure and low extent of purge would be favoured. With a view to 

maximising the process productivity per cycle, the extent of purge has to be large. At the 

high extent of purge, the specific energy consumption can be saved by having the VSA 

run at low desorption pressure. 

Keywords: Ethanol; zeolite; Equilibrium Theory; Vacuum Swing Adsorption; CO2; 

Dealcoholisation; Non-linear isotherm; Incomplete purge 

  

1. Introduction 

Beers containing less alcohol has lately gained huge interests from the public  due 

to burgeoning awareness of negative impact of alcohol consumption. With the demand 

growing, brewing technologies enabling to produce low alcohol beers are advancing 

accordingly 1, 2. Selection of an appropriate dealcoholisation method is crucial as it does 

not affect simply capital and operating costs, but also the flavour of a low alcohol beer 3. 

There are by large two cohorts of low alcohol beer production methods: physical methods 

that apply to standard beers from which ethanol is selectively removed by separation 

processes, and biological methods in which alcohol production is suppressed by a 

controlled/interrupted fermentation technology 4. Physical methods are advantageous 

over biological methods in that they can control the alcohol contents more flexibly and 

also the beer products are by large of higher quality 5, 6. However, extra capital investment 

and additional energy consumption are required  to install and run the dealcoholisation 

process.  



 

 

.  

As for the separation technologies for dealcoholisation, distillation had been 

employed actively in the past but it involves huge energy consumption for heating and 

great loss of flavour-related aroma resulting from both thermal degradation of the 

compounds and non-selective removal of ethanol and aroma in the distillation column 4. 

In practice, the conventional processes require auxiliary units for recovery of the aroma 

from ethanol by another distillation, followed by their blending with low-alcohol beers at 

the very end of the dealcoholisation process to recover the sensory quality7. But the 

original beer flavour is already compromised greatly in the thermal process. To tackle the 

issue, alternative physical dealcoholisation technologies have been developed that do 

not need to heat up the feed for ethanol removal.  

Membrane-based technology is deemed as the best available technology for beer 

dealcoholisation and its commercial process has been widely used in industry1. Due to 

the low operating temperatures of membrane processes compared to thermal 

dealcoholisation methods, beer is not damaged by heat with its original taste and quality 

rarely affected 8. Several studies have been reported for membrane-based 

dealcoholisation of other alcoholic beverages such as wine, apple cider and homemade 

beverage 9-12.  

On the other hand, adsorptive dealcoholisation technologies are gaining good 

attention as a promising technology to compete with the membrane counterpart. 

Adsorptive dealcoholisation is worth investigation, as there are adsorbents readily 

available to remove ethanol selectively from water. It is well known that some 

hydrophobic porous materials, e.g. MFI zeolites, silicalite, activated carbons, etc., have 

a fairly large adsorption capacity of ethanol13 14.    

Accordingly, adsorptive dealcoholisation processes have been designed based on 

the hydrophobic zeolites 15, 16. In 1983, Farhadpour et al. proposed an adsorptive process 



 

 

to extract alcohol from beer using silicalite 17. If follows that Anglerot invented an 

adsorptive process that removes ethanol from beer liquid. In the patent, the beer liquid 

is brought into direct contact with hydrophobic zeolites so that the beer ethanol can be 

removed from the beer. However, the aroma compounds that are crucial for beer flavour 

are also co-adsorbed by adsorbents and lost into the desorbate when the adsorbents 

are thermally regenerated. To tackle the issue, the desorbates are distilled to separate 

ethanol from aromas and the recovered aromas are blended with the raffinate to 

constitute a low-alcohol beer2, 4. As this invented technology must involve the distillation 

and blending steps in addition to the adsorptive dealcoholisation process, the capital cost 

is relatively high compared to the conventional method. In this respect, adsorptive 

ethanol removal technologies have to be developed and optimised yet to reduce the 

capital cost and energy consumption so significantly as to compete with membrane 

technologies for industrial applications 5. 

