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Abstract 

Bioethanol is the most widely used biofuel nowadays, which can be derived from renewable 

sources of energy and is also environmentally friendly. The resulting ethanol from biomass, 

however, is as a mixture containing 10-15 wt% ethanol mixed with water and other organics. In 

order to be used as a fuel, the mixture should be purified to at least 99.5 wt% ethanol. Among 

several processes which have been applied to obtain fuel grade ethanol, adsorption using 

bioadsorbents seems more appealing due to low operation costs and high efficiency. In this 

study, canola meal after protein extraction was chosen as the biosorbent to dehydrate ethanol in a 

Pressure Swing Adsorption (PSA) system. The breakthrough experiments were conducted to 

investigate the equilibrium and kinetics of the process. The effects of temperature, pressure, feed 

flow rate and vapor feed concentration as well as adsorbent particle size, on the adsorption 

process were examined. The experimental results were compared in terms of breakthrough time, 

selectivity of water over ethanol and the slope of the breakthrough curve which is an indication 

of the mass transfer rate. The Dubinin- Polanyi model which is based on the adsorption potential 

theory represented a reasonable fit with the equilibrium data. The mean free energy of the 

adsorption process was calculated to be 0.04 kJ/ mole, which indicated the physical nature of the 

adsorption process.  

It was demonstrated that over 99 wt% ethanol was achieved using protein extracted canola meal 

as the biosorbent in a pressure swing adsorption process. However, a significant amount of 

ethanol was also adsorbed along with water which led the selectivity of the biosorbent to adsorb 

water over ethanol to be less than 4.  
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1 Introduction 

Many studies are carried out in different countries to find alternatives of hydrocarbon-based fuels 

such as gasoline, diesel fuels, etc (Kumar et al., 2010). Protection of the global environment and 

depletion of the conventional hydrocarbon fuel supplies have motivated researchers to develop 

alternative fuels including hydro, wind, biofuels, solar and geothermal energy (Frolkova and 

Raeva, 2010; Kumar et al., 2010). Among these proposed substitutes, biofuels have drawn more 

attention. Fuel- grade ethanol, biodiesel and biogas are the most promising biofuels being 

explored in recent times. There is an abundance of biomass on the earth which can be converted 

into liquid fuel. The use of biofuel is beneficial from the standpoint of the environment, energy 

security and economic development (Kumar et al., 2010; Ragauskas et al., 2006). Reduced 

carbon dioxide emissions, which are responsible for global climate change, is one of the main 

advantages of using biofuels instead of fossil fuels. Moreover, biofuels emit less unwanted 

products specially unburned hydrocarbons and carbon monoxide. These characteristics are 

associated with local air quality improvement. National security is also amended by using 

biofuels due to the reduction of petroleum net imports. Biofuels are compatible with modern 

vehicles so they can be used as a replacement for petroleum fuels in transportation (Hill et al., 

2006; Kumar et al., 2010). 

Ethanol based biofuels, which can be used as blending components with hydrocarbon-based 

fuels, have been considered more extensively during the last two decades (Sun et al., 2007). 
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1.1 Bioethanol 

Having a high octane number, low emissions of carbon monoxide, volatile organic compounds and 

particulates make bioethanol an excellent gasoline blending component (Kumar et al., 2010). 

Bioethanol is mainly produced through the fermentation of any sugar, starch or cellulose containing 

biomaterial (Frolkova and Raeva, 2010; Jeong et al., 2009; Kumar et al., 2010). Fermentation of 

biomass produces a mixture containing 8-12% v/v ethanol mixed with water and some other 

organics (Sun et al., 2007). Despite being totally compatible with gasoline, anhydrous ethanol 

could be drawn out when in contact with water and form two separate phases (Kumar et al., 

2010). Therefore, the presence of water in ethanol is undesirable when blending with 

hydrocarbons. Consequently, there is a great interest to dehydrate ethanol in order to use it as a 

fuel admixture (Frolkova and Raeva, 2010). However, separation of ethanol from a large amount 

of water is an energy intensive process (Jeong et al., 2009). In order for ethanol to be considered 

as a substitute fuel, the energy obtained from ethanol should be greater than the energy 

consumed to produce it (Kumar et al., 2010). 

1.2 Processes for production of anhydrous ethanol 

The boiling points of ethanol and water at atmospheric pressure are 78.4 °C and 100 °C, 

respectively. But the minimum-boiling azeotrope of ethanol–water mixture is 78.2 °C at 

95.6 wt% ethanol. Since the partial boiling does not change the composition of solution after 

azeotropic point, conventional distillation methods do not result in further purification of ethanol 

more than 95.6.wt% at atmospheric pressure. As a result, the remaining water should be removed 

through other processes (Al-Asheh et al., 2004; Kumar et al., 2010; Simo et al., 2009). 

The commonly used processes for production of anhydrous ethanol constitute chemical 

dehydration process, dehydration by vacuum distillation process, azeotropic distillation process, 
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extractive distillation processes, membrane processes, adsorption processes and diffusion 

distillation process. Chemical dehydration process has been restrained due to considerable 

energy consumption and also low ethanol recovery (Kumar et al., 2010). Membrane process 

which was introduced as an alternative process also showed low energy efficiency (Hu and Xie, 

2001). Traditional distillation process has frequently been criticized due to high energy 

consumption (Ladisch and Dyck, 1979; Sun et al., 2007). However, the energy efficiency can be 

improved by integrating a common distillation process with a pertinent adsorption system (Kim 

et al., 2011). One possible solution is by using distillation to obtain a 75–92 wt% ethanol-water 

product which is below the azeotrope (95.6 wt% ethanol), and then using adsorption to obtain 

anhydrous ethanol (Sun et al., 2007). Low operation costs, high efficiency, as well as a wide 

variety of selective sorbents make the adsorption method an appealing choice for industrial gas 

separation purposes. The adsorption process can be either Temperature Swing Adsorption (TSA) 

or Pressure Swing Adsorption (PSA). However, the latter has been used in the ethanol 

dehydration industry since 1980’s (Kupiec et al., 2009).  
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2 Literature review 

There are mainly two aspects which should be investigated when an adsorption process is 

considered; the adsorbent and the adsorption process. The first section of this chapter is 

dedicated to literature review on different adsorbents which have been used for ethanol 

dehydration while in the second section, different adsorption processes are reviewed. 

2.1 Adsorbent 

In order for an adsorbent material to be operative in an adsorption system, it should possess a 

large internal surface area attainable to the species being separated from the bulk phase (Anozie 

et al., 2010; Thomas and Crittenden, 1998). Furthermore, it should indicate good mechanical and 

kinetic properties. The former associates with resistance to attrition and strength, while the latter 

means being able to convey the adsorbate to the adsorption sites (Thomas and Crittenden, 1998). 

Generally, adsorption of water–ethanol mixtures can be carried out in liquid or vapor phase 

(Frolkova and Raeva, 2010). Some of the adsorbents which are utilized in the liquid-phase 

adsorption process include cellulose-based materials (Frolkova and Raeva, 2010), 

divinylbenzene cross-linked polystyrene resins (Gulati et al., 1996; Pitt et al., 1983), silicalite 

(Beery and Ladisch, 2001), barley straw and wheat straw (Sun et al., 2007). 

 For vapor phase adsorption of ethanol-water mixtures, corn grits (Westgate et al., 1992; 

Westgate and Ladisch, 1993), corn meal (Chang et al., 2006a; Chang et al., 2006b; Hassaballah 

and Hills, 1990; Hills and Pirzada, 1989; Ladisch et al., 1984), phillipsite-rich volcanic tuffs 

(Colella et al., 1994), saponified starch-g – poly (acrylonitrile ) (Pitt et al., 1983), molecular 
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sieves (Al-Asheh et al., 2004; Jeong et al., 2009; Kupiec et al., 2009; Simo et al., 2009), 

activated alumina (Beery and Ladisch, 2001), lithium chloride, and silica gel (Frolkova and 

Raeva, 2010) have been employed. 

2.1.1 Molecular sieves 

Molecular sieves which contain pores of uniform size and often consist of aluminosilicate 

minerals or synthetic compounds have been used as adsorbents for ethanol dehydration process. 

Molecular sieves have high internal porosity which makes the adsorption to occur internally. The 

mechanism of molecular sieve adsorption is based on diffusion of small molecules through the 

pores of molecular sieve while the larger molecules cannot be adsorbed. However, the surface 

area which is an important factor in other adsorbent materials does not play any role in molecular 

sieve adsorption (Kumar et al., 2010; Thomas and Crittenden, 1998). 

The diameters of water and ethanol molecules are 0.25 nm and 0.40 nm, respectively. Hence, 

Molecular sieves with diameter of 0.3 nm allows water molecules to diffuse into the adsorbents 

and be retained inside while ethanol molecules are excluded from diffusing in. As a result, MS 

can be applied for ethanol dehydration. Small water molecules are entrapped while large ethanol 

molecules flow around the material. Molecular sieves can adsorb water molecules up to 22% of 

their weight (Kumar et al., 2010). 

Sowerby and Crittenden (1988) investigated ethanol adsorption at the azeotrope composition in 

fixed beds packed with 0.3 nm, 0.4 nm, and 0.5 nm molecular sieves. They found that 0.4 nm 

molecular sieves had higher adsorption capacity than that of 0.30 nm, while 0.30 nm molecular 

sieves required less regeneration energy .They also found that 0.50 nm molecular sieves were 

unsuitable for ethanol dehydration because of adsorption of ethanol along with water molecules 

in the pores.  
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Jun- Seong Jeong et al. (2009) studied ethanol dehydration by type 3A° molecular sieves in a 

pressure swing adsorption system. They used two columns filled by molecular sieves to optimize 

a PSA system in a pilot scale. 

Simo et al. (2009) used type 3A° molecular sieves in a near-adiabatic fixed bed for ethanol 

dehydration. They concluded that the ethanol uptake at 167 °C was about 0.03mol / kg adsorbent 

which was quite low compared to that of water. They also reported the selectivity of water to 

ethanol to be ≈ 900. 

In order to regenerate the water that has been adsorbed in molecular sieves, high temperature 

above 200°C is required (Fahmi et al., 1999). Furthermore, molecular sieves are expensive 

adsorbents. Therefore, researchers have been focusing on finding more suitable adsorbents. 

Biomass adsorbents composed of cellulose and starch, have been found to remove water from a 

wide range of organics. Many studies have been carried out for using biomaterials in dehydration 

of ethanol. Corn, corn meal, corn grits, cellulosic materials and starch are among the most 

important biomaterials which have been used (Chang et al., 2006a; Crawshaw and Hills, 1990; 

Ladisch et al., 1984; Sun et al., 2007; Wang et al., 2010). High efficiency, less raw material cost 

and low energy consumption are the advantages associated with biosorbents. Their regeneration 

also requires less energy (Wang et al., 2010). 

