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ABSTRACT

Canola meal was used asaisorbent in a pressure swing adsorption (PSA) apparatus for
ethanol dehydration. The experiments were conducted at different psz$ésomgeraturg vapor
superficial velocities, vapor concentratioaad particle size Adsorption experiments were
performed at guilibrium and breakthrough point$he results @émonstrated that canola meal
can break the azeotropic point 95.6 wt% and produce over 99 wt% ethanhalevated
temperature, feed wexr concentration, and vapor superficial velocity, it wasfl that the mass
transfer rate increased. In addition, the mass trarseidecreasesheneitherthe total pressure
or the size of the addeent particles aragncreasedBreakthrough curves were simulated and the
overall mass transfer resistarwasevaluated at all experimental runs. The internal mass transfer
resistance was identified as the relevant mass transfer mechanism.

For canola meal,he equilibrium water/ethanol uptake was achieaed 00, 105, and
110C. The FrenkelHalseyHill (FHH) and GuggenheimAndrsonde-Boer (GAB) modeb
perfectly simulatedhe water adsorption isothermBy applying DubinirPolanyi model tahe
experimental data, canola meal was identifigd large pore (nofporous) material.

The heat of adorption on canolameal with particle size of 0.43.18 mm was
determined to be32.11kJ/mol. The resultonfirmsthat the adsorption process is an exothermic
phenomenon and is of physical type duethe fact that the value obtained the heat of
adsorptionis negdéive ard its magnitudes within the range 2B0 kJ/mol. The equilibrium water
uptake on canola meal was similar to that reportedfioer starchy and cellulosic adsorbents,
while the ethanol uptake was higher.

Water saturated canola meal was successfully regiueby passing nitrogen at HDO
which is lower than that for molecular sieves commonly used in industry for bioethanol
dehydration. The canola meal bad®rbent wasre-used for morethan 32cycles and no

significant changé adsorption capacityas olserved.
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1 INTRODUCTION

The present energy and environmentalbpgms causedby fossil fuels have brought
attention to renewable alternatives such as biofuels. Ethaadbisfuelwhich has high energy
values and can be produced from renewable resources such as starch feedstocks, sugar
feedstocks, lignocellulosic feedstocks and agriculture resi@ugmar et al., 2010)Currently,
ethanol is added to gasolias a substitute for methyl testitly ether (MTBE) to increasthe
gasolin@ s octane numb e (Hanaehal, 2@09)MIIBHE is aniotganic compgound
which is considered aa potential human carcinogen at high doses. The presence of MTBE in
groundwater hated to using ethanolas the replacement in gasolinghe usage of ethanaiot
only improves the combtibility of gasoline butalso lowerscarbon monoxide levelin the
exhaust(Frolkova and Raeva 2010)n addition, the usage of ethanol fuel helps the current
global warming issue by reducing the net emissions of carbon dioxte atmosphereThis is
because¢he amount of carbon dioxide releaskding the production and combustion of ethanol
fuel is the sameas the one bound into the replanted biom#&gpiec et al., 2008)Another
advantagef using ethanol in gasoline that no antireeze isrequired inthe hydrocarbon Is&d
fuel containingat least 1@vt% ethanol(Frolkova and Raeva 2010)

Through many studies, bioethanol based fuel has been repsréedromising alternative
to hydrocarborbased fuel{Kumar et al., 2010)The major concern of blending ethanol with
hydrocarborbased fuels is a completedyy ethanol (99.% by weigh) requirement in ater to
avoid phase separatidirrolkova and Raeva 2010; Varadt al., 1998) Bioethanol can be
derived from a large number of feed stocks such as sugat,stand cellulosic materials by
fermentation process, which results in a broth with an ethanol cortcemtcd 612 %, by
weight(Benson and George 2005; Vareli et al., 1998)s fermented broth can be separated by
a conventional distillation process to produce ethanol with a maximum ethanol concentration of
95.5 wt% due to the formatioof anazedropic mixture at this poinSimo et al., 2009; Vareli et
al., 1998) Therefore, other alternative methods must be applied to break the azeotropic point and
produce anhydrous ethdn@9.5 wt% EtOH) such as azeotropic distillation, vacuum distillation,
extractive distillation, chemical dehydration, membrane, and adsorption @e@esmar et al.,

2010; Chang et al., 2006b; Ladisch and Dyck 197nong trese technologigesazeotropic
distillation with benzene and extractive distillation with ethylene glycol and potassium acetate

(distillation with salt) @& mostly applied to breake azedropic pont of ethanchlwater mixture

1



in ethanol plants but the energy consumption for all thes#ads is significant because they
require another distillation process for the reeoy of the solvent (Hu and Xie 2001) The
azeotopic distillation technology was replaced by the adsorption process using zeolite in the late
19805 due tothe lower energy consumptioof the new method which in addition givasery

dry product(Simo et al., 2009; Tindall and Natarajan 1987)

Pressureswing adsorption process is known as a common technology in purification and
bulk separation of gas¢Arumugam et al., 1999)n the pressurswing adsorption (PSA) cycle,
adsorption is performed at an elevated pressure, while desorption takes placeaatlnear
pressure Among the above mentioned methods usegroduce anhydrous ethanol, pressure
swing adsorption process (PSA) has been doianbe much more efficient in terms of energy
consumption(Simo et al., 2008)Although the PSA process is a reasonable method to produce
fuel grade ethanol, there is still a need to search for a suitable s@bstartbe adsorbent.
Currently, the pressure swing process using 3A molecular sieve or corn grits as the adsorbent is
widely employed in the ethanol industrgrfethanol dehydratio(Beery and Ladisch 2001k
has leen reported that the usage of biomass derived adsorbents is more beneficial compared to
other types of adsorbemsgarding the energy dema(@bonfung and Rattanaphanee 20E)r
example, he energy requirement for the dehydration of ethanol with CaO was reporbed
3669 Ki/kg EtOH, while the energy consumed by the adsonpwith cellulose was 2873 Kb
EtOH (Ladisch and Dyck 1979)n additin, bic-adsorbents require moderate temperature of
only 90-110C at desorption stage while zeolite requires-290C.

Bio-adsorbents are environmdnendly material§Boonfung and Rattanaphanee 2010)
Furthermore bio-adsorbents can be reuseslafermentation feedstock to produce either ethanol
or biogas when theare exhaustedio-based adsorbenare cheaper thareolites which arghe
most commonlyndustrial adsorbeast

Bio-adsorbentghat have been extensively studied for ethanol dehydrgpormposes,
include cassavaBoonfung and Rattanaphanee 2010; Liu et al., 2010; Quintero and Cardona
2009) cornmeal(Chang et al., 2006b; Hu and Xie 2001; Vareli et al., 1998)od chips
(Boonfung and Rattanaph@e 2010; Benson and George 200&)ural corncobs, maral and
activated palm stone and oékl-Asheh et al., 2004 However, other bidbased adsorbent such
as canola meal kianot been systematically investtgd for this purpose. After the oil extraction
of canola/rapeseed, what remains is referred to as canolawtiealis highly rich in protein



even up to 50% on a dry bagisider and Barbana 2011¢anola meal in Canla and especially

in Saskatchewaris accessiblén abundane In addition, canola meal hdsenproven to have

high water adsorption capacitwhich makes it a good optioto be employed in adsorption
processsfor ethanol dehydratioand thisis of interest of this research.