Recently, Clariant put forward a new adsorption-based dealcoholisation process, 

claiming that it would be able to produce an alcohol-free beer from a standard beer more 

economically than the commercialised membrane process18. In the patented process, 

ethanol is removed from beers by flowing a gas, e.g. CO2, through the beer and the 

ethanol-laden gas is processed in an adsorption process where ethanol is recovered 

from the gas mixture18. As most of the aroma compounds, e.g. isoamyl acetate, has a 

lower vapour pressure than ethanol, the amounts of aroma compound carried away by 

the gas in the stripping column must be less than that of ethanol. To the best of our 

knowledge, however, the ethanol removal adsorption process of the Clariant’s system 

has not been studied theoretically in the open literature. In this study, a four-step Vacuum 

Swing Adsorption (VSA) system for selective ethanol removal from the gas mixture 

exemplified in the patent18 is to be analysed using Equilibrium Theory and its optimal 

operating conditions are to be explored.   



 

 

2. Process description of adsorptive beer dealcoholisation process18 

The patented adsorptive dealcoholisation system is shown in Figure 1. In this 

process, a feed beer is pumped into an exchange column which it trickles down through 

contacting countercurrently a gas stream (CO2 or N2) flowing up the column. The 

exchange column is packed with Glass Raschig rings to increase the contact area 

between the gas and liquid phases. In the exchange column, ethanol must be the major 

component picked up by the gas as it is highly volatile compared to the others. Thus, 

there is no direct contact between the beer and adsorbent in case of the stripping-

adsorption system. The arrangement of gas and liquid flows in the exchange column 

results in the required contact time between beer and gas streams being minimised, 

reducing flavour loss and preventing unnecessary foam formation. The beer stream 

leaving the exchange column contains substantially low ethanol in it and it is directly sent 

to a product tank. In this study, it was assumed that the ethanol contained in the beer 

would be stripped entirely off the beer by the CO2. 

 

Figure 1. Process configuration of adsorptive dealcoholisation system and positive 

impacts effected by increasing VSA’s CO2 recovery. 



 

 

 

The gas stream leaving the exchange column enters the adsorption column of a VSA 

system. According to the patent, an adsorbent made of MFI zeolite or silicalite is used to 

separate ethanol selectively from the gas mixture of ethanol, CO2 and water vapour. 

Once the adsorbents are saturated with the heavy component, they have to be 

regenerated by desorbing the ethanol. The adsorption column is depressurised to a sub-

atmospheric pressure and it follows that the column is purged by flowing CO2 through 

the column at the reduced pressure. The gas stream leaving the column, containing CO2 

and ethanol, is cooled down at a heat exchanger in which the ethanol is condensed. The 

ethanol liquid is separated from CO2 in the ethanol trap by phase separation. As ethanol 

is a highly volatile compound, it is hard to condense thoroughly the ethanol vapour even 

at sub-zero temperatures and the gas stream leaving the ethanol trap always contains 

some ethanol in it. In the stark contrast, the gas stream leaving the adsorption column of 

a VSA is practically ethanol-free due to strong adsorption of ethanol on the adsorbent. 

The stripping gas is comprised of the two gas streams originating from VSA and ethanol 

trap. Out of the two gases, the CO2 gas from the VSA is favoured over the CO2 gas from 

the ethanol trap. In the exchange column, the ethanol-free gas leaving the VSA can pick 

up more ethanol from the beer than the ethanol-laden gas flowing out of the ethanol trap. 

The flowrate ratio of the two stripping gases is determined by CO2 recovery of the 

VSA. The greater CO2 recovery the VSA has, the more ethanol-free CO2 gas is available 

for its use in the exchange column, resulting in the ethanol removal efficiency being 

improved in the exchange column. This indicates that the CO2 gas flowrate of the purge 

CO2 loop (see Figure 1) decreases with increasing CO2 recovery, so that both vacuum 

pump and ethanol trap cooler can process less amount of gas. Accordingly, the energy 

consumption for two of them would be reduced. Therefore, it is crucial to have the ethanol 

removal VSA optimised in a way of maximising CO2 recovery, in order to enhance the 



 

 

ethanol removal efficiency and save the energy consumption at the same time. 