2.1.2   Starch-based materials 

Starch-based biosorbents including corn grits, corn meal, potato starch, amylase, and maize 

starch have high levels of amylopectin. The mechanism of adsorption in these types of materials 

is based upon electrostatic forces between hydroxyl groups of the adsorbent and molecules of 

water (Anozie et al., 2010; Chang et al., 2006a). 
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Ladisch et al. (1984) investigated the ethanol dehydration in vapor phase using starch (corn and 

potato), xylan, pure cellulose and corn residue. They observed that corn starch and corn residue 

had higher adsorption capacities compared to xylan and pure cellulose due to the more 

concentration of amylopectin in corn starch and corn residue. 

Recently, several studies have been conducted using cornmeal as bioadsorbent for ethanol 

dehydration (Chang et al., 2006a; Hassaballah and Hills, 1990; Hills and Pirzada, 1989; Hu and 

Xie, 2001; Ladisch et al., 1984). Ladisch et al. (1984) studied dehydration of ethanol using 

cornmeal and showed that adsorption characteristics of cornmeal did not change after 85 cycles 

of adsorption/desorption, and concluded that cornmeal was a stable adsorbent for ethanol 

dehydration. 

The adsorption capacity of cornmeal varies depending on its production region. Hua et al. (2001) 

studied the adsorption capacities of type HI and Hb Chinese cornmeal, and found that both 

cornmeals had similar adsorption capacities. 

 Asheh et al. (2004) compared the performance of palm stone, oak and corncobs with molecular 

sieves, and concluded that among all the biobased adsorbents which they had used, natural palm 

stone had the best results in terms of breakthrough time and effluent water concentration. This 

bioadsorbent showed longer breakthrough time and less effluent water concentration. 

Youngmi Kim et al. (2011) chose Cassava starch pearls as an adsorbent for ethanol drying due to 

their spherical shape, hard texture and availability. They pointed out that 80% of the starch in 

Cassava starch consisted of amylopectin. They compared the adsorption capacity and selectivity 

of Cassava starch with those of corn grits which are used in commercial scale for ethanol 

dehydration and concluded that Cassava starch showed better adsorption capacity compared to 

corn grits due to their higher surface area. 
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2.1.3 Cellulose-based materials 

 Xylan and hemicelluloses are responsible for water adsorption in cellulose-based adsorbents. 

Extensive research related to cellulosic adsorbents with highest degree of adsorption has not 

been carried out yet. However, wheat straw, barley straw and woodchips are some of the 

cellulosic bioadsorbents among the most important ones.  

Benson et al. (2005) showed that oak chips, kenaf core, and bleached wood pulp have hydroxyl 

groups, which were responsible for adsorption of water molecules, and concluded that all these 

three materials could be used as adsorbents in an ethanol dehydration system. 

 Sun et al. (2007) investigated the uptakes of water and ethanol by barley straw, wheat straw and 

acid-washed crab shells. They observed that the water uptake of barley straw was 0.45mol/g of 

adsorbent, which was higher compared to those of wheat straw and acid-washed crab shells with 

0.25mol/g of adsorbent and 0.02mol/g of adsorbent, respectively.  

2.1.4 Other Adsorbents 

Calcium oxide is among one of the first adsorbents which was used for ethanol dehydration. 

However, the energy consumption of adsorption process using this adsorbent was higher 

compared to some starchy or cellulosic materials (Ladisch and Dyck, 1979) 

Ladisch et al. (1979) achieved 96.5% ethanol using sodium hydroxide as an adsorbent. 

Another adsorbing agent which has been used for ethanol dehydration is activated carbon which 

adsorbs ethanol molecules selectively over water molecules (Kumar et al., 2010). Activated 

carbon derived from industrial and agricultural by-products such as palm kernel fiber, oil palm 

fiber, coconut husk, bamboo, etc has been demonstrated to be cheaper and more environmental 

friendly (Anozie et al., 2010). 
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Canola meal has been used as an adsorbing agent for ethanol dehydration and demonstrated the 

ability to dehydrate 10-95%wt ethanol-water mixture to over 99 wt% ethanol (Wickens, 2010). 

2.2   Adsorption Process 

Various types of systems can be designed for an adsorption process. Completely- Mixed Batch 

Reactors (CMBR), Completely- Mixed flow Reactors (CMFR) as well as Fixed- Bed Reactors 

(FBR) are the most important systems that have been used for separation processes. However, 

continuous- flow operations are preferable since in batch operations, the concentration of the 

adsorbate decreases during the adsorption process whereas, in continuous operations the 

concentration of the adsorbate in contact with adsorbent does not change significantly which 

enhances the adsorbent efficiency to separate the adsorbate (Slejko, 1985). 

2.2.1 Methods 

There have been numerous methods used for ethanol vapor dehydration process by adsorption. 

All the methods, however, are based on the following simple process: At first, ethanol –water 

vapor enters a column which is packed with adsorbent. Then water molecules start diffusing 

through the pores of the adsorbent and form a thin layer. Ethanol molecules pass through this 

layer to a lower level where more molecules of water are adsorbed. This process proceeds until 

all possible water is adsorbed. Water molecules transfer from the ethanol-water vapor to the 

adsorbent through a zone called mass transfer zone (Kumar et al., 2010). 

  Wang et al. (2010) investigated the ethanol- water adsorption using ZSG-1 adsorbent which 

contained sweet potato and corn as basic materials along with sticky rice, durra and crystal sugar 

as additives. The apparatus they used consisted of a column packed with adsorbent. Ethanol-

water vapors were fed from the bottom of the column. They studied the effect of different 

operating conditions including temperature of the fixed bed, feed concentration and vapor 
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superficial velocity and determined their optimum values. They concluded that at lower 

superficial velocity, lower temperature and higher feed concentration, higher concentration of 

ethanol was obtained. The optimum conditions observed by them were at 81°C, 92.55wt% 

ethanol and 0.14 m/s.  

Hu et al. (2001) used two types of Chinese cornmeal as adsorbing agents. A sieve plate and glass 

beads were used to support the adsorbents in a fixed bed. Vapor feed was provided from the 

bottom of the column. Karl-Fisher titration was used to define the effluent water content. By 

considering the plateau length and height of the breakthrough curve suitable operating conditions 

like vapor velocity, bed temperature and adsorbent particle size were determined. They reported 

the adsorption capacities of the two adsorbents as 1.40E-02 g water/g adsorbent. They also used 

pressurized air and silica gel bed for regeneration, and enhanced the regeneration process by 

using up flow fluidization which could control channeling in the bed. 

Asheh et al. (2004) used palm stones (date pits), oak, and corncobs as desiccants in their study 

along with 0.30 nm, 0.40 nm and 0.50 nm molecular sieves which were used as reference 

adsorbents. Breakthrough time and effluent water content were used to investigate the 

performance of molecular sieves. Among different types of molecular sieves, 0.30 nm showed 

the highest adsorption capacity. They also found out that due to the non-uniform structure, 

bioadsorbents had shorter plateau time compared to molecular sieves. They also concluded that 

biosorbent activation did not affect the adsorption performance despite increasing the surface 

area. 

Chang et al. (2006) studied the adsorption of water-ethanol system using cornmeal in a fixed –

bed consisting temperature points. For obtaining the breakthrough curve, they collected their 

samples at intervals of 1 min for the first 70 min, 4 min for 70-130 min, and 5 min for 130-300 



11 
 

min. They studied the equilibrium and kinetic adsorption by investigating the effects of 

temperature, feed concentration and superficial velocity. They concluded that water selectivity 

over ethanol increased by increasing the superficial velocity, decreasing the ethanol vapor feed 

concentration and increasing the temperature. They also found out that ethanol-water adsorption 

over cornmeal was a diffusion –limited process. 

Jeong et al. (2009) used pressure swing adsorption process using zeolite as an adsorbent in order 

to dehydrate ethanol-water mixture. Their apparatus comprised of two columns, and the 

concentration of the product was determined by a Karl-Fisher titrator. They first carried out a 

breakthrough experiment for feed flow rate of 51.7 Nm
3
/hr, feed concentration of 93.2 wt% at 

2.5-3.0 atm and 130-135
o
C, to understand the phenomenon that developed during the adsorption 

process and then they obtained maximum productivity for different feed flow rates in order to 

attain the optimum operating conditions.  

Kim et al. (2011) used a glass column packed with cassava starch in the form of spherical pellets. 

The column was equipped with a water jacket. CO2 gas was used at temperature of 105°C and 

superficial velocity of 5.60 m/min for the regeneration process. The effluent concentration during 

the adsorption cycle was controlled online using a density meter, while the composition of the 

regenerant condensate was monitored by GC equipment. The adsorption performance of the 

cassava pearls was presented in terms of adsorption capacity and selectivity of the adsorbent and 

was compared to those of corn grits which are currently being used commercially for ethanol 

dehydration. They concluded that cassava starch pellets showed higher adsorption capacities 

compared to corn grits with the same particle size, which could be due to the higher surface area 

of the cassava starch pearls. The material has shown a potential for commercialization. 
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Simo et al. (2009) have conducted their experiments using a pilot scale near adiabatic stainless 

steel column supplied with six heat tapes to provide constant temperature along the column. W. 

R. Grace 3A zeolite was used as an adsorbent in a Pressure Swing Adsorption (PSA) system. The 

pressure of the system was kept constant during the experiments using a pressure regulator. 

Nitrogen gas was utilized as a carrier and also purging gas. They carried out their experiments in 

the temperature range of 100-200 °C and pressure range of 2-6.70 bars. The effects of 

temperature, pressure, pellet size, and flow rate as well as water concentration were investigated 

to determine the controlling mass transfer mechanism. 

2.2.2 Mechanism 

Mainly there are three mass transfer resistances controlling the uptake of an adsorbent: (1) A 

laminar film surrounding the pellet known as external film resistance. (2) Transfer of adsorbate 

molecules from the surface of the adsorbate to the micropores known as macropore resistance (3) 

Micropores through which the adsorbate diffuses inside the particle. The rate controlling 

mechanism, however, can be specified by investigating the effect of operating conditions, since 

each mechanism is dependent on a specific operating condition (Simo et al., 2009).   

 In a Temperature Swing Adsorption system used by Sowerby et al. (1991), external fluid and 

micropore diffusion were considered to be the rate-controlling mechanisms since the system 

showed a strong temperature and concentration dependence. 