As mentioned earliersomeresearch habeen done omsing bio based adsorbents for
ethanol dehydrationvith the pressure swing adsorption procesbich is a common process
used in industry for ethanol dehydratiorowever, sgtematic investigation on ethanol
dehydrationusing canola meal based adsorhena pressure swing adsorption procdss not
been doneln addition, no study has been conducted regarding the meclsasfisvater/ethanol
adsorption on canola medlherefoe, there isa knowledge gap in applying canola meal in PSA
process as the adsorbent for the dehydration of ethanol.

Based ortheknowledge gap the overall objectivetbfs research is to develop a pressure
swing adsorptionprocess(PSA) using canola meaas the adsorbent tadsorb water fnm
ethanolwater vapor mixture angroduce fuel grade ethanandto investigate thedlynamics,
equilibrium andmechanisrma of the adsorption proces$he specific objectives of tis M.Sc.
thesis are listed as follows

1 To characterize canola mei termsof composition the functional groupsparticle size
distribution anddevdatilization behaviowith temperature

1 To investigatehe dynamicof ethanol dehydration by canola meal in a Pressuiads
Adsorption (PSA) proess at different pressurg temperaturg vapor superficial
velocities andeed concentratianas well as biadsorbent particle sizes

1 To analyzethe adsorption capacity afater/ethanol oranola meain a PSA process.

1 To determinethe equilibrium uptake ofvater/ ethanol on thbio-adsorbentas well as
theisotherms of water adsorption on canola meal

1 To smulate the water breakthrough profiles and evaluate the mechanism of the
adsorption

1 To evaluate the regeneratioprocess and stability of canola meal as an adsorbent.



2 LITERATURE REVIEW

2.1 Overview of the Ethanol Separation and Purification Processes

Anhydrous ethanol is known as absolute ethanol whickesr, colorless anid contains
at least 99.5% thanol by volume at 15.8C. In general, the conversion of biomass into
anhydrous ethanol through feentation involves 3 stepfrst, the biomassis convertednto a
fermentable form of sugar, nettie sugarsare fermentedising yeast and bacteria to produce
ethand yielding a broth with 10-12% ethanol by weight and finallgnhydrous ethanois
producedby separation and purification of the fermentation pro@amar et al., 2010)

There are various processes used for primduanhydrous ethanaiost of which contain
distillation. In general, thegrmentation broth is distilled by the conventional distillation tower to
concentrate ethanalp to 7595 wt% whichthen isfurther purified by a different number of
processes$o remove the remaining watand produce anhydrous ethandlhese processeare
listed as follows: 1) &eotropicdistillation process, 2) Vacuum distillation proce3sChemical

dehydration procesd,) Extractive distillation procesand5) Adsorptionprocess.
2.1.1 Azeotropic Distillation Process

In azeotropic distillation, a third chemical compongstich as benzene,-pentane,
hexane, cyclohexane;heptane, isooctaner acetongis added to the watethanol mixture to
alter the distillation equilibriumand brm homogeneous azeotropes with the initial components
(water and ethanol)This leads to a change in the value of the activity coefficienthef
components in the mixta and therefore theelaive volatility of the componentss altered
(Frolkova and Raeva 2010Jo produce pure ethantiroughthis method, a lot of energg
requiredin terms of maintaining and recirculatiraglarge quantity of the additiongthird)
componentKumar et al., 2010; Gomis et al., 2005)

2.1.2 Vacuum Distillation Process

In the vacuum distillation process, pressure is reduced to increase the concentration of
ethanol in the ethanaVater azeotropesince the concentration of ethanol in the azeotropic
mixture chages with pressuréBlack and Distler 1972)This prevents ethanol and wateorh



forming an azeotropehus,the components can leasilyseparated by diskation (Kumar et al.,
2010) This process requires two distillation columns. Ethanol is concentrated in the first column
at moderate pressure tceethear azeotropic composition ahen, the neaazeotropic mixtures
further dehydrated in the second column at ppessure (below 11.5 kP&umar et al., 2010)

This method requires a rdensation temperature of 2d-5at 9.3 kPa which is considered s t
drawback of this metltb(Kumar et al., 2010)

2.1.3 Chemical Dehydration Process

The demicad dehydration process the oldest method anhydrous ethangidroduction.
It is based on exposing either ethanol liquors or ethanol vaporsraskggic substances such as
calcium chloride, potassium carbonaie quicklime (Pleeth 1949)In this method water is
removed fromthe waterethanol mixture by a chemical reaction in which water reacts with
hygroscopic substances and forms avluble substance in ethari&umar et al., 2010)Then,

filtration is used to separate ththanol from tk suspended particles
2.1.4 Extractive Distillation Process

Extractive dstillation method includes extractive distillation with liqusolvent or
soluble saltKumar et al., 2010)In the first approacha nonvolatile liquid solvent is used to
alter the volatility of the feed componenon the trays of a distillation column so that the
volatility of one component is altered much more tkt@a other componenthere are several
liquid solvents such as ethylene glycol, Higtether, and toluene thahhance the volatility of
ethand morethan waterIn both cases, the component with higher volatility shopvat the top
as the product stream. In extractive distillation with soluble salt, a soluble salt is fatianto
distillation column at the topdy. On each tragalt is dissolved imtthe ethanol-water mixture to
form liquid phase associations or complexes with the less volatile component of the solution.
This in turn increases the relative volatility of the more volatile component of the solthienre
are several salts which areedsfor extractive distillation of ethanwlater systemsuch as
calcium andchlorides, sodium and potassium iodidé=arolkova and Raeva 2010; Kumar et al.,
2010)



2.1.5 Adsorption Process

In this processwhich is currently used in industripye distilled90-95 wt%ethanol vapor
is passed through adsorption column to remove the remaining waied produce anhydrous
ethanol. Thismethodis often preferredas compared to thaforementionedechniquessince it
haslower energy demarsd It has been reported that-B0% of the overall energy used in a
typical ethanol plant is consumed by dlatibn processs(Vareli et al., 1997Ghose and Tyagi
1979) Ladish and Dyclproposed an alternatiapproachfirst the fermentation broth is distilled
up to 7590 wt% EtOH,and thenthe remaining wateis removedby the adsorption process
(Ladischand Dyck 1979)The energy consumption of this combined process was reporbed
about 3.9 MJ/kg which is osiderably less than the method involving odilstillation processs
(6-9 MJ/kg)(Vareli et al., 1997)

Adsorption is referred to as the diffusion of molecules in liquid or gas to the surface of a
solid, where they form chemical bonds with the surface (chemical adsorption) or are held on the
surface ofa solid throughweak intermolecular forces ljgsical adsorption)Seader and Henley
1998) The adsorbed molecules on the surfaceswlid are known as the adsorbate and the solid
substance is refeed to as the adsorbef8eader and Henley 1998)he adsorption process has
been developed for producing anhydrous mthan which adsorbents asimilary to molecular
sieves thaselectively adsorb water molecules and yield anhydrous ethanol.

In general there is a needot regenerate the adsorberftsesorption steppfter the
adsorption process a&ccomplishec&ndthe adsorbents are saturatddhe regeneratioprocesss
performed by either increasing temperaturel@creasing pressure duridgsorption cycle the
former method is called temperature swing adsorption (TSA), the lattpressureswing
adsorption (PSAjHuang et al., 2008; Ribeiro et al., 2008; Hu and Xie 20@il)hermal swing
adsorption cycleghebed is heated to dednthe adsorbed speciafier whichthe beds cooled
to be prepared fothe next adsorption cycle. A typical ¢gctime for TSA is between several
hours to several day@nceheating and coolg of the bed take timehile, thecycle time for
PSA is between severaeconds tseveralminutes(Seader and Henley 199&uthven(1984)
reported that TSA process is suitable for the regeneration of strongly adsorbed species but PSA
process is generally used for the regeneration of weakly adsorbed species. As a result, PSA is

popularly used imndustry forethanol dehydration.