   

 

3. Design of ethanol recovery VSA system by Equilibrium Theory model with 

non-linear isotherm and incomplete purge 

An adsorptive dealcoholisation system was designed on the basis of the patented 

dealcoholisation technology18. A beer with 5.4 %ABV was used as a feed of the 

dealcoholisation system. The beer feed is processed at a rate of 1.5 L/h and CO2 stream 

is supplied at 20 L/min as a stripping gas for the exchange column. Two different modes 

of operation were proposed by the inventors. In the semi-continuous mode, the beer 

stream leaving the exchange column is recycled back to the feed tank until the ethanol 

concentration reaches the low-alcohol beer target. In the present project, however, the 

beer is dealcoholised to whatever level is required after flowing the beer feed through 

the exchange column only once, i.e. once-through flow system, and the effluent from the 

exchange column is directed to a product tank without recycle as seen in Figure 1 

(Continuous production).     

Ethanol is removed by adsorption from the gas stream originating from the exchange 

column. The ethanol mole fraction of the gas mixture, yF = 0.025, was estimated from 

the gas and liquid flowrates around the exchange column (see Figure 1) based on the 

ethanol vapour pressure given the temperature. For simplicity’s sake, it was assumed 

that the feed gas entering the adsorption column would be a binary mixture of ethanol 

and CO2 carrier gas, with the other trace components and water vapour lumped into CO2.  

The first step of the adsorption process is to select the appropriate hydrophobic 

adsorbent suitable for selective removal of ethanol from CO2. Past research papers were 

reviewed to evaluate various adsorbents with respect to the ethanol selectivity and 



 

 

adsorption amounts 14, 19, 20. Zhang et al. investigated adsorption equilibrium of ethanol 

vapour on MFI type zeolite 14. In their study, the experimental data were fitted well by 

Sircar’s model, which is expressed by:  

=
( )

( )
        (1) 

where C1 and C2 are temperature-dependent constants describing the adsorbate-

adsorbent interactions in the first layer and in the subsequent layers, respectively 21. q is 

adsorption amount, 𝑞  is saturation limit of adsorption amount, p is pressure and 𝑝  is 

saturated vapour pressure 14. 

In this adsorption system, CO2 is a weakly adsorbing component. Vidoni et al. 

measured adsorption amounts of CO2 on silicalite and Langmuir model was used to fit 

the CO2 adsorption isotherms 22. The model is expressed by: 

=         (2) 

where b·qs is the slope of the isotherm when pressure approaches zero 23 and the 

linear isotherm was taken for Equilibrium Theory analysis in this study. The two 

equilibrium isotherm models were taken to estimate the adsorption amounts of ethanol 

and CO2 per unit mass of adsorbent. The ethanol and CO2 isotherms were plotted at 

different temperatures in Figure 2. All the isotherm parameters are listed in Table 1.  



 

 

 

Figure 2. Adsorption isotherm of ethanol and CO2 for MFI type zeolites 14, 22 

 

The adsorption equilibrium isotherms of ethanol vapour are categorised into Type IV 

isotherm by IUPAC classification, indicating capillary condensation takes place at high 

pressures approaching the saturation pressure 24. As seen in Figure 2, the ethanol 

isotherms deviate so greatly from linearity that they cannot be approximated by linear 

isotherms, while the CO2 isotherm is closer to linearity. Given the shapes of isotherms, 

it is clear that the heavy component’s adsorption equilibrium must be predicted by an 



 

 

isotherm model that is not linear, such as Eq.1, while the light component isotherm can 

be simplified into a linear isotherm of which the slope is b·qs of the Langmuir isotherm.  

To enable continuous operation of adsorptive separation, an adsorption process 

must consist of more than two columns, so that a column is regenerated for its use in the 

next cycle while another column  processes the feed for ethanol removal. A variety of 

new cyclic adsorption processes have been proposed since a Pressure Swing 

Adsorption (PSA) was firstly invented by Skarstrom in 196025. While the process 

performances are affected by both adsorption equilibrium and kinetics, analysis of an 

adsorption process can be simplified greatly by Equilibrium Theory in which adsorption 

kinetic effects are neglected 26. Equilibrium Theory has since been developed further to 

analyse various adsorption systems, e.g. a PSA system with linear isotherm27, 28, a PSA 

system with nonlinear isotherms29, 30, effect of incomplete purge in a PSA system31, 

adiabatic temperature swing adsorption system32, etc. 