Kupiec et al. (2003) concluded that in the isothermal adsorption of ethanol-water system, 

micropore diffusion was the rate – controlling mechanism. 

Eigenberger et al. (2004) investigated the ethanol-water adsorption on W. R. Grace 4A zeolite.10 

for temperatures in the range of 25 to 80 °C and pressures between 2 to 5 bars. They concluded 

that macropore diffusion was the rate controlling step. 
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Simo et al. (2009) studied the contribution of the three different mass transfer resistances in a 

pilot scale near- adiabatic fixed bed apparatus using W.R. Grace 3A zeolite. They calculated the 

individual mass transfer resistances for each experimental run, and shown that the adsorption 

process was dominated by micropore and macropore resistances while the external mass transfer 

resistance showed only a small contribution to the overall mass transfer resistance. 

2.2.3 Adsorption Isotherm 

An adsorption system reaches a state called equilibrium in which no net adsorption takes place. 

Adsorption isotherm relates the amount of substance adsorbed at equilibrium to the concentration 

of adsorptive species in the solution at constant temperature. Various isotherm models such as 

Langmuir, Brunauer- Emmett- Teller (BET), Gibbs, Freundlich, linear and adsorption potential 

theory model have been considered to describe adsorption isotherms (Slejko, 1985). 

Ladisch et al. (1984) used Henderson's equation to describe adsorption isotherms on cornmeal at 

40 to 100 ° C. Chang et al. (2006) studied the adsorption isotherm of cornmeal at temperature 

range of 82- 100°C and presumed that Polanyi adsorption potential theory, Sircar’s model and 

Henry’s model gave the most reasonable fit to their experimental data. Breakthrough curves and 

mass transfer diffusivity were determined using isotherms in their study. Asheh et al. (2004) 

obtained adsorption capacity of different biosorbents by fitting the Guggenheim, Anderson, and 

De Boer (GAB) model to their experimental data. 

2.2.4 Effects of Operating Conditions  

2.2.4.1 Temperature 

Temperature has a significant effect on the adsorption capacity of an adsorbent. On one hand, at 

higher temperatures adsorbate diffuses faster into the adsorbent, on the other hand, equilibrium 

capacity of the adsorbent changes at higher temperatures (Slejko, 1985). 
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Wang et al. (2010) studied the effect of temperature in a ethanol- water  adsorption system at 

81
o
C and 89

o
C, and concluded that 100% ethanol in the effluent was acquired at 81

 o 
C.  

Moreover, by developing breakthrough curves they noticed that at 89
o
C the plateau length of the 

breakthrough curve was shorter, and they came to the conclusion that adsorption was more 

favorable at lower temperatures. 

Hua et al. (2001) carried out experiments to investigate the effect of temperature in a fixed bed 

by determining breakthrough curves at 82, 87, 94, and 100
◦
C. They observed that the plateau 

length of the breakthrough curves were shorter at higher temperatures except at 82
◦
C due to the 

reflux of the condensate at this temperature. 

Chang et al. (2006) set up seven temperature points along a 90 cm column and used a multimode 

heat-resistance contact thermometer to measure the temperature at each point. The operating 

temperature, however, was considered to be the average temperature over them. They concluded 

that separation factor and selectivity for water increased by increasing the temperature. 

2.2.4.2 Vapor Feed Concentration 

 Wang et al. (2010) investigated the effect of feed concentration on the adsorption performance, 

and concluded that by increasing the ethanol feed concentration, the ethanol product 

concentration increased due to the fact that when less water was adsorbed, less temperature was 

released and adsorption capacity increased at lower temperatures. 

Anozie et al. (2010) studied the effect of initial water concentration on selectivity of water over 

ethanol, adsorption capacity and water removal efficiency and concluded that by increasing the 

initial water concentration, water removal efficiency and water selectivity decreased, while the 

adsorption capacity first increased and then started to decrease. 
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By obtaining breakthrough curves for three different types of molecular sieves, Asheh et al. 

(2004) concluded that higher water concentration in the feed resulted in shorter breakthrough 

time and higher water concentration in the effluent. 

Chang et al. (2006) investigated the effect of feed concentration in an ethanol dehydration 

process and concluded that as the ethanol feed concentration increased, adsorption selectivity 

decreased and separation factor increased. Productivity, on the other hand, increased by 

increasing the ethanol concentration, but started to decrease at higher ethanol concentrations 

since ethanol provided a resistance to water adsorption. 

2.2.4.3 Feed Flow Rate 

Low superficial velocities corresponding to low feed flow rates cause low mass transfer rate, 

whereas high superficial velocities lead to increase in pressure drop. Consequently, there has to 

be an optimum for bed superficial velocity in an adsorption system (Cooper and Alley, 2002). 

Wang et al. (2010) investigated the effect of vapor superficial velocity in a fixed bed using an 

adsorbent called ZSG-1. They used two velocities of 0.14 m/s and 0.30 m/s, and found that 

higher concentration of ethanol was obtained using lower superficial velocity of 0.14m/s.  

Hu et al. (2001) used a fixed bed packed with cornmeal. They developed breakthrough curves at 

different bed velocities of 4.40, 6.10 and 9.90 cm/s and concluded that ethanol concentrations 

more than 99.50 wt % could be obtained at bed superficial velocity of 6.10 cm/s. 

Chang et al. (2006) carried out their experiment for both equilibrium and kinetic adsorption 

using a column packed with cornmeal, and found that increasing the bed superficial velocity 

increased the water selectivity, which was defined as water percentage in the total amount 

adsorbed. 
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2.2.4.4 Particle Size 

Hu et al. (2001) used three sizes of cornmeal: <40 mesh, 40–60 mesh, and 60–100 mesh, and 

obtained breakthrough curves. They found that particles in the range of 60-100 mesh showed the 

best adsorption performance while using smaller particles with the size of more than 100 mesh 

decreased the adsorption capability due to a higher pressure drop. Anozie et al. (2010) used four 

groups of particle sizes and concluded that adsorbents in the form of powder depicted a better 

adsorption performance. 

Asheh et al. (2004) used three types of molecular sieves: 0.30 nm, 0.40 nm and 0.50 nm and 

concluded that 0.30 nm molecular sieves had the longest breakthrough time and highest product 

ethanol concentration due to their highest surface area. 

2.2.4.5 Pressure 

Although Pressure Swing Adsorption (PSA) is the method currently being used for ethanol 

dehydration in the industry, there is very limited information in the literature regarding the 

investigation of the effect of pressure on the adsorption/desorption process. 

Simo et al. (2009) studied the effect of pressure in a near- adiabatic fixed bed using molecular 

sieves as adsorbent. They conducted their experiments at temperature of 167°C for three 

different pressures of 224, 448 and 689 Kpa, and concluded that the macropore resistance which 

was controlled by molecular diffusion mechanism was the governing mechanism. They also 

found that the rate of the regeneration process was not influenced significantly by the change of 

the pressure. 
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3 Knowledge Gaps and Objectives 

3.1 Knowledge Gap 

This research project emphasizes on ethanol dehydration by using bioadsorbents in a Pressure 

Swing Adsorption (PSA) process which is the common method being used in the ethanol 

dehydration industry since 1980’s. The commercial 3-A molecular sieves which are being used 

in ethanol dehydration industry have low water uptake of 0.20 g /g dry adsorbent. They also need 

high temperature in the range of 190-210 °C for dehydration. However, there has been an 

extensive research on using bioadsorbents for ethanol dehydration process and it has been 

reported that corn grits have been used for ethanol dehydration in the industry, which shows the 

bioadsorbents’ potential to be commercialized in this application. However, using this 

biomaterial as an adsorbent can place pressure on food consumption.  

A potential biomaterial which can be used as an adsorbent for ethanol dehydration is canola 

meal. According to Statistic Canada, 14 million tons of canola was produced in Western Canada 

in the year 2011. Canola meal, however, is one of the byproducts of canola industries including 

oil extraction and biodiesel production. The commercial price of canola meal is $ 0.24 /Kg in the 

year 2011, which is much cheaper compared to that of molecular sieves which is 3-120 $/ Kg.  

Canola meal is composed of 36% crude protein, 12% moisture, 20% neutral detergent fiber 

consisting of cellulose, hemicellulose and lignin, 5% starch, 10% free sugar and non-starch 

polysaccharides, 4% crude fat, and 6% ash (Canola council of Canada, 2011). However, the 

protein content of canola meal is reported to have well balanced amino acid composition which 

can be used for human consumption. This makes canola meal be an important protein source; as 

a result, canola meal residues after protein extraction will become an abundant by-product. 
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Baylak et al. (2012) have used raw canola meal as an adsorbent for ethanol dehydration. They 

demonstrated that canola meal was capable of removing water selectively from ethanol due to 

the presence of cellulosic based materials a majority of which still remains after canola meal 

protein extraction. Therefore, there is an extensive incentive to investigate the capability of 

protein extracted canola meal as a bioadsorbent in an ethanol dehydration process in order to 

make use of this cost-effective material. Ideally, the exhausted protein extracted canola meal 

after ethanol dehydration will still be usable for animal feed and/or a feedstock for bioethanol 

production through fermentation as it is rich in cellulosic components. The immediate benefits of 

canola meal commercialization as an adsorbent in the ethanol dehydration industry consist of 

decreasing the ethanol production cost in the Saskatchewan ethanol industry and enhancing the 

Saskatchewan agricultural industry by selling their waste products. Furthermore, increasing the 

ethanol production rate will benefit the environment. 

Despite being the most common method for ethanol dehydration in the industry since 1980’s, 

Pressure Swing Adsorption (PSA) method with protein extracted canola meal as adsorbent has 

never been studied extensively by researchers, and there is limited information in the literature 

regarding the performance of a Pressure Swing Adsorption (PSA) system. 

Based on the discussion above, the knowledge gaps in the ethanol dehydration process are as 

follows: 

 

- Canola meal consists of fibre, soluble non-structural carbohydrates, phytate, minerals and 

35-42% protein with a well balanced amino acid composition which can be used for 

human consumption (Milton Bell and Keith, 1991; Tan et al., 2011). The adsorption 
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capacity of protein extracted canola meal for ethanol dehydration has not been studied 

systematically. 

- There is no information in the open literature on the effect of different operation 

conditions on the dynamic adsorption of protein extracted canola meal as an adsorbent in 

a Pressure Swing Adsorption (PSA) system. 

- The adsorption isotherm for protein extracted canola meal in an ethanol dehydration 

process has never been discussed. 

- The stability of protein extracted canola meal as an adsorbent for ethanol dehydration has 

never been addressed before. 