2.2 Pressure Swimg Adsorption for Ethanol Dehydration

In this method desorption is accomplished by reducing pressure while the temperature is
kept constant and then the bed or adsorption column is purged at low pressure. This method is
mainly appled for gaseous syster(Ruthven 1984)The pressure swing adsorption process has
advantages over theh@r methods of regenerations in that it lowtes adsorbent inventory and
the capital cossubsequentlyRuthven 1984)

Several esearciprojectshavebeen conductedsingmolecular sieves zeolitddeong et
al., 2009; Prukathorn and Vitidsant 2009; Simo et al., 2009; Carmo and Gubulin 2002bic
based adsorben{Boonfung and Rattanaphanee 2010; Beery et al., I89BBA processes to
dehydrate #anol. For exampleSimo and his cavorkers(Simo et al., 2009)nvestigated the
adsorptiondesorption of water and ethanol on 3A zeolitéBA process imear adiabatic fixed
bed.The simplified process flow diagram was used for the experiments preseftgdre.1.

W

SUPER
HEATER - 1
v
'

,,__
1
1
SUPER
HEATER -2
i
1
1
@
1
I
Be
o3

CEM
3 Unit

|
- [ Pc ]
cor| [
I
W3
3
H;O
2 uz;r_' v Shimadzu
GC 2014
LAl
M;C w4
e

wF

|

=
-7
[t}

| | =3 conpenser

Wacuwm pumip

Figure 2.1 Experimantal setup diagram used\vater/ethanol adsorption in zeolitgmo et al.,
2009)with permission



As it can be seen fromigure 2.1, water and ethanol is mixed with nitrogen gas (carrier
gas) inthe CEM (controlevaporatioamixing) unit, which isa vapor generatingystem. Then,
the temperature of the produced vapor carfusther adjusted using Super Hegleand Super
Heater2. After that, the vapor enters into the adsorption column from the top. The column was
equipped with six band heaters to ensure constant texmgerature profile. Tkeep the column
under adiabaticonditions, the adsorption column was irgatlwith a thick layer of ceramic
insulation. In addition, all lines were insated to avoid any vapor condensati@ne back
pressure regulator was placed at the end of the setup to provide the isobariorcondite
system. The compositioof the components in the effluent westermined using online gas
chromatographic methodfter the adsorption step was accomplished theviskaturated and
regenerated before the next adsorption cythe desorption sp occurred unddhe following
conditions:temperature in the rangd 220-240C, absolute pressure of1® kPa and nitrogen
purgeof 200 cni/min. Simo and his cavorkersinvestigateahe effects of operating conditions
such as the water costration,temperature (10@00C), pressure (0-670 kP3, pellet size
(3.6 and 1.8 mm), and carrier gas flow rate d¢ime adsorption/d®rption of water and ethanol on
zeolite. Further, the equilibrium data was obtained through breakthroughamdnthe water
breakhrough curves were simulated using a mathematical model to obtain the overall mass
transfer coefficien(Simo et al., 2009)

In the PSA processoperatioml parameters such as temperature, pressure, feed
concentration, vapor superficial velocity and the size of adsorbent paglalesan important

role for the adsorption performance. They are discussed as follows.
2.2.1 Effect of Temperature

Temperature is knowms an important parameter in the ethanol dehydration process
becauset higher temperature the vibrat@menergy ofthe adsorbate increasessuling in less
adsorbtionat equilibrium(Okewale et al., 2011 Howeve, the diffusionrate of the adsorbate
within the sold increases whethe temperatures increased, resultingn an increase of the
adsorption ate(Sowerby and Crittenden 1988)

Chang et al.(2006b)investigated the adsorption capacity of water and ethanol on corn
meal at temperatures 80, 87, 91, and ¥€ and vapor feedancentration of 93.8 wt% EtOH.

Theyreportedthat the separation factor for water increased whieadsorbed masseswéater
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and ethanol decreased wie temperature was increased. Further, the adoption favored ethanol
as the temperature of the bed was decreased.

The effect of temperature on bed performance and the adsorption/desorption Wiastics
studiedby Simo et al.(2009) They used temperatures of 100, 146, 167, ang2@Dstudythe
adsorption of water on zeolite. Thegncludedthat the water breakthrough curves had a strong
dependence ortemperature, thughe breakthrough time decreased with an increase in
temperature which is due to the decrease in the bed capacity. The observation of the strong
temperature dependency of water breakthrough curves confirmed the presence of the activated
micropore diffusion mechanisms. Further, at lower temperatures, the adsorption capacity of
zeolite for water increasedhe sotherm became more unfavoraldad desorption prdé
became more dispersed

Pruksathorn rad Vitidsant(2009) investigated the effect of temperature in an ethanol
water adsorption system at 100 andd2@nd feed concentration of 90 wt% EtOH. They found
that lower initial temperature led to higher breakthrough time and water adsorptioftycapac
They concludedhat this phenomenon is due tbe exothermic nature of adsorption proass

which performsbetter at lower temperature.
2.2.2 Effect of Vapor Feed Concentration

Vapor feed concentration affects partial pressuréhefpecies of interest ithe vapor
feed streamSimo et al.(2009)studied the effect of water partial pressure in the feed stream at
167eC on adsorptiomlesorption kinetics. As the water partial pressure was increased, the slope
of water brakthrough curves increased and the bed saturated faster. Further, the water
equilibrium uptake increased with the increasing water content in the feed stream. They also
reported thathe favorable isotherm affected the kinetic parameters which resultsthaiper
water breakthrough profiles with an increase in partial pressure of water in the feed stream.

In the work carried out byPruksathorn and Vitidsan{2009) breakthrough time
decreased as the ethanol fesmhcentration was reduce&owerby and Crittender(1988)
explained that theeason for his observation waghat the adsorbent was subggtto more
adsorbge per unit time

Wang et al., (2010) studied the effect of feed concentration on separation of
ethanol/water azgrope using compound startlased adsorbents. They found that as the feed
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concentration was increased from 82.1 to 92.5 wt% EtOH, the concentration of ethtéh®l in

product significantly increased and the curve plateau length became longer.
2.2.3 Effect of Vapor Superficial Velocity

Vapor siperficial velocity is another important parameter affecting the adsorption

process. The external mass transfer resistance beayessr as the flow rate is deased. In

the work of Baylak and his colleagugBaylak et al., 2012)the slope of water breakthrough
curves increased greatly when vapor superficial velocity was increased fram 0.8 cm/s.
Afterwards, a slight increase was observed when the velocity waerfunitreased up to 2.1
cm/s. These results support tb@nclusionmade bySimo et al.,(2009)tha film mass transfer
resistancébecoms insignificant at higher flow rates. Similar results wesported byWang et

al., (2010; Simo et al.(2009; Westgate and Ladisqi993a)

2.2.4 Effect of Particle Size

Vareli and his colleagud¥areli et al., 1998%tudied the effect of adsorltgrarticle sizes
of 0.180.25, 0.160.18, and0.125-:0.16 mm on waterethanol separation byssthy materials. It
was discoverethat adsorbnts with greater particle sizes had a smaller separation factor.

In the work done byKim and her ceworkers(Kim et al., 2011) two particle sizes of
cassava pearl6l and 0.5 mmwere investigated for drying ethanol. The pearl with smaller
particle size achieved a slightly highaasorption capacity for wateat both breakthrough and
equilibrium At breakthrough, the separation factor decreased as the particle size was increased,
while the separation factor at equililom increased with the increasetloé particle size.