In this study, a simple four-step, two-column VSA cycle is taken for ethanol removal 

from the gas mixture. As shown in Figure 3,  the VSA cycle is comprised of four steps: 

Feed, Blowdown, Purge and Light component pressurization 26. Dimensions and 

parameters of adsorption column are listed in Table 1. 

 

 



 

 

Figure 3. Graphical depiction of gas flow direction and pressure change at each step of 

four-step ethanol removal VSA 

 

Table 1. Parameters for adsorption column and isotherm models of the ethanol removal 

VSA system.  

Adsorption Column Parameters 
PSA feed flowrate, QF [m3/s] 3.11 10–4 
Ethanol mole fraction in the PSA feed, 𝑦  [-] 0.025 
Interparticle void fraction, Ɛ [-] 0.5 
Adsorption pellet density, 𝜌  [kg/m3] 900 
Column length, L [m] 1 
Column diameter, D [m] 0.023 
Column cross sectional area, A [m2] 4.16 10–4 
Temperature [K] 298 

Sircar’s Isotherm parameters for ethanol adsorption  
on MFI zeolites at 298K 21 

qs [mol/kg] 2.55 
C1 40 
C2 0.031 

Langmuir Isotherm parameters for CO2 adsorption  
on MFI zeolites at 298K 23 

b [𝑃𝑎 ] 0.75 10–5 

qs [mol/kg] 3.5 
 

The following assumptions that generally apply to Equilibrium Theory are valid for 

this study too.  

- The feed is a binary mixture of light component, CO2, and heavy component, 

ethanol. 

- The light component isotherm is approximated by a linear isotherm, while the 

heavy component isotherm is non-linear. The two isotherms are not coupled.  

- Isothermal operation.  

- Negligible pressure drop along the column, i.e. no pressure drop. 



 

 

- Instantaneous equilibrium between gas and adsorbed phases, no mass transfer 

resistances. 

- Plug flow with negligible axial dispersion. 

- The purge gas is a pure CO2, though in reality the CO2 gas originating from 

ethanol trap is likely to contain some ethanol in it. 

 

Based on these assumptions, Kayser and Knaebel developed the Equilibrium 

Theory model of a 4-step PSA where the heavy component’s isotherm is nonlinear, to 

estimate the light component recovery and the heavy component purity in the extract30. 

But the model is highly limited to a case where the column is completely regenerated 

during the purge step. The assumption of complete regeneration seems not realistic, as 

a column is seldom fully regenerated in the actual operation. This is the case in particular 

when the isotherm is so highly nonlinear that the amount of purge gas required for 

complete regeneration is gigantic. Therefore, it is essential to use a mathematical model 

capable of estimating the performance with both incomplete purge and nonlinear 

isotherm taken into account.  

At the end of adsorption step, the adsorption column is completely saturated with 

the feed at 120 kPa and 298 K, and ethanol is present at its mole fraction in the feed, 

yF, over the entire column. At this condition, the number of moles of each component 

that remains in the column is estimated by: 

𝑊 , = , 𝑊 , =
( )

    (3) 

During the subsequent blowdown step, the heavy component’s mole fraction gets 

increased as the strongly adsorbed component desorbs more than the light component. 

Again the gas mole fraction is constant spatially throughout the column, while it changes 

with decreasing pressure. The gas mole fraction varying with pressure can be estimated 



 

 

by:  

𝑑𝑦 =
( )( )

( )
𝑑𝑙𝑛𝑃     (4) 

where the slope of the nonlinear heavy component isotherm does change greatly with 

pressure. As the slope of isotherm is not constant and neither is β, this equation has to 

be solved numerically. Eq.4 is rearranged and integrated as follows:  

∫
( )

+
( )( )

𝑑𝑦 = ∫ 𝑑𝑃     (5) 

The LHS can be integrated easily if β is a function of y only, in other words, it is 

independent of pressure. To this end, the entire integration range of the RHS, PH to PL, 

is divided into so many sub-sections that β can be practically independent of pressure 

over the tiny integration range of the individual integrations. It is important to check if the 

number of sections dividing the entire integration range is large enough to ensure that 

the result of integration would not be affected by selection of the section numbers.  