3.2 Research Objectives 

The overall objective of this research is to determine the capability of protein extracted canola 

meal for ethanol dehydration in a pressure swing adsorption process.  

3.2.1 Sub-objectives 

- Characterize the biosorbent by determining the functional groups using FT-IR, the 

composition of the biomass through Ultimate/Proximate, kjeldahl and ICP-MS analyses, 

the bioadsorbent morphology using SEM images and devolatilization characteristics of 

the biomass with temperature by TG/DTA. 

- Examine the dynamics of ethanol dehydration by protein extracted canola meal in a 

Pressure Swing Adsorption (PSA) process at different pressure, temperature, flow rate, 

and feed concentration as well as bioadsorbent particle size. 
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- Determine the adsorption capacity of water/ethanol on protein extracted canola meal in a 

PSA process. 

- Demonstrate the equilibrium uptake of water/ ethanol on the bioadsorbent. 

- Evaluate the regeneration process and stability of protein extracted canola meal as an 

adsorbent. 
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4 Materials and Methods 

4.1 Biosorbent Preparation 

Brassica Juncea variety of protein extracted canola meal was supplied from BioExx Specialty 

Proteins Ltd, Saskatoon, Canada. The meal was dried for 24 hrs in an air- convection oven at 

105°C, then it was ground and sized by Canadian Standard Sieves Series (Combustion 

Engineering Canada Inc.) to give particles with diameters of less than 0.43 mm, 0.43- 1.18 mm 

and bigger than 1.18mm. The canola meal with the particle size of 0.43-1.18mm was used for the 

experiments based on the surface area and ease of operation in the column.  Cylindrical pellets of 

canola meal with diameter of 5 mm were made using a California Pellet Mill (CPM-Laboratory 

Model CL-5, California Pellet Mill Co., Crawfordsville, IN) 

4.2 Biosorbent Characterization 

The biosorbent was characterized by determining the functional groups using FT-IR 4100, the 

composition of the biomass through Ultimate/Proximate, kjeldahl and ICP-MS analyses, the 

bioadsorbent morphology using SEM images and the devolatilization characteristics of the 

biomass with temperature by a PerkinElmer instrument, Pyris Diamond TG/DTA. 

Proximate analysis  

Moisture, ash and volatile content of canola meal were determined according to ASTM methods. 

The moisture analysis was carried out using the procedure given in ASTM 3173-87 (2003). The 

ash content was determined according to ASTM 3174-04 (2004). A crucible containing 5 g of 

sample was placed in a muffle furnace (Holpack, USA) for 4 h at temperature of 57510 °C. 

Then the crucible was pulled out of the furnace and put in a desiccator to cool down. The 
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remaining residue in the crucible is the ash content which is a total amount of minerals in the 

sample. 

The volatile content of the sample was measured by following the procedure of ASTM D 3175-

07 (2007). 5 g of sample was placed in the muffle furnace at 95010 °C for 7 min. The crucible 

containing the sample was weighted after it had been put in the desiccator to cool down. The 

weight loss of the sample is attributed to the volatile matter. 

Ultimate Analysis 

To determine the elemental composition of the biosorbent in wt% of carbon, hydrogen and 

nitrogen as well as sulfur, the ultimate analysis was performed by using a PerkinElmer Elemental 

CHNS analyzer. 4-6 mg of sample was put in a tin boat which was placed in the analyzer after 

being fold properly. Sample is burnt in an excess of oxygen in the analyzer and the combustion 

products are collected in several traps and used to estimate the composition of the sample. 

ICP-MS 

ICP-MS analysis was used to quantify some common elements including Na, Mg, P, K and Ca in 

the biosorbent. 

Kjeldahl method 

The protein content of canola meal before and after protein extraction was determined by 

kjeldahl method (Ghodsvali et al., 2005). 

Thermo gravimetric/ Differential Thermal Analysis (TG/DTA) 

To study the devolatilization characteristics of the biosorbent with temperature, TG/DTA 

analysis was performed using a PerkinElmer instrument, Pyris Diamond TG/DTA. The 
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devolatilization characteristics of the biosorbent were investigated in the range of 22°C to 400°C 

at the rate of 5 °C/min. 

Scanning Electron Microscopy (SEM) 

To investigate the effect of protein extraction on the external morphology (texture) and 

crystallinity of the biosorbent, images were taken using scanning electron microscopy (SEM, 

Model JEOL 840A, GELLAR dPICT Acquisition System). All the images were acquired at 25 

kV. 

Fourier transform infrared spectroscopy (FTIR) 

In order to evaluate the effect of protein extraction on the functional groups of the biosorbent, the 

FT-IR analysis was performed. The FT-IR spectra of biosorbent were obtained using a FT-IR 

4100. A mixture containing 5 mg of the biosorbent and 100 mg of dry KBr was pressed into a 

disk to prepare pellets. Each spectrum was taken in the IR range of 450- 6000 cm
-1

 at a 

resolution of 16 cm
-1

. 

4.3 Feed Solution Preparation 

Ethanol solutions with different concentrations were prepared by mixing 200proof ethanol 

(reagent grade, Commercial Alcohols Inc., Canada) and distilled water. 

4.4 Adsorption/ Desorption Experiments 

The adsorption experiments were carried out in the experimental set up shown in Figure 4.1. The 

adsorption system consists of a stainless steel fixed bed column with dimensions of 500 mm long 

(inside), 47.50 mm ID, and 1.65 mm wall thickness. An oil heating jacket is used to maintain the 

temperature of the column constant during the adsorption process. The feed solution which is 

stored in a sealed container is pumped by using a Cole- Parmer, RK-74930-05 pump to a 

nebulizer in which it is mixed with nitrogen gas which is used as a carrier gas. Nitrogen gas is 
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supplied from a pressure cylinder. After being broken up to small aerosol droplets in the 

nebulizer, the mixture passes through tubing which is equipped with Cole- Parmer heating tapes 

(50-60Hz, 120 V, 624W, 5.20A). The rest of the tubing before the column is placed in an oil bath 

to further increase the temperature of the mixture and ensure the complete vaporization. It should 

be noted that the presence of liquid in the column makes the biosorbent to swell and lose some of 

its capacity; therefore, the liquid feed should be vaporized thoroughly prior to entering the 

column. The vapor feed enters the column from the top through a three-way valve. Temperature 

is controlled at the top and bottom of the column by two thermocouples (Omega K type, US) 

which are attached to Omega DPI32 outputs. A back pressure regulator is used to maintain 

isobaric operation during the adsorption process. The pressure of the column at the bottom is 

controlled by a pressure transducer (Honeywell, US) attached to a DPIS32 output.  After passing 

through the fixed bed column, the dry product stream is condensed in a condenser and collected 

by a Gilson FC 203B fraction collector. The product samples are collected at intervals of 2 min 

for the first 10 min, 5 min for 45 min, and 10 min for the rest of the experiment.   

The adsorption process was terminated when the bed reached its maximum adsorption capacity. 

The bed was considered saturated when the temperatures at the top and bottom of the bed 

reached the inlet temperature of the vapor.  

After the adsorption process is completed, the regeneration process is started by discharging the 

vapor feed from the top of the column and passing the nitrogen gas as a purging agent at 1.22 L/ 

min for 4 hrs from the bottom of the column while the pressure is lowered to the vacuum. The 

regeneration product is collected through a condenser which is attached to the top of the column. 
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Figure 4.1: Schematic diagram of the experimental set-up 

4.4.1 Dynamic Study 

To study the effect of operating conditions on the adsorption performance, breakthrough curves 

which are plots of relative concentration(C/C0) versus time, where C is water concentration at 

time t and C0 is the initial water concentration, and also ethanol concentration versus time are 

used. The breakthrough time is designated to be the time when the ethanol content in the effluent 

equals 99%. 

 The effects of vapor feed flow rate at 3 ml/min and 6 ml/min, ethanol feed concentrations of 

80wt % , 85wt % , 90wt % , and 95wt % , initial pellet temperatures at 90
◦
C, 95

◦
C, and 110°C, 

and total pressure at 20 psig and 5 psig as well as adsorbent particle sizes of 0.43- 1.18 mm in the 

powder form and cylindrical pellets of 5 mm diameter are investigated to determine the operating 

conditions at which the adsorption column has its best performance. 

In order to evaluate the effect of external mass transfer on the adsorption, the external mass 

transfer coefficient is calculated according to the Thoenes- Kramers correlation (Fogler, 2006)  
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Where U= superficial gas velocity through the bed (m/s) 

           μ=Viscosity, kg/m. s 

          ρ= fluid density, Kg/m
3
 

          dp= particle diameter, m 

         DAB= gas- phase diffusivity, m
2
/s 

         Φ= void fraction (porosity) of packed bed 

The particle diameter (dp) is defined as equivalent diameter of sphere of the same volume. 

However, since the adsorbent particles used in this study were in the form of powder in the range 

of 0.43- 1.18 mm, dp was considered to be the median particle diameter of 1.18 mm estimated by 

a Malvern Mastersizer- S Long Bench size distributor. To study the effect of the particle size of 

the adsorbent, pellets with diameter, dp, of 5 mm were used. 

The values of gas viscosity and density were obtained from HYSYS software. 

The void fraction (porosity) of the packed bed was evaluated as follows: 

  
      

  
                                                                                             (4.2) 

Where Vt is the total volume of the bed and VCM is the volume of the packed canola meal. 

The binary gas phase diffusivity, DAB, is estimated through Chapman and Enskog equation 

(Poling et al., 2001): 
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Where               (   )  (   ⁄⁄     

                  MA, MB= molecular weights of A and B 

                   P= pressure, bar 

                  T= temperature, K 

                 σAB = characteristic length of the intermolecular force law, A° 

                 ΩD= diffusion collision integral 

 

σAB is estimated as: 
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                                                                                       (4.4) 

Where σ   is the characteristic Lennard- Jones length and is calculated as follows: (Poling et al., 

2001)  
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Vb is the liquid molar volume at the normal boiling point, cm
3
/mol: 

           
                                                                                                     (4.7) 

Where Vc is the critical volume, cm
3
/mol 

Tb is normal boiling point (1atm), K 

μp is dipole moment, debyes 
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ΩD is evaluated according to Neufield et al. (1972) (Poling et al., 2001), 
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Where        T*= KT/ƐAB               A=1.06036         B=0.15610            

                 C=0.19300            D=0.47635        E=1.03587 

                F=1.52996            G= 1.76474       H=3.89411 

ƐAB/k is defined as: 
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Where Ɛ/K is calculated as follows (Poling et al., 2001): 

Ɛ

 
     (       )                                                                              (4.10) 

For a ternary mixture, the diffusion coefficient is calculated by Blanc’s law (Poling et al., 2001), 

    (∑
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                                                                                           (4.11) 

Where i is the trace component, and Xj is the mole fraction of component j. 