2.2.5 Effect of Total Pressure

Boonfung and Rattanaphan@®10)investigated the effect of adsorption pressuredat 2
and 300kPaand presented the ethanol profiles obtained from the pressure swing adsorption
process.They found thatthe concentration of ethanahcreased withan increasein the
adsorption pessure. Thughe optimum adsorption pressure videntified at 300 kPa(absolute).
However, they did not report that the partial pressure of the components in the vapor feed stream
was kept constant when total pressure was increalith may explain the reportedcrease in
the concentration of ethanoline product.
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Simo et al.(2009)studied the effect of total pressure on the shape of water breakthrough
curves and found out that the slope of water breakthrough profiles decreased as the total pressure
was increased. Furthethey concluded that among different rates of diffusion, only the rate of
diffusion in macropores was affected by the change in total pressure. The key point of this work
is that they conducted experiments at different total pressures, tigileother opeting
conditions,partial pressure of water in the feed stream, vapor superficial velocity, temperature,
and the pellet sizevere kept constant. They carefully planned tkgeemental rundecause of
theunique dependence tifemass transfer mechiam on each operating parameter

Carmo and Gubulif2002)used three adsorption pressures @@, 200 and ®0 kPafor
ethanolwater separation in the PSA process. They reported that an increase in the adsorption

pressure led to a decrease in the ethanol productivitfibecflow rate.
2.2.6 Simulation of Water Breakthrough Curves

Although bicadsorbents have been used in the pressure swing adsorption process (PSA)
for ethanol dehydration ia number of paperyery limiting informationis availableregarding
the mathematical modeling of water breakthrough curves in literatures.

Chang et al.(2006c)simulated the water breakthrough curves of a bed paeké corn
meal (adsorbnt) They performedthe experiments at temperatur82-100eC. The wagr
isotherms were obtained and subsequently usdéukeisimulation of water breakthrough curves.
The mathematical model coneid axial dispersion, and uses thaear Driving Force (LDR
adsorption rate model. Klinkenberg analyticduson was usedo solve the mathematical model
and the overall mass transfer resistance coefficiest estimated to b27813 10° 1/s It was
shown that Klinkenberg model successfully simulated the wdteakthrough profiles at
different supeitial velocities and bed depth. However, the model did not give a good
simulation for water breakthrough profiles at water vapor contents higher that¥d Zurther,
it was found that the adsorption process wasidated by internal mass transfer resistance.

Simo et al.,(2009) developed amathematical moel to simulatewater breakthrough
curves on zeolitevhich considergshe LDFadsorption rateand variatiorof axial velocity.Using
the modelthey identifiedthe overall mass transfeoefficientwhich was subsequently used in

the evaluation othe external film, macropore and micropore mass transfer resistaroes

11



results showed that macropore and micraopodiffusiors were the relevant mass transfer

mechanisms.

2.3 Adsorption Isotherms

To obtain he adsorption isotherms, the adsorption columust reach the equilibrium
state in which the concentrationtbe components in the inlet and outlet strsasnequal and the
temperature of théed has restoreits initial state Then, the adsorbed amount of absorbable
components can be calculated by using the overall mass balance.

There aremany isotherm modelsised to descrié the adsorption isotherms ioding
Langmuir, Freundlich, linearDubinin-Polanyi (potential theor), BrunauetfEmmeltTeller
(BET), GuggenheirAndrsorrde-Boer (GAB), FrenketHalseyHill (FHH) model (Al-Asheh et
al., 2009; Ruthven 1984)

Langmur model was used b8imo et al.(2009)to describe the adsorption isotherms at
100-200C on zeolite 3A.Kim et al., (2011) found that the adsorption isotherms of cassava
pearl s showed a | inear behavior simi-97am% t o He
EtOH and bed temperature ofe20

Chang et al.,(2006a) used BET, Dubinin-Polanyj Sircar models to describe the
adsorption isotherms at temperagi82-100eC on corn meal. They stated that water adsompti
isotherms were of type bkccor ding to Brunauer ®ginikRolanyisi f i c a
and Si r c aedie exparirdenthl dataiattall temperatures very well.

Al-Asheh et al.(2009)usedGAB and FHH model to represetite isotherms for water
adsorption on natural zedit(phillipsite) The GAB model represented better fit to the
experimental data compared to FHH modelalhcases. The relevant adsorbents for ethanol

dehydratiorarediscussed in the following section.

2.4 Adsorbents

There area number ofadsorbentshat can be employed to deghanol zeolite (Jeong et
al., 2009; Simo et al., 2009ilica gel, activated alumina, cassgBaonfung and Rattanaphanee
2010; Liu et al., 2010; Quintero and Cardona 2006jnmealChang et al., 2006b; Hu and Xie
2001; Vareli et al., 1998wood chipgBoonfung and Rattanaphanee 2010; Benson and George
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2005) potato starclfHu and Xie 2001)natural corncobs, natural anctisated palm stoneyak
(Al-Asheh et al., 2004) Among these adsorbents, 3A zeokted corn grit areurrentlyused in
ethanol plants talry ethanol(Kim et al., 2011; Simo et al., 2009he dher adsorbents astill
at the research staga.addition, gveral resear@s have investigatkthe feasibility of applying
bio-based adsorbents as aternativeto zeolitesincebio-adsorbents aréerived from renewable
sourcesthey are cheaper and require modedssorptiontemperature compared 8A zeolite
(Hu and Xie 2001)

2.4.1 Zeolite

Zeolite is the most commonusedadsorbent in industry for ethandehydraion. 3A
zeolite hasporesin diameter of 0.3 nnwhich enablét to selectivelyadsab water molecules
while excluding ethanol molecule€armo and Gubulin 2002)This phenomenon happens
because ofhe difference in polarity and molecular size of water and etharadér and ethanol
molecules have diameter of approximately 0.28n and 0.44 nm, respectiveliluang et al.,
2008; Ribeiro et al., 2008)

Pruksathorn and Vitids&i2009)studied thgroduction of pure ethanol in tiSAusing
zeolite They reported that higher breakthrough time and water adsorpapacity were
achieved forruns with lower initial temperaturend explainedthis with the observation that
adsorption processareexothermicphenomena. They reported tiégher cycle time resulted in
higher ethanol recovery

Jeong et al(2009)used zeolite in thir experiments and reportegeduction of about 2
kl/day of dehydrated ethanol (99.5 wt% EtOH) with a product recovery of 72% at feed
concentration of 93.2 wt% EtOH.

Simo et al.,(2009) investigated equilibrium ahkinetic adsorption of water aredhanol
on 3A zeolite using a PSAprocess. The operating conditions were selected slynitarthe
industrial ones: pressure 400 kPa temperature in the rand®0-167C andthe bed was kept
under adibatic conditions. They reporteddsorbent selectivityof 900 and the Langmuir
isotherm model gave a perfect fitttee water equilibrium adsorption data.

Ribeiro et al.,(2008) studied the adsorption equilibrium akohetics of water vapor on

activated carbon, actited aluminaand zeolite at 30X using a gravimetric system. It was
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shown that zeolite had the highasisorptiorcgpacity (11 mol/kg) at low pressurglowever, the
alumina sample achieved the highaedsorptiorcapacity (35 mol/kg) at high relative humidity.

Sowerby and Crittendefi988)examined3A, 4A, 5A and 1® zeoliteto dry an ethanel
water azeotropic mixturelheyconcluded that zeolite 5A and 10A weret suitable for ethanol
dehydration processbecause they reacavith ethanol and formedndesirable product3hey
also showed thah 4A molecular sievehad a greater water adsorption capacity thaBAa
molecular sievat similar operating conditions.