The ethanol mole fraction was estimated at a pressure to which the column is 

depressurised from the adsorption pressure. The ethanol mole fraction in the column 

gets increased up to 0.46 from 0.025 with the column pressure reduced to 3 kPa from 

120 kPa as shown in Figure 4. 



 

 

 

Figure 4. Ethanol mole fraction in the gas phase at the end of blowdown step: Effect of 
blowdown pressure.  

 

In the purge step, the column is regenerated by flowing pure CO2 through the column 

in the direction opposite to the feed flow (Figure 3). Reducing the partial pressure of 

ethanol in the gas phase facilitates desorbing ethanol off adsorbents. Once desorbed, 

ethanol travels toward the column outlet along with the purge flow and it is expelled out 

of the column when it reaches the end of the column. The extent of column regeneration 

is affected greatly by the amount of purge gas consumed in the purge step. The greater 

the purge gas consumption becomes, the more thoroughly does a column get 

regenerated. The column containing less heavy component is able to process more feed 

in the next adsorption step, resulting in greater bed productivity per cycle. On the contrary 

the energy consumption per cycle for evacuation gets larger with the purge gas 

consumption increasing. However, the specific power consumption may not show such 

a trend of increasing monotonously with the purge gas consumption as the simple power 



 

 

consumption per cycle does. Given the relatively small slope of isotherm at high 

pressures, the adsorption column can be regenerated so efficiently in the initial phase of 

purge. But the efficiency of column regeneration gets worse quickly with the slope of 

isotherm large at low pressures where ethanol is very hard to desorb. In this respect, 

consumption of the purge flow needs to be optimised for maximising CO2 recovery or 

reducing the specific energy consumption with good throughput achieved. However, the 

optimum purge gas amount must be searched between the upper and lower limits of the 

purge gas consumption that are defined below.  

The lower limit of purge gas consumption is found by estimating the purge gas 

amount that is required to push the ethanol profile to an extent that the ethanol plateau 

at the highest mole fraction reaches the outlet. At the end pressure of blowdown step of 

12 kPa, the ethanol mole fraction in the column, yb, was estimated 0.143 in this study. 

Given the shape of the ethanol isotherm in Figure 2, the ethanol front must be a simple 

wave in which the high concentration plateau propagates faster along the column than 

the low concentration plateau during desorption. Accordingly, the ethanol plateau at the 

highest mole fraction, yb, travels fastest and reaches the column end first during the 

purge step. If the purge gas amount was less than the minimum, the ethanol mole fraction 

around the column near the outlet is still yb. When it is pressurised back to the adsorption 

pressure in the next cycle, the ethanol mole fraction of yb returns to yf, i.e. 0.025. This 

means that the section of the bed where the ethanol mole fraction is still yb at the end of 

purge step would have no capacity to adsorb ethanol in the next feed step. Therefore, it 

is important to see how fast the ethanol plateau at yb moves along the column during the 

purge step. The ethanol front velocity at yb is estimated by:  

=
[ ( ) ]

      (6) 

The extent of purge, X, is defined as the ratio of the distance of clean section 



 

 

containing no heavy component to the entire column length28, 31. The minimum extent of 

purge, Xmin, corresponds to the minimum purge gas amount defined above and it is 

estimated by: 

𝑋 = =      (7) 

where tmin is the time required for the ethanol plateau at yb to reach the column end.  

On the other hand, the upper limits of purge gas amount is defined as the purge gas 

amount required to regenerate the column completely, i.e. X=1. The number of moles of 

the purge gas required for X=1 is estimated as Φ = = 𝑡 .  