Water is considered as the trace component in this case. After calculating the binary gas phase 

diffusivities according to Equation 4.3, the overall diffusivity is calculated by Equation 4.11. 

In this study, the breakthrough time is designated to be the time when the water content in the 

effluent reaches 1 wt%. 

Water or ethanol uptake which is defined as water/ ethanol adsorbed per kg of packed dry 

adsorbent at the breakthrough point was determined by the amounts of water/ ethanol input to the 

column minus the accumulated amounts of water/ ethanol in the effluent at the breakthrough 

point being divided by the dry net weight of the protein extracted canola meal. 
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4.4.2 Adsorption Isotherm 

The adsorption isotherms are determined at three different temperatures of 90°C, 95°C and 

110°C. The narrow range of the operating temperatures is due to the vapor feed condensation at 

lower temperatures and damage to the adsorbent at higher temperatures. The adsorption system 

is considered to reach equilibrium or be saturated when the water content in the effluent equals 

that in the feed. The adsorption capacity of the adsorbent at equilibrium which is defined as mole 

water/ ethanol adsorbed per kg of packed dry adsorbent is calculated by the total amount of water 

input to the system minus the total amount of water in the effluent at equilibrium being divided 

by the dry net weight of the canola meal. The experimental data is fitted into Adsorption 

Potential Theory model for micropore and large pore materials to see which one is a better 

representative for the adsorption isotherm in this system.  

Baylak et al. (2012) observed that a significant amount of ethanol was adsorbed by canola meal 

along with water. Therefore, it is of great importance to quantify water selectivity over ethanol 

by defining a separation factor as (Chang et al., 2006b). 

  
    ⁄

    ⁄
                                                                                              (4.7) 

Where Xw and Yw are the mole fractions of water in the adsorbed phase and the vapor phase, 

respectively, and Xe and Ye are the corresponding ethanol mole fractions. 

4.5 Data Analysis 

The water content for each sample in the effluent is determined by an automated Karl-Fischer 

Titrator (Titroline KF, Schott Instruments). The ethanol content is calculated by subtracting the 

total mass of the sample by the mass of water. The ethanol content obtained by this method is in 

agreement with that achieved from HPLC (Agilent, 1100 Series, Refractive Index Detection) 
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5 Results and Discussion 

5.1 Biosorbent Characterization 

The composition of canola meal before and after protein extraction was determined through 

ultimate, proximate, ICP-MS as well as Kjeldahl analyses. The results are displayed in Table 5.1 

and 5.2. BPE and APE denote canola meal before and after protein extraction, respectively. 

Table 5.1: Major composition of canola meal before and after protein extraction 

Canola meal Moisture content 

(wt %) 

Ash content 

 (wt %) 

Volatile matter 

 (wt %) 

Protein 

Content (%)* 

BPE** 5.61 0.20 6.30 0.11 79.42 2.90 36.98 0.38 

APE*** 5.41 0.19 4.54 0.00 87.01 0.56 33.001.68 

*Protein content was determined by kjeldahl method (Ghodsvali et al., 2005). **Before Protein 

Extraction;*** After Protein Extraction 

As it can be seen from Table 5.1, the moisture content of the canola meal remained constant after 

protein extraction, while there was a slight change in the protein, ash and volatile contents. It 

should be noted that a significant amount of protein still remained in the canola meal after 

protein extraction. The remaining protein content is determined by the protein extraction 

efficiency of the current industry, in this case by BioExx, Saskatoon. 

Table 5.2: ICP-MS analysis 

 Na (ppm) Mg(ppm) P (ppm) K(ppm) Ca (ppm) 

BPE* 40 7198 13430 15608 8246 

APE** 5900 4128 5854 5741 8227 

*Before Protein Extraction;** After Protein Extraction 
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According to Table 5.2, after protein extraction, the Na content increased considerably while the 

amount of Mg, P and K decreased and the Ca content remained almost the same. 

Canola Council of Canada (Canola Council of Canada, 2011) reported the moisture and ash 

content of the raw canola meal as max 12% and 6.10%, respectively. According to Canola 

Council of Canada (2011), canola meal consists of 20% neutral detergent fiber comprising 

cellulose, hemicelluloses and lignin, 5% starch and 10% free sugar and non-starch 

polysaccharides. Canola meal has a complex carbohydrate matrix. The cellulose owns a 

crystalline structure with microfibrils which are linked together by hydrogen bonding and are 

enclosed by amorphous hemicelluloses. The lignin plays a major role in sticking the other 

components together. 

The major mechanism responsible for water adsorption by canola meal is the polar interaction 

between water molecules and the hydroxyl groups connected to the polysaccharides. However, 

the hydroxyl groups which are located inside the microfibrils structure are not available for water 

adsorption.  

The devolatilization characteristics of canola meal obtained from TG/DTA analysis before and 

after protein extraction are depicted in Figure 5.1. As it can be seen, the onset temperature, the 

temperature at which the weight loss begins, is in the range of 200°C to 250°C for both 

materials. 

Raveendran et al. (1996) associated the devolatilization behavior of biomass to the presence of 

cellulose, hemicelluloses and lignin. Biagini et al. (2006) investigated the devolatilization of 

hemicelluloses, cellulose and lignin. They reported the onset temperature of these chemical 
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constituents to be 253°C, 319°C and 253°C, respectively. They also observed that lignin 

decomposed in a wider range of temperature. 

 

Figure 5.1: TG/DTA analysis of canola meal before and after protein extraction. BPE and APE denote 

canola meal before protein extraction and after protein extraction, respectively. 

 

The weight loss at temperatures lower than 100°C can be attributed to the loss of easily volatiles, 

while the weight loss at 100- 130°C is due to loss of water, loss of volatile compounds 

correspond to 130-250°C, hemicelluloses is lost at 250-350°C and cellulose and lignin are lost 

at> 350°C. 

The FT-IR analysis was carried out to determine the major functional groups present in canola 

meal as well as to evaluate the effect of protein extraction on the functional groups. As it can be 

noted from Figure 5.2, there is no considerable change in the functional groups before and after 

protein extraction. 
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The most noticeable peaks in the spectrum are associated to be –OH stretching vibration (3423 

cm
-1

), CH2 and CH3 asymmetric and symmetric stretching vibrations (2915 cm
-1

), C-N stretch 

(1051 cm
-1

) and CO amid (1655 cm
-1

). The first two functional groups are related to the 

presence of cellulose, hemicelluloses and lignin (Himmelsbach et al., 2002). 

 

Figure 5.2: FT-IR analysis of canola meal before and after protein extraction. BPE and APE denote 

canola meal before protein extraction and after protein extraction, respectively. 

 

Surface images of the biosorbent before and after protein extraction at resolutions of 1μm and 10 μm are 

provided in Figure 5.3. Comparing the images before and after protein extraction, it can be deducted that 

the morphology of the canola meal did not change significantly by protein extraction and the size and 

shape of the particles remained almost the same. 
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 Figure 5.3: Scanning Electron Microscopy (SEM) images of canola meal. (A) Canola meal before 

protein extraction at 10 μm. (B) Canola meal after protein extraction at 10 μm. (C) Canola meal before 

protein extraction at 1 μm. (D) Canola meal after protein extraction at 1 μm. 

 

5.2 Reproducibility Study 

Reproducibility of the experimental data was investigated. Three random experiments at 

different pressures and temperatures are presented here as example.  

Table 5.3 summarizes the operating conditions for the selected experiments. 
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Table 5.3: Operating conditions for the selected experiments 

Group 

number 

Temperature(°C) Pressure(Psig) ETOH feed 

conc. (wt %) 

Feed flow 

rate(ml/min) 

CM particle 

size(mm) 

1 95 5 95 3 0.43-1.18 

2 95 20.50 95 3 0.43-1.18 

3 90 20.50 95 3 0.43-1.18 

 

The replicates are compared in terms of water and ethanol uptakes at equilibrium as well as 

selectivities, as shown in Table 5.4- 5.6. The water and ethanol breakthrough curves are also 

compared in Figures 5.4 -5.6. 

Table 5.4: Uptakes and selectivities for duplicate runs at experimental condition #1 

 
1 2 Average STDV 

Coefficient 
of Variation 
(%) 

Water uptake* 11.31E-03 11.43E-03 11.37E-03 8.77E-05 0.77 

Ethanol uptake* 8.78E-02 8.73E-02 8.76E-02 2.85E-04 0.32 

water selectivity 2.43 2.45 2.44 1.47E-02 0.60 

Ethanol 
selectivity 4.11E-01 4.07E-01 4.09E-01 2.46E-03 0.60 

 

Table 5.5: Uptakes and selectivities for duplicate runs at experimental condition #2 

 
1 2 Average STDV 

Coefficient of 
variation (%) 

Water uptake* 18.81E-03 18.35E-03 18.58E-03 3.24E-04 1.74 

Ethanol uptake* 17.42E-02 17.86E-02 17.64E-02 3.07E-03 1.74 

water selectivity 2.06 1.90 1.98 1.13E-01 5.74 

Ethanol 
selectivity 0.48 0.53 0.51 2.90E-02 5.74 

 

* g adsorbed/ g dry net weight of the adsorbent 

* g adsorbed/g dry net weight of the adsorbent 
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Table 5.6: Uptakes and selectivities for duplicate runs at experimental condition #3 

 
1 2 Average STDV 

Coefficient of 
variation (%) 

Water uptake* 2.02E-02 1.77E-02 1.89E-02 1.77E-03 9.33 

Ethanol uptake* 1.97E-01 1.89E-01 1.93E-01 5.57E-03 2.90 

water selectivity 1.93 1.83 1.88 7.30E-02 3.90 

Ethanol 
selectivity 5.18E-01 5.47E-01 5.33E-01 2.07E-02 3.90 

 

 

Figure 5.4: Ethanol and water breakthrough curves for duplicate runs at T= 95°C, P= 5 psig, ethanol feed 

concentration= 95 wt%, feed flow rate= 3 ml/min, particle size= 0.43- 1.18. 
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Figure 5.5: Ethanol and water breakthrough curves for duplicate runs at T= 95°C, P= 20.50 psig, Ethanol 

feed concentration= 95 wt%, feed flow rate= 3 ml/min, particle size= 0.43- 1.18. 