Al-Asheh et al.(2004)used3A, 4A and 5A zeolitein their experiments. Theresults
indicated that type 3A zeolite has bettebreakthroughtime and outlet water concentration
compared to the other types

The high temperature requiremel(200-250&C) for zeolite regeneration has led toa
growing interest for the searaf more energy efficiet alternatives such as biomaderived
adsorbentgOkewale et al., 2011Boonfung and Rattanaphanee 2010; Simo et al., 2008; Beery
and Ladisch 2001Moreover, the use of biadsorbents offers additional advantagespared
to synthetic adsorbentBor examplepio-adsorbents can easily deposiedin the environment
andthey can be reuseds the fermentation feedstock to produceegittthanol or biogas when

theirregeneation does not seem feasiljoonfung and Rattanaphanee 2010)
2.4.2 Bio-Adsorbents

Bio-adsorbents are adsortte made of natural biomateriate by-products of related
industries such as cellulose and starchy materials-délsorbents adsorb water dieethe polar
attraction between water molecules d@hdpolar groupgsuch as hydroxyl and carboXyh the
biomaerials (Quintero and Cardona 2009un et al.(2007)used different adsorbents to study
water and ethanol adsorption in liquid phase. They studied barely straw, siia@aiand acid
washed crab shells at room temperature in a batch syAteong theseadsorbents the highest
ratio of ethanol to water uptake was achieved for basteaw (4.31) followed by wheattraw
(3.22)and crab shells (0.79).

For vapor phse asorption,Hong et al.(1982)utilized a gas chromatographic elution
method to explore the capacity of certadsorbents in vapor phase adsorption. Adsorption and

desorption was pormed at 8@C and He gasvas usedas thecarrier gas at velocity of 94
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cm/min. The adsorption capacity thfe adsorbents was reported in the following order: potato
and corn starch > xylan > cornmeal > avicel > bagasse, corn residue, and wheat straw.

Vareli et al.,(1998) appliedthe IGC method tadentify chromatographic retention data
for cornmeal, wheat flour, angheat straw. The experiments w@erformedat temperatwesin
the rangeb0 to 9@C with particle size 0.180.25 0.160.18 and 0.13-0.16 mm. The highest
separation factor was achieved for whitatir at 56C and particle siz€.13-0.16 mm. For all
adsorbentgheseparation factor decreadeglincreasinghe temperature and tl@sorbentsvith
smaller particle size showed a highegpa@tion factor due to thregreater specific surface area.

Chang et al.(2006b)investigated the fedsility of usingcorn meal for the sepdran
of waterethanol mixture and production oAnhydrous ethanollo study the kinetic of water
and ethanol adsorptiprseveralexperimentalruns were performedThe concentration and
temperaturavere kept constant whikearying thevapor superficial velocities and operating time.
They reported that the seledty of water adsorption abreakhrough point wa slightly higher
than that aequilibrium conditios.

Quintero and Cardon@009)also utilized a fixed bed column to examine the adsorption
capacity of starchy and celldic materials Expecting to achievéigher adsrption capacity,
they applied an enzymatic hydrolys the adsorbents in order to modify the adsorbdrits
results showedn increase in the adsorption capacityhaftested materials after the enzymatic
hydrolysis treatmentut no increase in specifsurfacearea This was explained by the fabiat
the enzymatic hydrolysis treatment modified the adsorbents in a way that more hydroxyl groups
were exposed to water molecules. Among the teatsbrbents, the highest water adsorption
capaciy was achieved for corn starahd the lowest was reported for elephant ear starch

Al-Asheh et al.(2004)applied the same methad was used in the wodf Quintero
and Cardond2009) They found thatpalm gavethe best results in separation of ethamater
mixturecompared tamaturalcorncobs activated palm stone, oak, and activated oak.

Wang et al.(2010)used gravimetric method to investigate the water vapor isotherms on
3A zeolite, potato starch, corn starch, cassava starch, and cellulose at room tempéraiure.
results indicatedhat at relative pressure of 0.6, thighest value of watesthanoladsorption
ratio was achieved for potato starqt®4.2. The adsorption ratiosthey obtainedwere in the

following order potato starcheellulosercorn starchcassava staretBA zeolite
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Many researchers have justified that the adsorption of water or ethanol by bio based
adsorbents is mainlgontrolled by mass transfer resistances. In addition, the adsorption-on bio
adsorbergwasexplainedby the polar attraction betwedheir polar grou (hydroxyl, carboxyl,
and protein) and water or ethanol molecules. Since the polarity of water is higher than ethanol,
water molecules are selectively adsorbed bydnisorbent§Quintero and Cardona 2009)his

indicatesthat bicadsorbents have a potential for industrial application in ethanol dehydration.
2.4.3 Canola Meal

Canola is known as a promising source for biodiesel production and the second largest
supplyof edible oil in the worldAider and Barbana 20L11)ccording to Statist&Canada, the
share ofSaskatchewan in canola production was 3.4 milliors tor2006, which was increased
up to 5and 7million tonsin 2010, and®011, respectivelyCanola meal is known asby-product
of canola oil extractiorand contains up to 50% protein on a dry basis which is mainly used as
the protein source in animal f&€Aider and Barban2011; CanolaCouncil of Canada, 20)1
The composition of canola mea summarized imTable 2.1 In addition,the protein in canal

meal is mainly composed afbumin and gibulin (Manamperi et al., 2007)

Table 2.1. Canola meal compositiai€anola Council of Canada011)

Component wt% on a dry basis
Moisture 7.1
Crude potein 36.3
Crude fat(ether extract) 11.1
Ash 6.3
Free sugars 9.8
Neutral detergent (cellulose, hemicellulose, lignin) 24.1
Non-starch polysaccharides 13.7

The ability of canola medab adsorbwaterhasbeen measureby several studies. They
reported water adsorption capacity valeésanolameal between 218 an882% of its initial
weight(Aider and Barbana 2011)hese values mainbreattributed to canola meal containiag
considerable amount of fiber which improws water holding capacityAider and Barbana
2011)
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In a preliminary studyBaylak and his ceworkers(Baylak et al., 2012)ised canola meal
to producefuel grade ethanol (ove®9 wt%) They useda fixed bed apparatus their
experiments to separatwaterethanol mixture and demonstratedthat canola meal has a
potential for ethanol dehydratioHowever,a systematic investigation on ethanol dehydration in

pressure swing adsorption has not been done.
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3 MATERIALS AND METHOD S

3.1 AdsorbentsPreparation
3.1.1 Canola Meal

The @nola mealused in this workwas produced byFederated C®peratives Limited
(Saskatoon, Canaddafanadian Standard Sieves Sel{€smbustion Engineering Canada Inc.)
was appliedo sieve canola meal particles; the collected samples had particle sizes in the range
0.4251.18 mm(Figure3.1).

A A 0

Figure 3.1 Canola melwith particle size9.4251.18 mm

Canola meaWwas also used to prepare cylindrical pell&@alifornia Pellet Mill (CPMLaboratory
Model CL-5, California Pellet Mill Co.Crawfordsville, IN was usedo make cylindrical pellets
with the uniform size of about 5 mm in diameter and 10 mm in letfggure 3.2). Canola meal

sanples were dried ianoven at 116C for 24hrs, and thewere ready for use ithe column
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Figure 3.2 Cylindrical pellets vith 5 mm in diameter and 10 mm in length.