The actual purge gas amount must lie between the two limits and it is calculated by:  

𝑁 =


,  𝑡 ≤ 𝑡 ≤ 𝑡    (8) 

In this study, purge step time, tPG, was varied in the range of 1 to 20 times tmin to see 

the effect of the purge gas amount on the ethanol mole fraction profile at the end of the 

purge step. The ethanol mole fraction profiles were plotted in Figure 5 at varying purge 

gas consumption, i.e. varying extents of purge, X.  

 



 

 

 

Figure 5. Ethanol mole fraction profile at the end of purge step: Effect of purge gas 
amount. 

 

As can be seen in Figure 5, the ethanol profile was pushed further to the left with 

increasing purge gas amount. Note that the fraction of the column section containing no 

ethanol over the column length, X, is rather small in this case, which is attributed to the 

extremely high nonlinearity of ethanol isotherm (Figure 2). Only 20% increase of the 

purge gas amount from the minimum use, 1.2 tmin case in Figure 5, makes a noticeable 

impact on the ethanol profile. But the positive effect incurred by increasing purge gas 

amount gets diminished fast with increasing purge gas amount, so the effect incurred by 

the first 20% increase to 1.2 tmin is almost comparable to the difference made by 

increasing from 10 tmin to 20 tmin, with respect to the ethanol mole fraction at the column 

outlet. This is because the slope of isotherm increases with decreasing ethanol partial 

pressure, in order words, the ethanol at a low concentration close to zero is hard to 



 

 

desorb and its plateau propagates so slow. This implies that the purge gas amount has 

to increase substantially to see any noticeable difference in the ethanol profile in the 

region of low ethanol partial pressure.  

In the following CO2 pressurisation, the column is pressurised back to the adsorption 

pressure with a CO2 stream flowing through the column end which it is admitted to during 

the purge step. Accordingly, the amount of ethanol present in the column remains 

unchanged and is the same as that at the end of the purge step that precedes the 

pressurisation step. While we are not interested in how ethanol is distributed exactly 

along the column, it is crucial to estimate the location of zero ethanol plateau for analysis 

of the adsorption step that follows the CO2 pressurisation step. The location of zero 

ethanol plateau, zf, is estimated by solving the following integration. 

∫ 𝑑𝑧 + ∫ 𝑑𝑃 = 0     (9) 

As a result of CO2 pressurisation, the location of zero ethanol plateau is slightly 

pushed toward the feed end. Whereas the moles of ethanol present in the column must 

remain unchanged around the step, the moles of CO2 in the column increase by the 

amount of CO2 injected into the column for pressurisation. The moles of CO2 entering 

the column during pressurisation are: 

𝑁 , = Φ𝛽 − 1      (10) 

Given the shape of the isotherm, a shock front is to be formed along the column 

during the feed step, but the shock front has an ethanol mole fraction range of which the 

lower end is changing, until it is fully developed from 0 to yf. Due to the heavy component 

existing in the column at the start of feed step (incomplete purge), the lower bound of the 

shock front is not zero initially but it decreases gradually to zero as the shock front 

evolves. Once a perfect shock front is formed, its propagation velocity can be estimated 

by the weak solution of the mass balance differential equation. It is possible to estimate 



 

 

the location where the fully developed shock forms first, Ys, and the time required to see 

the lower bound of the shock front reach zero, ts. The following two independent 

equations are established to find Ys and ts, given the fact that both shock front and zero 

ethanol plateau must reach Ys at ts28.  

𝛽 𝑢 [1 + (𝛽 − 1)𝑦 ]𝑡 − 𝑌 = −𝑧      (11a) 

where β is assumed constant in the narrow range of y. 

𝑡 − 𝑌 = −
∑ ,

∑
   (11b) 

Once the shock front is fully developed, it travels from Ys to the column end at the 

speed of θAvF.  

For each of four steps, the moles of gas entering and leaving the column were 

estimated for each component, by simply using the mass balance around the column. 

Subsequently, the light component product recovery and the heavy component purity in 

the extract were calculated. 