 

Figure 5.6: Ethanol and water breakthrough curves for duplicate runs at T= 90°C, P= 20.50 psig, Ethanol 

feed concentration= 95 wt%, feed flow rate= 3 ml/min, particle size= 0.43- 1.18. 
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Comparing the values of the coefficient of variation, it can be perceived that the adsorption 

system has a better reproducibility at lower pressure and higher temperature. Overall, with an 

average of 3.12% for the coefficient of variation, the adsorption system can be claimed to have a 

good reproducibility. 

5.3 Dynamic Study 

5.3.1 Effect of Temperature  

To study the effects of temperature on the adsorption performance, experiments at ethanol vapor 

feed concentration of 95 wt %, pressure of 20.5 psig and feed flow rate of 3 ml/min at three 

different temperatures of 90°C, 95°C, and 110°C were carried out. The results are shown as 

breakthrough curves and temperature profiles in Figure 5.7 and 5.8.  

As it can be seen from Figure 5.7- A, fuel grade ethanol (over 99 wt %) was achieved from lower 

ethanol concentration of 95 wt% at all three different temperatures. According to Figure 5.7- B, 

by increasing the bed temperature the breakthrough time decreases which could be related to the 

lower bed capacity at higher temperatures. Hu and Xie (2001), Wang et al. (2010) and Simo et 

al. (2009) also reported that the plateau length of the breakthrough curve decreased by increasing 

the temperature. The slope of the breakthrough curve, on the other hand, slightly increases by 

increasing the temperature. The steeper breakthrough curve infers the higher rate of adsorption 

which is caused by higher rate of diffusion of adsorbate molecules into the adsorbent pores 

resulting in inferior bed performance. Mainly there are three mass transfer resistances controlling 

the adsorbent uptake: external film resistance, macropore resistance and micropore resistance. 

The macropore and micropore resistances show strong temperature dependence while the 

external resistance shows only slight temperature dependence (Fogler, 2006). Since the mass 

transfer rate changes slightly by changing the temperature, as depicted in Figure 5.7- B, the 
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external mass transfer can be considered as the governing mass transfer mechanism. The 

calculated external mass transfer coefficients are 11.03E-03 m/s, 11.26E-03 m/s and 11.45E-03 

m/s at temperatures 90°C, 95°C and 110°C, respectively. The external mass transfer coefficient 

values conform to the fact that the rate of mass transfer increases slightly by increasing the 

temperature.  Simo et al. (2009) observed prominent temperature dependence in their Pressure 

Swing Adsorption (PSA) system using 3A° Zeolite, which was justified as domination of 

micropore diffusion mechanism. 

From the temperature profiles in Figure 5.8, it can be observed that the temperature rose during 

the course of adsorption process and the extent of temperature rising increased by decreasing the 

temperature which implies more water adsorption at lower temperatures. The amount of water 

and ethanol adsorbed at equilibrium per unit weight of the adsorbent are shown in Figure 5.9. As 

it can be seen, at higher temperatures, less water and ethanol is adsorbed. However the rate of 

decrease in amount of ethanol adsorbed by increasing the temperature is faster than that of water 

which leads to higher separation factors at higher temperatures, as shown in Figure 5.10. Baylak 

et al. (2012) used raw canola meal as an adsorbent for ethanol dehydration at atmospheric 

pressure. They studied the effect of temperature at 75°C, 80°C, 85°C and 90°C and found that 

the best water uptake and selectivity was obtained at column temperature of 85°C. 

The observed temperature rises, as shown in Figure 5.8, indicated both water and ethanol 

adsorption by protein extracted canola meal was exothermic adsorption. 
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Figure 5.7: Breakthrough curves at different temperatures. (A) Ethanol concentration in the effluent (wt 

%) vs. time. (B) Dimensionless water concentration in the effluent C/C0 vs. time.  All runs were at 

ethanol feed concentration of 95 wt% and pressure of 20.50 psig. 
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Figure 5.8: Temperature profiles at different temperatures. Experimental conditions: ethanol feed 

concentration of 95%, pressure of 20.50 psig. T1 corresponds to the temperature at the top of the column. 

 

 

Figure 5.9: Water and ethanol uptakes at equilibrium at different temperatures. 
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Figure 5.10: Effect of temperature on separation factor. 
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decreases leading to a higher mass transfer rate. The external mass transfer coefficients were 

determined to be 11.03E-03 m/s, 11.41E-03 m/s and 11.57E-03 m/s for ethanol feed 

concentrations of 95 wt%, 90 wt% and 85 wt%, respectively. 

The separation factor increases as the water vapor feed concentration decrease, as shown in 

Figure 5.12. This can be elucidated by considering the effect of vapor feed concentration on the 

equilibrium loadings of water and ethanol. From Figures 5.13 and Figure 5.14, it can be seen that 

the extent of change in water uptake by decreasing the water feed concentration is more 

significant than that of ethanol which leads to  higher separation factors for lower water feed 

concentrations. 

Figure 5.13 shows equilibrium water loading versus relative humidity. It can be observed that by 

increasing the water vapor feed concentration the water equilibrium loading increases, which can 

be also observed in temperature profiles in Figure 5.15, showing higher temperature rises by 

increasing the water feed concentration. The observed temperature rises for ethanol feed 

concentrations of 95 wt%, 90 wt% and 85 wt% were 11.5°C, 16.4°C and 20.1°C, respectively.  

The more water is introduced to the bed, the more heat is generated causing a higher temperature 

rise. 

In ethanol dehydration industry the adsorption process is terminated at breakthrough point, an 

arbitrary point in which the effluent no longer satisfies the objectives. Accordingly, the 

selectivity at breakthrough point is of particular importance. As it can be seen from Figure 5.16, 

the selectivity at breakthrough point increases by decreasing the water feed concentration. It can 

also be observed that selectivity at breakthrough point is higher than that at equilibrium which 

could be due to the higher temperature of the bed at breakthrough time.  
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Figure 5.11: Breakthrough curve at different ethanol vapor feed concentration. All the runs were carried 

out at temperature of 90°C and pressure of 20.50 psig. 

 

 

Figure 5.12: Effect of vapor feed concentration on separation factor. 
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Figure 5.13: Variation of equilibrium water uptake by relative humidity. 

 

Figure 5.14: Variation of equilibrium ethanol uptake by relative humidity. 
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Figure 5.15: Temperature profiles at different feed concentrations. 

 

Figure 5.16: Effect of vapor feed concentration on separation factor. 
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5.3.3 Effect of Feed Flow rate 

Two experiments were designed to study the effects of feed flow rate on the adsorption 

performance by keeping the temperature of the column at 95°C, the pressure at 20.50 psig and 

the feed concentration at 95 wt%. The feed flow rates were held at 3 ml/min and 6 ml/min.  

Water and ethanol concentration profiles are shown in Figure 5.17. From Figure 5.17- A, it can 

be seen that higher concentrations of ethanol were achieved at a lower feed flow rate. It was 

observed that ethanol with concentration of 99.8 wt% was produced at 3 ml/min, while the 

highest concentration of ethanol attained at 6 ml/min was 99.4%. However, ethanol over 99 wt% 

(fuel grade ethanol) was produced at both flow rates studied. These results are similar to those 

reported by Wang et al. (2010) and Hu and Xie (2011).  

The slope of the breakthrough curve, as shown in Figure 5.17- B, was slightly steeper for higher 

feed flow rate of 6 ml/min, which could be correlated to the existence of film mass transfer 

resistance. Among three rate limiting mechanisms including external laminar film, macropore 

and micropore diffusions, only the first one is dependent on the feed flow rate. At low flow rates, 

the film surrounding the adsorbent particles is thicker causing a longer time for adsorbate to 

diffuse toward the adsorbent surface; therefore, the rate of the mass transfer is slower. However, 

by increasing the flow rate, the mass transfer rate increases due to the decrease in the thickness 

of the boundary layer.  

The water and ethanol loadings as well as separation factors at breakthrough and equilibrium are 

summarized in Table 5.7. The residence times were calculated to be 9.47 s and 8.42 s for flow 

rates of 3 ml/min and 6 ml/min, respectively, which explains the higher loadings at lower flow 

rate of 3 ml/min. The higher the flow rate, the shorter is the contact time between the adsorbate 
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and the adsorbent molecules leading to a lower uptake. The separation factor, on the other hand, 

increases by increasing the flow rate. 

From Table 5.7, it can be elucidated that at breakthrough, water and ethanol uptakes decreased 

slightly by increasing the flow rate, which caused the separation factor to be almost the same 

whereas, at equilibrium, by increasing the flow rate the water uptake remained the same, but the 

ethanol uptake decreased significantly. As a result, the separation factor increased considerably.  

The breakthrough time decreased from 27.84 to 12.20 minutes as the flow rate increased. This 

observation could be due to the shorter contact time at the higher flow rate, which caused the bed 

to reach its adsorption capacity earlier compared to that at the lower flow rate. 

Table 5.7: Water/ ethanol uptakes at breakthrough time and equilibrium as well as separation factors for 

different feed flow rates. 

Feed Flow 

Rate(ml/min) 

Breakthrough Equilibrium 

Water 

uptake* 

Ethanol 

uptake* 

Separation 

factor 

Water 

uptake 

Ethanol 

uptake 

Separation 

factor 

3 8.20 61.10 2.48 18.30 178.60 1.89 

6 6.70 50.30 2.49 18.20 140.70 2.42 

*mg/g adsorbent 
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Figure 5.17: Breakthrough curves at different superficial velocities. (A) Ethanol concentration in the 

effluent (wt %) vs. time. (B) Dimensionless water concentration in the effluent C/C0 vs. time. 

Experimental conditions: temperature at 95°C, pressure at 20.50 psig, ethanol feed concentration at 95 

wt%. 
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5.3.4 Effect of Particle size 

The adsorbent particle size can have a major impact on the adsorption process. Surface area, 

voidage, pressure drop and film coefficient as well as intraparticle transport processes can all be 

affected by changing the adsorbent particle size (Hu and Xie, 2001; Simo et al., 2009). 

To investigate how the change of the adsorbent particle size affects the adsorption process, two 

experiments were performed by holding the temperature at 95°C, pressure at 20.5 psig and the 

feed concentration at 95 wt% for two different particle sizes of 0.43-1.18 mm in the powder form 

and 5 mm in the pellet form. The concentration and temperature profiles are shown in Figure 

5.18 and 5.19. It can be seen from Figure 5.18 that by reducing the particle size from 5 mm to 

0.43-1.18 mm, the breakthrough time increases from 13.68 min to 27.84 min. Furthermore, a 

higher concentration of ethanol is produced for smaller particle sizes, as shown in Figure 5.18- 

B. Al- Asheh et al. (2004) observed similar results by comparing three different sizes of 

molecular sieves. They stated that the longer breakthrough time and the higher ethanol content 

produced using smaller particle sizes were due to adsorbent’s higher surface area. 