3.1.2 Corn Meal

The cornmeal used in this workwas produced bBUNGE MILLING, INC. (Kansas,
USA). Upon receivingthe corn meal was sieved asdmples witlparticlesizesin the rangeof
0.4251.18 mm wereollected(Figure3.3). Cornmeal wadried inanoven at 11,0eC f o

and therwas ready for usi thecolumn

Figure 3.3 Cornmeal with particle size9.4251.18 mm.
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3.1.3 Zeolite

Zeolite 3Apellets with particlesizes2.384.76 mm weregrovided by EMD Chemicals
Inc. (Pamstadt, Germanylrigure3.4). Zeolitesimilar to other adsorbents was kepamoven at

110 e &£hrdf anda the@ was ready for use¢hacolumn.

Figure 3.4 3A zeolitewith particle size.384.76 mm.

3.2 Experimental Seup

The schematic diagram of the experimentalugeis shown irFigure3.5. It includes:

1 A pump (ColeParmer, RK7493005) to transfer the preparedixture of water and
ethanol tahe Nebulizer
A gas tank (N).
A gas flow meter (Cokarmer, PMRA010360) to adjusthe flow rate of the carrier gas
(N2).
A preheater (heated piping line).
An evaporatomwhich is an approximately¥5 m long copper tube coiled amdmersed in
a hot oil bath

1 A stairless steel adsorption colurB01 mm long and 46 m ID equipped with gacket.
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1 A heated pipe lineconneding the outlet of the adsorption column to a back pressure
regulator valve to ensure no condensation happens in the stream before entering to the
back pressure regulator

1 A back pressureegulator valve (Parker Hannifin CqrigS) which was used faressurize
the system according to the operating conditions

1 Threeglassvare condensers to cool down the effluent and consequently separate water

and ethanol from the carrier gas;JN

The emperature othe preheatein the setupwas controlled by temperature controllers
(Cole-Parmer, 8900-00, Canada) connected withheating tapeThe temperatures of the vapor
stream and the bed weneonitored at different points by fouhermaouples (Omega K type,
US) labeledJ-111, 3114, 3115, and J126. The thermocouples-115 and 126 were phced
inside the tube, wherelll5read the temperature tife vapor stream ahe inlet of the column
and J126read the temperature tife vapor stream enterintpe back pressure regulatgalve. J
111 and J114 were inserted at the middle and bottom of the column to monitor the bed
temperature. Two pressure transducers (Honeywell, US) were used to monitor pretbsiog at
and bottom of the adsorption colurthl12 and J113). The pressure transders were attached
to Omega D532 outputs. Théhemocouples <115 and Jdl26 were connected to Omega DPi32
outputs, while the thermocouples -111 and 114 were attached to Omega UTUISB
Conrectors and temperature data wasorded using TRH Central Measurement and Data
Logging ProgranfOmega).
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Figure 3.5 Process flow diagram of tHeSAsetup.
3.2.1 Feed Solution Preparation

The ethanolwater solutionwas prepared by mixing00 proof ethanol (reagent grade,

Comnercial Alcohol Inc., Canada) witthistilled water.

3.3 Adsorption Experiments

Prior to the adsorption step, the coluf@110) was kept underacuum condition (25
kPa) at 116C and purged with nitrogen gas afl@w rate of756 cni/min calibrated at standard
conditiors (T=2%C and P=101 kPdayom the bottom for 15 hrs to ensure the bed is free of any
moisture. In the adsorption step, the prepared mixture of ethandlwater is pumped into the
nebulizer(J-135), wherethe mixture is broken into small aerosol droplets with the aid,ajes
(Figure3.5). After that the mixtureenters into the preheatamhere the tube is wrapped with heat
tapes to warm up the mixture before entering into the evapE&tb80) The mixture in the
evaporatoiturns into vapor and reaches the desired temperaturesponding tahe operating
conditions(at this pointthe temperature is monitored by thermocouplel19)). After the bed
temperature has reachttek desired point, the adsorption step can beghe temperature of the

bedis kept constant correspondirtg the operating conditionsisingan oil bath(E-116) which
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circulatesthe heating oil through the jacket the adsorption columihis results insothermal
conditiors far the adsorption process

The adsorption process begins once the vapor stream enters into the OKUHD)
from the top. As the vapor stream pasthrough the bed, water and/or ethanol molecules are
adsorbed on the adsorbent ahd vapor stream including unabsorbed materiaagalwith N
gas leaves the column from the battoTheback pressure regulator val(&125) pressurizd
the system according to the operating conditions. The pressure drop along the columthdurin
adsorption process was 2314 kPawhich is negligible The tube between the column and back
pressure regulator was wrapped with heat tapes tp e vapor temperature at EI3and
avoid any condensation tfevapor stream before going into the pressure regulator. The effluent
of the adsorption column iggfributed between 3 condens€Es120, E121, and EL22) which
were placed ira parallel pattern in order to separdte ethanol and water content of the vapor
from the N gas. The condensed liquid was collected in sample t{i&823)in intervals of 2
min for the first 10 min, 5 min for 30 min, 10 min for 40 min, and 20 min lier rest of the
experiment. Te collected samples were weighed #dr@hanalyzed to determirt@eir water and
ethanol contest

The adsorption process was terminated wherbétewas saturated and the temperatures
at the middle(J111) and bottom(J-114) of the column (D-110) had reached theinlet
temperature of the vapor.

3.3.1 Dynamic Study

To study the effect of temperature, pressure, flow rate, pellet size, and feed concentration
on the dynamic adsorption of watethhanol on canola meal, water breakthrough curves and
ethanol production profiles were generat®dater beakthrough curves wergeneratedby
plotting C/Cy (dimensionlespversus timewhere C is water conteint effluent at specified time
intervals and grepreserd thewatercontentin the feedstream Ethanol production profiles were
also generated by plotting the ethaoohten of the effluent versus tim&y breakthrough point
is meant, theoint where the watetontentin the effluent reaches 1 wt% o@sponding to 99
wt% ethanol. Atbreakthrough pointwater/ethanol uptak wasdetermined as the ratio of the
difference betweethe total mass of watethanol inputinto the column andhe accumulated

mass of wateethanol in theeffluent, andhe dry net weight of the adsorbent in the column.
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The operating conditions for this ezgch were as followsied temperatussof 100, 105,
and 10eC, water partial pressurs of 24, 45 and 85 kPa, superficial velocitiesf 09 and 1.5
cm/s, total pressusenf243 and312 kPa,adsorbent particle sizes in the rafigé¢31.18 mm and
cylindrical pellets of 5 mm diameter. These conditions virestigatedn canola meal and the
optimum conditionsfor ethanol production with concentration of over 99 wt% Et@kre
determin@. For comparison, anola mealcorn meal and 3A zeoliteadsorbents wertested in
this workas well.

Water breakthrough curves were modeleavaluate the overalexterna) and internal
water mass transfer resistanse(Seader and Henley 199&nd determinethe mechanism

cortrolling the mass transfer rate.
3.3.2 Equilibrium Study

For the equilibrium study, the adsorption breakthrougixperiments were run
continuously until the bed reacheduilibrium condions. At equilibrium, the bed reached its
saturation point, atvhich the water content in the efflueequas its feed value, and the bed
temperaturdas restoreds initial value

Equilibrium isotherms were determinedtanperatured.00, 105, and 1HZ by plotting
the equilibrium uptake verstiserelative humidity. The arrow temperatureangewas chosen to
avoid burningcanola meaét higher temperatuseand ®ndensingvater or ethanah the vapor
feed stream at lower temperatures. At equilitor, water/ethanol uptakeas calculated as the
ratio of the differencébetween the total mass of watethanol inputinto the columnand the
accumulated mass of watettianol in the effluentandthe dry net weight of the adsorbent in the
column.