As for the four-step VSA of this study using Equilibrium Theory, the CO2 recovery is 

of great importance while the ethanol recovery is always 100%. The light component 

product recovery is widely used as the performance indicator of a cyclic adsorption 

process 33-36. The CO2 recovery of a VSA process, RB, is estimated as below 30: 

𝑅 =
( )

        (12) 

where NFP is the moles of CO2 that leave the column during feed step, NPR is the 

moles of CO2 consumed for pressurization, NPG is the moles of CO2 consumed for 

regeneration during purge step, and NF is the moles of the VSA feed entering the column 

during feed step. 

 



 

 

4. Parametric study 

A cyclic adsorption process can be optimised differently depending on the way of 

formulating the objective function factoring in product purity/recovery, bed productivity 

and energy consumption. In optimising the ethanol recovery VSA of this study, the CO2 

recovery is of the greatest importance of all, as it has great impact on performance of 

the dealcoholisation process, such as ethanol removal efficiency at the exchange column 

and energy consumptions at the vacuum pump and ethanol trap. . In this study, the CO2 

recovery of the ethanol VSA was investigated by varying the two important operating 

parameters: one is the extent of purge and the other is the desorption pressure.  

 

4.1. Effect of extent of purge 

It is well known that the extent of purge is a parameter that has a direct impact on 

the light component recovery. According to Eq. 12, all the variables but moles for 

pressurisation, NPR, are highly affected by the extent of purge. In case of linear isotherms 

being taken for both heavy and light components, the light component recovery 

decreases monotonously with increasing extent of purge26, 37. It is interesting to see the 

effect of the extent of purge on the CO2 recovery in this adsorption system where the 

heavy component isotherm is highly non-linear. The CO2 recovery was calculated using 

the model described above at varying extents of purge ranging from the minimum to one. 

The results are presented under three desorption pressures: 3, 12 and 48 kPa that are 

equated to 0.025, 0.1 and 0.4 in terms of pressure ratio, PR, in Figure 6.   



 

 

 

Figure 6. Effect of the extent of purge on CO2 recovery at three different desorption 
pressures: (a) 3 kPa, (b) 12 kPa and (c) 48 kPa. 

 

At 3 kPa of desorption pressure (PR = 0.025), it was observed that the CO2 recovery 

reached the maximum of 87.21% around X = 0.060. This can be explained by non-

linearity of the highly favourable ethanol isotherm (Figure 2). Increasing the purge gas 

consumption in the range of X from the minimum  to 0.06 is so efficient in regenerating 

the column that the gain of CO2 recovery resulting from processing more feed is greater 

than the loss of CO2 recovery caused by spending more purge gas. It is noticeable that 

the X value resulting in the maximum recovery decreases with increasing desorption 



 

 

pressure, that is, the optimal X value changes to 0.019 from 0.06 when the desorption 

pressure increases to 12 kPa from 3 kPa. At the desorption pressure of 48 kPa, the 

optimal X value is very close to the minimum extent of purge, i.e. X = 0.0082 at 48 kPa.   

The extent of purge also has a significant effect on the productivity and specific 

energy consumption. As shown in Figure 7, the amount of ethanol produced per one 

cycle increases greatly with the extent of purge, as the more rigorously a column is 

regenerated, the greater feed it can process during the feed step.  

  



 

 

 

Figure 7. Effect of the extent of purge on (a) the productivity of a cycle and (b) specific 
power consumption of vacuum pump at three different desorption pressures (pressure 

ratio). 

 

The power consumption of a vacuum pump for column evacuation accounts for 

majority of the VSA energy consumption. As shown in Figure 7b, the VSA running at the 

high desorption pressure (48 kPa) spends least power in the range of X from the 

minimum to 0.05. But in the range of X greater than 0.05, the VSA running at the lowest 

desorption pressure (3 kPa) becomes most advantageous in terms of specific power 

consumption. In comparing two figures of Figure 7, it can be seen that the power 

consumption would become by large greater when a high productivity is needed, 



 

 

regardless of the desorption pressure. Therefore a trade-off between the process 

productivity per cycle and the specific energy consumption was observed. In other words, 

the column size has to be larger to reduce the energy consumption or vice versa. 