From Figure 5.18- A, it is evident that the slope of the breakthrough curve increases by 

decreasing the adsorbent particle size implying a higher mass transfer rate. This observation is in 

agreement with the estimated values of the external mass transfer coefficient. The calculated 

mass transfer coefficients are 11.26E-03 m/s and 8.99E-03 m/s for particles with diameter of 

0.43- 1.18 mm and 5 mm, respectively. However, Simon et al. (2009) concluded that the 

aforementioned observations are mainly due to the presence of the macropore resistance which 

decreases by reducing the adsorbent particle size.  
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From the temperature profiles in Figure 5.19, it can be noticed that a sharper and narrower 

temperature profile with a higher temperature rise is attained for smaller particle sizes, which can 

be caused by a higher mass transfer rate. 

The equilibrium loadings of water and ethanol along with selectivities are displayed in Table 5.8. 

The water and ethanol loadings increase by decreasing the particle size due to the higher surface 

area of the smaller particles which provides more adsorption sites available to the adsorbate 

molecules. However, the selectivity did not change significantly as the particle size decreased 

which could be explained by the same extent of increase in water and ethanol uptakes. Anozie et 

al. (2010) used activated saw dust in five groups of particle sizes and reported that the adsorption 

capacity increased by decreasing the particle size. 
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Figure 5.18: Breakthrough curves at different adsorbent particle sizes. (A) Ethanol concentration in the 

effluent (wt %) vs. time. (B) Dimensionless water concentration in the effluent C/C0 vs. time. 

Experimental conditions: temperature at 95°C, pressure at 20.50 psig, ethanol feed concentration at 95 

wt%. 
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Figure 5.19: Variation of temperature with time for different adsorbent particle size. 

 

Table 5.8: water/ ethanol loading at equilibrium as well as separation factors for different adsorbent 

particle sizes. 
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*g water/ g adsorbent 
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There is not much information in the open literature on the effect of pressure in a Pressure Swing 

Adsorption (PSA) system using biosorbents. Therefore, two experiments were designed to 

examine the pressure effect in an adsorption process. The experiments were carried out for two 

different pressures of 20.5 psig and 5 psig at column temperature of 95°C, ethanol feed 
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concentration of 95 wt% and feed flow rate of 3 ml/min. The first pressure was chosen to be 

close to the industrial condition while the second pressure was selected close to the atmospheric 

pressure for comparison purposes. 

The macropore resistance is the only mechanism that is dependent on the pressure. The 

macropore resistance consists of two diffusion mechanisms: Knudsen diffusion and molecular 

(bulk) diffusion. 

Knudsen diffusion occurs when the pore diameter is smaller than the mean free path (λ), the 

average distance travelled by a molecule of gas between successive collisions. However, when 

the mean free path is smaller than the pore diameter, the molecular (bulk) diffusion is controlling 

the mass transfer rate. 

The mean free path is inversely proportional to the pressure of the system; therefore, by 

decreasing the pressure the mean free path increases leading to a transition from bulk diffusion to 

Knudsen diffusion. The Knudsen diffusion coefficient is not a function of pressure (Simo et al., 

2009). Consequently, if this mechanism is the governing mechanism, changing the pressure of 

the system should not result in any change in the breakthrough curves. However, as it can be 

noted from Figure 5.20, the slope of the breakthrough curve increases by decreasing the pressure 

implying that the molecular (bulk) diffusion is the controlling mechanism.  

Table 5.9 summarizes the water and ethanol loadings at breakthrough and equilibrium conditions 

as well as selectivities. It can be seen that, as the pressure decreases the water and ethanol 

loadings at breakthrough and equilibrium decrease owing to the decrease in driving force, while 

the selectivity of water to ethanol increases due to the different extent of decrease in water and 

ethanol loadings. 
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Table 5.9: Water and ethanol loadings and separation factors at equilibrium and breakthrough point for 

different pressures. 

 

Pressure(Psig) 

 Equilibrium 

Uptake* 

Breakthrough 

Uptake* 

Equilibrium 

Selectivity 

Breakthrough 

Selectivity 

20.50  

Water 

1.88E-02 9.30E-03 2.05 3.29 

5 1.13E-02 4.80E-03 2.43 3.47 

20.50  

Ethanol 

1.74E-01 5.41E-02 0.48 0.30 

5 8.77E-02 2.60E-02 0.41 0.29 

*g/ g adsorbent 

  

Figure 5.20: Breakthrough curves at different pressures. All the runs were performed at temperature of 

95°C and ethanol feed concentration of 95 w%. 
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5.4 Regeneration and Adsorbent Stability 

Pressure swing adsorption process comprises two successive steps: high pressure adsorption 

followed by low pressure regeneration. In order to have an efficient adsorption process, it is 

essential to make sure that the bed has been regenerated sufficiently. 

The partial pressure of the adsorbed components can be reduced by lowering the total pressure of 

the bed or by passing an inert gas in a reverse direction to that of adsorption while the total 

pressure is kept constant. However, a combination of the two methods can be used as well 

(Thomas and Crittenden, 1998). Passing the inert gas in a same direction of adsorption leads to 

the readsorption of water molecules carried out from more to less saturated part of the bed during 

the regeneration process. Moreover, the adsorption heat stored in the bed is not employed 

properly. 

To study the regeneration process, experiments were carried out at temperature of 90°C, feed 

concentration of 80 wt% and feed flow rate of 3 ml/min. The total pressure of the system during 

the adsorption process was kept constant at 20.50 psig. For the regeneration process, the pressure 

was lowered to (-10) psig. Nitrogen, 1.22 L/min was provided from the bottom of the column as 

a purging agent for 4 hours. After regeneration, the column was run for adsorption again at the 

same condition as that for the previous run. 

Temperature profiles for the regeneration process at the top and bottom of the column are 

depicted in Figure 5.21. As it can be seen the temperature starts decreasing at the beginning of 

desorption process owing to the fact that desorption is an endothermic process then it begins 

rising until the initial temperature profiles are obtained. Simo et al. (2009) also reported the same 
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trend in temperature profiles for regeneration of type 3A molecular sieves in an adsorption 

process for ethanol dehydration. 

The rate of desorption declines as the process proceeds due to the decrease in the water 

concentration. 

In order to see whether the in situ regeneration was sufficient or not, the adsorption cycles were 

compared. As it can be seen from Figures 5.22 and 5.23, the temperature and concentration 

profiles are homologous implying the fact that the bed was fully dried after the online 

regeneration. However, to further confirm these observations, the adsorbent was removed from 

the bed after the second experiment and was weighted. The initial dry net weight and the 

adsorbent weight after regeneration were 402.50 g and 400.21 g showing less than 0.60 % 

difference. The difference may be because of the trace amount of canola meal attached to the 

wall inside of the column.  

Stability of the adsorbent was evaluated in packing the protein extracted canola meal in the fixed 

bed column for cycles of ethanol dehydration and regeneration. Each adsorption process was 

followed by regeneration using nitrogen gas as a purging agent. Over 35 cycles of 

adsorption/desorption were carried out during two months. Performance of canola meal for 

ethanol dehydration remains constant. The canola meal adsorbent has been used without 

deterioration. Because the process deals with ethanol and water saturation column was dried at 

90°C right after the dehydration, microbes are not able to grow effectively on the protein 

extracted canola meal. Thus the significant decomposition of canola meal material by microbes 

is not observed. This infers that the protein extracted canola meal is a stable adsorbent for this 

application. 
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Figure 5.21: Variation of temperature with time for regeneration process. T1 corresponds to the 

temperature of the column at the top and T2 corresponds to the temperature of the column at the bottom. 

Experiments were conducted at pressure of 0.30 bars and nitrogen flow rate of 1.22 L/min for 4 hours. 
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Figure 5.22: Breakthrough curves for adsorption processes. (A) Ethanol concentration in the effluent (wt 

%) vs. time. (B) Dimensionless water concentration in the effluent C/C0 vs. time. Experimental 

conditions: temperature at 90°C, pressure at 20.50 psig and ethanol feed concentration at 80 wt%. 
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Figure 5.23: Variation of temperature with time during the course of adsorption. T1 and T2 correspond to 

the temperature of the column at the top and bottom, respectively. 

 

5.5 Equilibrium Study 

Adsorption equilibrium data were attained by utilizing the breakthrough curves. The equilibrium 

capacity of the adsorbent on uptake of water was assessed using the overall mass balance. 

The water equilibrium uptakes were obtained at temperatures 90°C, 95°C and 110°C for the 

water feed concentrations in the range of 5 wt%- 35wt%. The pressure of the system was 

maintained at 20.50 Psig, and the feed flow rate was held at 3 ml/min. The adsorbent particle size 

was 0.43-1.18 mm. 

There are several isotherm models that can represent an adsorption system. However, adsorption 

potential theory has been found to give the most reasonable representation of the equilibrium 

isotherm data in this study. 
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Adsorption Potential Theory 

Adsorption potential theory is based on adsorption potential which is defined as the required 

work to convey adsorbate molecules from the gas phase to the adsorption sites. In this theory, 

unlike other adsorption isotherm models, equilibrium loadings at different temperatures are all 

presented in one curve known as the characteristic curve. The adsorption potential in the gas 

phase can be defined as (Chang et al., 2006c): 

Ɛ= RTln (P
s
/Pi)                                                                                                                           (5.1) 

The function form of the potential theory, known as Dubinin- Polanyi theory, for microporous 

and large pore materials is described in Eq. (5.2) and Eq. (5.3), respectively. 

               
  

 
[    (

  

  
)]

 

                                                                        (5.2) 

               
  

 
     (

  

  
)                                                                           (5.3) 

Where q= mass adsorbed per unit mass of adsorbent 

           q0= limiting mass for adsorption 

           k1, k2= pore constant for micropore and large pore materials 

           ß= affinity coefficient 

          Pi, = Partial pressure of the adsorbate  

          P
s
= saturated vapor pressure of the adsorbate 



62 
 

By plotting the equilibrium water uptake as a function of adsorption potential, shown in Figure 

5.24, it can be noted that all the experimental data can be represented in one characteristic curve. 

 

Figure 5.24: Characteristic curve for Polanyi adsorption potential theory. 

 

Figure 5.25 and Figure 5.26 are the plots of equilibrium water uptake as a function of water 

adsorption potential according to Eq. (5.2) and Eq. (5.3), respectively. 