To find a model that camepresent the adsorption isotherms in this systtm,
equilibrium data were fitted bthe DubinirPolanyi, the Guggenhewfindrsorrde-Boer (GAB)
and the FrenkeHalseyHill (FHH) models(Al-Asheh et al., 2009; Ruthven 1984)

3.4 Desorption Process

The firststep in the desorption stage was depressrization step atvhich the pressure
of thecolumn wa decreasetb the atmospheric one lmpening the valvéJ-131)locaed on the

top of the adsorption column {D10) Next, the pressure of tltmlumn wa reducedo 25 kPa
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and kept constant using a vacuum pu@gl34) After that, the temperatuad the bed wa kept
constantat 11@C) and the column wapurged with nibgen gas at flow rate 756 &min for 5
hrs. Nitrogen gas was directed bybgpass to enter the column from the bottom and leave from
the top.Finally, the outlet stream went through a conder{&et32) to separatavaterethanol

from thenitrogen gasnd preventhem fromentering the vacuum pungf®-134).

3.5 Analysis
3.5.1 Water and Ethanol Content Analysis

The water cotent for each collected sample svanalyzed by an automated Karl Fischer
Coulometer (METLER TOLEDO DL32). The ethanolass fraction for each sample sva
determined as the difference betwaenty and the mass fraction ofvater. The dtanol mass
fraction evaluated usinthis approach was consistent with the one analiedPLC (Agilent,

1100 Series, Refractive Index Detection).
3.5.2 Fourier-Transform Infrared (FTIR) Analysis

Information regarding the functional groups of canolaal was obtained using FTIR
analysis (Jasco FT/H&100). A 1-2 mg sample ofanola mealvas mixed with 100 mg of solid
infraredtransparent substance (potassium bromide) and then pressed into a 7 mm disc. Then, the
prepared disc was used for FTIR asayin the IR range of 458500 1/cm at a resolution of 16
l/cm

3.5.3 CHNS Analysis

The demental componds (carbon, hydrogen, nitrogeand sulfur) of canolameal
samples were determineding PerkirElmer Elemental CHNS analyzekpproximately4-6 mg
of eachsample wa taken and placed a tin boat. Then, the tin boat svéolded and placed in the
instrumentused inthe analysisEach analysisvas repeated twice and the results were presented

in average of the duplicates.
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3.5.4 Particle Size Distribution Analysis

TheMastersizer particle size analyzer (Mavlern Mastersszeng bench size distributor)
was used to determine the size distribution of canola meal padiele=l in the range of 0.425
1.18 mm. Canola meal samples were manually placed into the dry faetiem. Then, a jet of
compressed air delivered the sample from the feeder to theureesent area. The sample cell
was located in front of theange lens, and the sample pastedugh the lser beam by flowing
through thecell. The Mastersizer analyzéle size ofeachparticle by using its optical unit to
capture the actual scattering pattern frarfield of particlesA 1000 mmlenswas usedor the

analysisasthe particlesizeswerein the range 00.00423.480 nm.
3.5.5 Thermogravimetric Analysis (TG/DTA)

To study the pyrolytidehavior of canola meathermogravimetric analysis (TGA) was
carried outusing a PerkinElmer instrumemyris Diamond TG/DTA. The depolarizan of the
canola meal samples wagrformed in argon gas a temperature range of 2l00C and a

temperature increase rate @Ctmin.
3.5.6 Proximate Analysis

ASTM methods were applied to analythe moisture, ash, and volatile contsof canola
meal. The moisture and the ash emtwas determined accordingdmceduresn ASTM 3173
78 (2003)and ASTM 317404 (2004) methods, respectively. Rtie ash content analysia,5 g
canola meal sample was put in a crucible which inwaaplaced in a muffle furnace (Holpack,
US) at575+1@&C for 4 hrs. Then, the crucible was ¢aa in a desiccator to cool dowFhe ash
content was calculated as ratibthe sample residue in the crucible and its initial weight.

The volatile ontent was analyzed using tB&TM D317507 (2007) methodA 5 g
sample was put in a crucible and placedhie muffin furnace at 950+40 for 7 min. Then, the
crucible was placed in a desiccator to cool dowme volatile content was determined hs t
ratio of thesampl® weight lossand itsinitial weight
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3.5.7 Protein Determination

The protein content of canola meal was determined accordiAg@C Method 4630.
First nitrogen content was determined by CHNS analysis. Then, the protein content was

calculatedoy multiplying nitrogen content b§.25(HassasRoudsari et al., 2009)
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4 RESULTS AND DISCUSSION

4.1 Characterization of Fresh Canola Meal

4.1.1 Particle SizeDistribution Analysis

To study the size distribution of sieved canola meal partitiedlastersizer particle size
analyzer was usedrigure 4.1shows the size distribution ofesied canola meal particles in the
size range of 0.425.18mm.The particle size analysis was duplicated and the average wvélue
thevolume median diameter DQ/5) was determined

The volume median diameter D(v,0.6f) fresh canola meal particles approximately

05714#0.0 mm. This means that 50 v% of the distribution is ab®%¥1+#.0@®2 mm and 50
v% is below0.5714.002 nm.
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Figure 4.1 Particle sizalistributions forfresh canola meal
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4.1.2 FT-IR SpectroscopyAnalysis

The FTFIR spectroscopies of fresh canola inglaowed peaks &372, 2926, 2855, 1655,
1542, 1241 and 105P/cm (Figure 4.3. The analysis of FFIR bandsdemonstratethe presence
of thefunctional groupgaming hydroxyl andcarbonylin canola meal. The bar88721/cmwas
assignedo O-H and NH stretching vibraon, while the band2926 and 2853/cmrepresented
CH, asymmetric and symmetric stretching vibrations, eespely. The presence of amitlavas
confirmed bythe C=0 (peptide C=0 bond3tretching vibration band df6551/cmand the NH
bending vibrationband of 1542 1/cm Band 1241 1/cm demonstrated the presence of
hemicellulose andellulosein canola mealwhile band1052 1/cmindicated the total CH@Yu
et al., 2005) Carbohydrate band peaks between 1DP80 1l/cm represent nosstructural
carbohydrate such as stafdtu et al., 2005; Wetzel et al., 1998)hile theobservation of a peak
at 12421/cmis indicative of a structural carbohydrate such as hemicellalodeellulos€Yu et
al., 2005)

Moreover, the presence of secondaryirmmwas confirmed by observing-H stretch
bandin the range32503400 1/cm and NH bend wavelength in the randg501550 1/cm
(Mahmoodi et al., 2010; Yu et al., 2005; Pavia et al., 2000 polarinteracton between water
molecules andhe functional group$iydroxyl, carlonyl and amine could be identifieab the
mechanism ofhe intrinsic water adsorption on canola mgery and Ladisch 2001; Kapoor

and Viraraghavan 1997)
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Figure 4.2 FTIR spectrunof freshcanola meal
4.1.3 Composition of Canola Meal

The composition of canola meahs determined tbugh CHNS angbroximate methods.
The results areshown inTable 4.1 The major componentsf canola meal were shown to be
volatile madter and protein.