 

4.2. Effect of pressure ratio 

The effect of the pressure ratio on the CO2 recovery was evaluated at three different 

extents of purge: X = 0.01, 0.1 and 1 (complete regeneration) and the results are 

presented in Figure 8. All three plots show a monotonous decrease with increasing 

pressure ratio, indicating that it would be hard to achieve high CO2 recovery in case of 

the desorption pressure not being so low. As shown in Figure 8, the lower the extent of 

purge (X) is, the higher CO2 recovery is achievable. But this is not true for the cases of 

the pressure ratio (PR) being less than 0.1. It shows that the X = 0.1 case has a greater 

CO2 recovery than the X = 0.01 case in the range of the pressure ratio being less than 

0.05. These results are consistent with what were observed in Figure 6a where the effect 

of extent of purge on CO2 recovery was shown at the desorption pressure of 3 kPa. At 

the lowest pressure ratio (PR=0.025), the optimal extent of purge was around 0.06, and 

the CO2 recovery at X=0.1 was greater than that at X = 0.01. 

 



 

 

 

Figure 8. Effect of the pressure ratio (or desorption pressure) on CO2 recovery 
at three different extents of purge. 

 
5. Conclusions 

For adsorptive beer dealcoholisation, a hydrophobic MFI type zeolites are often 

taken for selective removal of ethanol from CO2. The adsorption isotherm of ethanol on 

the zeolite is so favourable that the non-linearity of the isotherm must be considered for 

analysis of the process. A four-step Vacuum Swing Adsorption (VSA) process was 

analysed by Equilibrium Theory model with non-linear heavy component isotherm and 

incomplete purge. As a result, it was discovered that: 

 At a fixed desorption pressure, the maximum CO2 recovery is achievable around an 

extent of purge that is slightly greater than the minimum extent of purge. Note that 

the extent of purge for the maximum recovery varies with the desorption pressure 

(pressure ratio) and it converges to the minimum purge with increasing desorption 

pressure.  



 

 

 The four-step VSA system for ethanol recovery can be optimised differently for a 

selected performance index that is considered the most important of all. To minimise 

the specific power consumption, for example, it is recommended to operate the VSA 

at a relatively high desorption pressure with the extent of purge kept low.  

 If the process productivity per cycle needs to be large to reduce the column size, the 

VSA must be operated at high extents of purge. With the extent of purge fixed at a 

high value, the specific power consumption can be minimisedby decreasing the 

desorption pressure. 

  



 

 

Nomenclature 

A Column cross-sectional area (m2)  

b Langmuir isotherm parameter, Eq. 2 (1/kPa) 

C1 C2 Temperature-dependent constants of Sircar’s isotherm model, Eq. 1 (-) 

ELPG Total number of moles of purge gas used during purge step 

L Column length (m) 

NPG Moles of purge gas consumed during the purge step (mol) 

P Pressure (kPa) 

PH Adsorption pressure (kPa) 

PL Desorption pressure (kPa) 

P0 Saturation pressure (kPa) 

RB Recovery of the light component (-) 

q Adsorbed amount at equilibrium (mol/kg) 

qs Saturated adsorption amount (mol/kg) 

R Universal gas constant (kPa‧m3/mol/K) 

T Temperature (K) 

tS Time taken for a shock front to be fully developed (s)  

u Interstitial gas velocity (m/s) 

W Moles of gas existing in the column (mol) 

y Gas mole fraction (-) 

yb Ethanol mole fraction in the gas phase at the end of blowdown step (-) 

yF Ethanol mole fraction in the feed gas (-) 

YS Location of a shock front when it is fully developed (m) 

zf Location of zero ethanol plateau (m) 

Greek Letters 

β βA / βB (-) 



 

 

βi 
𝑑

𝑑

 (-) 

θ θA / θB = θA / βB  (-) 

θi 
∆

∆

 (-) 

ε Interparticle void fraction in the bed (-) 

 Moles of purge gas required for complete purge (mol) 

ρp Adsorbent density (kg/m3) 

Subscripts  

0 Zero pressure 

A Heavy component, ethanol 

B Light component, CO2 

F Feed step 

FP Product stream leaving the column during feed step 

PG Purge step 

PR Pressurisation 
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