 Table 5.10 summarizes the constants for the Dubinin- Polanyi model for the micropore and large 

pore materials. As it can be seen, Eq. (5.3) which is representative for large pore or nonporous 

materials gave a better fit compared to Eq. (5.2). 
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Figure 5.25: Dubinin- Polanyi model for microporous materials (● experimental data; - predicted by the 

model) 

 

Figure 5.26: Dubinin- Polanyi model for large pore materials (● experimental data; - predicted by the 

model) 
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The equation for the straight line in Figure 5.26 is: 

ln q = - 0.0004 Ɛ – 0.3625                                                                                                          (5.4) 

According to Eq. (5.3), the values for the limiting mass for the adsorption (q0) and the coefficient 

∆= k2 / ß are estimated from the intercept and slope of the Eq. (5.4) to be 69.59% and 4E-04, 

respectively. Chang et al. (2006) reported these values as 16.33% and 3.28E-04 in an ethanol-

water binary vapor system using cornmeal as the adsorbent.  

The mean free energy of adsorption was evaluated using the following equation: 

  
 

   
                                                                                                  (5.5) 

The value of the mean free energy is an indication of the nature of the adsorption process. For 

the values of E between 8- 16 kJ /mol, the adsorption process is considered to be chemisorption 

while the process is physisorption for the values of E lower than 8 kJ/ mol (Dang et al., 2009). 

As it can be noted from Table 5.10, the value for the mean free energy is 0.04 kJ /mol, which 

infers the physical nature of the adsorption process in this study. Dang et al. (2009) used wheat 

straw to adsorb cadmium (II) and copper (II) ions in an aqueous system. They have estimated the 

value of mean free energy as 11.20 kJ /mol and 12.90 kJ /mol for Cd
2+

 and Cu
2+

, respectively. 

The major advantage of the adsorption potential theory compared to the other adsorption 

isotherm models is that only a limited number of data points are required to obtain the 

characteristic curve (Chang et al., 2006c) 
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Table 5.10: Constants for the Dubinin- Polanyi model for the micropore and large pore materials. 

 q0 (g/g 

adsorbent) 

∆=k/ß E=1/√2∆(KJ/mol) 

 

Correlation 

Coeff. R
2
 

 

Relative 

Error (%) 

Microporous 0.18 3E-08 4.17 0.96 7.00 

Large Pore 0.69 4 E-04 0.04 0.97 4.70 

Cornmeal(Chang 

et al., 2006) 

0.16 3 E-04 

 

0.04 

 

0.96 

 

____ 

 

In an adsorption system, thermodynamic parameters including the heat of adsorption (∆H°), 

which are affected by the changes of the temperature, are sources of valuable information about 

the adsorption process. A negative value for the heat of adsorption infers the exothermic nature 

of the process (Farooq et al., 2010). It also helps to determine if the adsorption process is 

physisorption (physical adsorption) or chemisorption (chemical adsorption). If the value for the 

heat of adsorption is in the range of 20- 80 KJ/mol, the adsorption process is physical. However, 

a higher value in the range of 80- 400 kJ/mol is expected for a chemical adsorption process 

(Chowdhury et al., 2011). 

The heat of adsorption is calculated according to Van’t Hoff’s equation (Fogler, 2006): 

 (    )

 (
 

 
)

   
   

 
                                                                         (5.6) 
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Where ∆H° is enthalpy of the adsorption (kJ/mol). T is temperature in Kelvin, R is universal gas 

constant and KT is the equilibrium thermodynamic constant. Values of KT were determined by 

plotting ln (qe/Ce) versus Ce and extrapolating to zero Ce (Khan and Singh, 1987). 

The heat of adsorption was estimated to be - 35.81 kJ/ mol in this study which implies the 

physical and exothermic nature of the adsorption process. 

5.6 Comparison 

To study the usability of canola meal after protein extraction for ethanol dehydration, the 

adsorption performance of the biosorbent was compared to that of canola meal before protein 

extraction, other biosorbents and molecular sieves which are currently being used in the ethanol 

dehydration industry. 

The effect of protein extraction was studied by comparing the adsorption performance of canola 

meal before and after protein extraction by conducting experiments at temperature of 110°C, 

pressure of 20.50 psig and ethanol feed concentrations of 80 and 65 wt%. Results, as shown in 

Table 5.11, demonstrated that canola meal residues after protein extraction was still able to 

selectively remove water from ethanol with slightly higher water and lower ethanol uptake than 

that of raw canola meal. The higher water uptake of canola meal after protein extraction could be 

due to the removal of nonpolar amino acid groups of protein content which show poor solubility 

in water. 
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Table 5.11: Comparison between canola meal before and after protein extraction. 

 80 wt% ethanol 65 wt% ethanol 

 Water 

uptake* 

Ethanol 

uptake* 

 

SP** 

Water 

uptake 

Ethanol 

uptake 

 

SP 

Raw CM 4.40E-02 1.31E-01 1.34 0.09 0.11 1.53 

PE- CM 8.27E-02 7.41E-02 2.78 0.14 0.08 3.42 

                     *g adsorbed/g adsorbent; ** separation factor 

Canola meal after protein extraction also exhibited comparable results to other biomaterials in 

terms of equilibrium water loading, as shown in Table 5.12. 

Table 5.12: Comparison between protein extracted canola meal and other biosorbents. 

Biomaterial Equilibrium water loading (g/g adsorbent)* 

Protein extracted canola meal 1.60E-02 

Corn meal (Chang et al., 2006) 3.05E-02 

Cassava pearls (Kim et al., 2011) 2.60E-02 

Maize starch (Crawshaw and Hills, 1989) 2.30E-02 

Oak chips (Benson and George, 2005) 2.20E-02 

Kenaf core (Benson and George, 2005) 6.30E-03 

Bleached wood pulp(Benson and George, 2005) 1.16E-02 

*All the experiments were carried out at temperature range of 80- 100 °C and ethanol feed 

concentration of about ≈ 95 wt%. 

It was shown it this study that protein extracted canola meal adsorbed a considerable amount of 

ethanol along with water. However, the biomaterial was proven to have a stable structure. 
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Therefore, a combination of this material with other biomaterials might result in higher 

selectivities of water over ethanol to enhance the adsorption performance of the biosorbent. 

To compare the biosorbent with molecular sieves, two experiments were designed using the 

selected adsorbents in the form of pellets with diameter of 4-5 mm. The temperature and pressure 

of the system were held at 95 °C and 20.50 psig, respectively.  

Table 5.13 presents a brief comparison in terms of uptake for water and ethanol as well as the 

selectivities at equilibrium. 

Table 5.13: Comparison between protein extracted canola meal and molecular sieves. 

 Water uptake *** Ethanol uptake *** Water Selectivity  

PE- CM* 1.5E-02 1.49E-01 1.89 

MS** 0.08 0.02 77.97 

* Protein extracted canola meal; **Molecular sieves; ***g adsorbed/g adsorbent 

As it can be seen from Table 5.13, a significant amount of ethanol was adsorbed along with 

water by canola meal compared to molecular sieves, which resulted in considerably lower values 

of water selectivity over ethanol for this biosorbent. 

The water and ethanol breakthrough curves for the two experiments are shown in Figure 5.27. 

The breakthrough times were found to be 13.68 min and 518.03 min for protein extracted canola 

meal and molecular sieves, respectively. The longer breakthrough time for molecular sieves 

indicates the higher adsorption capacity of these materials compared to that of protein extracted 

canola meal. However, protein extracted canola meal is a biodegradable adsorbent which can be 

used in a fermentation plant for ethanol production after losing its adsorption capacity whereas 

molecular sieves are expensive adsorbents which cannot be used after saturated with water. 
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Figure 5.27: Breakthrough curves for two selected adsorbents (A) Dimensionless water concentration in 

the effluent C/C0 vs. time (B) Ethanol concentration in the effluent (wt %) vs. time. Experimental 

conditions: temperature at 95°C, pressure at 20.50 psig, ethanol feed concentration at 95 wt%. 
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6 Conclusions and Recommendations 

6.1 Conclusions 

The adsorption capability of canola meal after protein extraction for ethanol dehydration was 

investigated in a bench- scale pressure swing adsorption system. The equilibrium and kinetic 

studies of the process were carried out through breakthrough experiments. It was found that 

protein extracted canola meal had the capability to purify a 65- 95 wt%  ethanol- water mixture 

to fuel grade ethanol (over 99 wt%). 

The effects of operating conditions including temperature, pressure, feed flow rate and vapor 

feed concentration, as well as adsorbent particle size on the adsorption performance were 

examined. The results were evaluated in terms of adsorbent selectivity for water uptake, external 

mass transfer coefficient and breakthrough time. The calculated external mass transfer 

coefficients were in the range of 14.68- 23.27 m/s. From the experimental results, it can be 

concluded that higher mass transfer rate and selectivity of water over ethanol were observed at 

higher bed temperatures and at lower pressures. It was also observed that the selectivity of 

adsorbent to adsorb water over ethanol decreased when the water feed concentration increased. 

The breakthrough time decreased by increasing the temperature, water vapor feed concentration 

and the adsorbent particle size. 

The equilibrium study was conducted using the breakthrough curves. It was found that the 

Dubinin- Polanyi model for large pore materials which is based on the adsorption potential 

theory gave the best fit to the experimental results. The parameters of the Dubinin- Polanyi 

model were used to estimate the mean free energy of the adsorption process. This value was 
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calculated to be 0.04 kJ/ mole, which showed the physical nature of the adsorption process. The 

heat of the adsorption process was also estimated to be -35.81 kJ/ mol. 

According to the dynamic study, the highest content of ethanol in the effluent and separation 

factor of water to ethanol  were achieved at Temperature of  90°C, ethanol feed concentration of 

95 wt% and particle size of 0.43- 1.18 mm. 

6.2 Recommendations 

1- Canola meal after protein extraction has a low selectivity to adsorb water over ethanol. A 

combination of this biosorbent with other materials can be used to increase the 

selectivity. 

2- Ethanol is adsorbed significantly along with water. The effect of ethanol adsorption could 

be considered in the adsorption isotherm model. 

3- Mathematical modeling could be evaluated to predict the breakthrough curves. 

4- The protein extracted canola meal used in this study has a significant amount of protein 

left. More protein extraction could be carried out to further decrease the amount of 

protein in the canola meal. 

5- The system needs to be modified to decrease the extent of ethanol loss after exiting the 

bed in the condenser; the regeneration part of the bed could also be enhanced in order to 

make it possible to measure the adsorbate. 

6- Online measurement of the adsorption product and the desorbate contents would lead to 

more accurate results. 
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