Neutraldetergent fiberfree sugas, and na-starch polysaccharides conga up to24.1,
9.8 6.2 and 137% of canolameal respectively.Canok expeller mealcontains up to7.1%
moisture, 6.3% ds 36.3% crude protein arid.8%nondegradable proteiCanola Council of
Canada2011)

Table 4.1. Compositionof fresh canola meal

Moisture content Ash content Volatile matter Proteir¥
Adsorbent
(Wt%) (Wt%) (wWt%) (Wt%)
Fresh CM 8.6+0.1 6.9+0.1 78.9-0.9 40.7#0.9

* Protein content was determinedthg Kjeldahl method
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4.1.4 Thermogravimetric Analysis

To study thepyrolytic behavior of canola meathermogravimetric analysis (TGA) was
carried out in inert argon gaBhe TGA curveof fresh canola meas presented ifrigure4.3. As
it can be seen frorthe figure, the weight ahe sampe remained unchanged until 200while
the maximum weight loss occurred the range290-350C. A slower weight loss was observed
in the range380eC to 48@C. The results demonstratéitat over60 wt% ofthe volatile matter
was devolatilizedin the temperature range of 2D0C (Carrier et al., 2011)In addition,
Carrier et al.,(2011) reportedthat the degradation of hemicelluloséscellulose and lignin
occurred m the temperatureniervals of 206800eC, 250350¢C, and 20686500eC, accordingly
Based on the aboyet was assumedhat canola meal will remain stable Bn ethanol
dehydration process as long as the temperaifitbe bed remains lower than 2@0 In this

work, all ethanol dehydrationxperiments were done at 100 0C.

100 S

‘. ----Fresh CM

[8)]
o
|
.7

m/m _(%)

n
o
1

0 T T T T T T T
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 4.3 TGA curveof fresh canola meal.
4.2 Reproducibility of Experimental Data

Ethanol dehydration forms therdeal part of thighesis;hencethe reproducibilityof the
experimental data of ethandehydration was investigated. Several experimental runs were
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performed and each run was repeated twice. Traedom experimental runsvith different
operating conditionsare presentedhere. Table 4.2 displaysthe opeating conditions ofthe
replicatedruns. The resultsof the replicatesare presentedn Figure4.4 in terms oftheir water
breakthrough curves and ethanol production profildse data representise average values of
the reated runs. Therer bars represeérnthe range of the obtained highest and lowest values

for each data point.

Table 4.2. Run Conditions.

Run # T(eC) PoakPa) P, (kPa) d, (mm) Uo (cm/s)
1 110 243 24 0.431.18 15
2 100 243 45 5.00 0.9
3 100 243 85 0.431.18 0.9
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The average equilibrium water/ethanol uptake was calculated for eaeals tha ratio of
the adsorbed amouandthe weight of dry canola meal packed in besl. The results are listed
in Table 43. Theequilibrium wateréthanol uptakeepresents the average vablgained through
the replicatesThe standard deviation (STD) arror of the data were calculateas well.As it
can be seen from Table 4.3he calculated erroffor all runs islessthan 3. The results

demonstreed that the experimentdata wee reproducible.

Table 4.3. Results oftatistical analysis.

H.O uptake EtOH uptake
(mol/kg adsrben) (mol/kg adsrben)
Run#  Average STD Error (%) Average STD Error (%)
1 0.94 0.03 3.62 241 0.08 3.54
2 3.34 0.16 4.88 4.10 0.14 3.45
3 7.26 0.35 4.78 4.25 0.21 4.99

4.3 Water/Ethanol Adsorption Dynamic Study

To study the effestof temperature, pressufigw rate, pellet sizeand feed concentration
on the dynamic adsorption of water/ethanol on camoéal, water breakthrough curvesd
ethanol production profiles were generatéd. explained in Chapter 3, ater breakthrough
curves werggenerated by plottinthe dimensionless ater content(C/Cy) versus time, where C
is watercontent(wt%) in the effluent atgiven time intervals and g£representsater content
(wt%) in the feed. The slopes of the curvepresenthe water mass transfer rg@mo et al.,
2009) Ethanol production profiles represent the ethanol concentration in the output sttkam at
giventime intervals Breakthrough point referto the point where the concentration of water in
theeffluent reaches 1 wt%which correspond® 99 wt% ethanol

The watefethanol uptake on canola meal at equilibrium condstimasdetermined. The
equilibrium conditios in each run werédentified by considering botthe water breakthrough
curve andhetemperature profileAt equilibrium, thebed reached its saturation pointwdtich
the water content in the efflueetjuas its feed value, and the bed temperathasrestoredits
initial value At breakthrough anéquilibrium water/ethanol uptake was calculated as the ratio

of the difference between the total mass of waethanol inputinto the columnand the
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accumulated mass of watettianol in the effluentandthe dry net weight of the canola meal in
the column
The selectivity of wateadsorption by the adsorbent wa@stermined bycalcukting the

separation factdr as follows:

| — (4.1

where® and® are the mass fractions of water in the adsorbed and vapor phases, respectively,
while & andd are the correspaiing ethanol mass fractio€hang et al., 2006b)

Furthermore, by simulatingzater brakthroughcurves the overall water mass transfer
coefficient was evaluatedlhis coefficientwas used to calculatthe overall mass transfer
resistanceln addition, theexternal and ir@rnalmass transfer resistancssre determinedince
theyhave a unigue depeeadceontheoperating condition§Simo et al., 2009)

In general, there are thretepsfor the adsorption of adsorbate (solute) onto the surface
of a porous adsorbenrthe first steps external transport (interphase), which is the mass transfer
of aadsorbate fronthebulk fluid to the external surface tifeadsorbent (pore mouth) byeans
of diffusion. The second stefs internal transport (intraphase), in which tdsorbate diffuses
from the pore mouth to the inner surface dfetintegnal porous structure. The third step
adsorption,whenthe adsorbate isadsorbed omt the porous surfacgsimo et al., 209; Fogler
1999; Seader and Henley 1998pr physical adsorption the rate dfetthird kinetic step is
almost instantaneous due to its dependency on the collision frequency and the orientation of the
molecules with the porous surfa(@eader and Henley 1998 owever, for chemisorption, step
4 may be slowand even controlling due to the formation of chemical bonds between the
adsorbate and the adsorbéBeader and Henley@28). In this work,the assumption wabat the
rate controlling step is mass transfer and the intrinsic water adsorpt#ofstep 3)on canola
meal is fast sincevater adsorption is physical in natui® identify the controlling mechanism
of the mas transfer ratethetotal water mass transfer, external masssfer and internal mass

transfer resistansavere determined
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4.3.1 Simulation of Water Breakthrough Curves

The aimof a mathematical modeling of the water adsorption dynamics is to simulate the

experimentally obtained breakthrough curves and determine the mass transfer re3ibtarnce

turn enables us toeg more insight intathe mass transfer mechanism governing thsoggtion
process.In general, the mathematical modalsed to describe the dynamic behavidr o
adsorption systeminvolve a set of partial differatial and algebraic equatipthe overall mass
balance equation, component mass balance equatamis®rptionrate equation and the
momentum balnce equatiofChahbani and Tondeur 2000; Ruthven 198Hich usually require
complex computatiamA simplified model has been developed by applyingss balance of fluid
phaseon adifferential element of the be®@(@ in which the fluidstream containan adsorb

with concentratiorvarying with axial position z and timed(z,t) (Ruthven 1984)

— 0 — 4.2)

The term on the left hand side represents accumulation rate of the adsbheatiest termon

the right hand sideaccounts foraxial dispersion with eddy diffusivitp , the secondone
represents theonvectionterm, and the thirdne is adsorption ratdbased onr], the volume
average adsorbent loading per unit maggake) Thus, the last term accosrfor the variation

of g throughout the adsorbent particle, doenternal mass transfer resistance, by averaging the
rate of adsorption over the adsorbent particles bedporosity, z is the bed depth (m), and u is
the interstitial velocity ofvapor. Equation (42) gives the concentration of the adsorbate in the
fluid as a function of time and location in the bgader and Henley 1998; Sereno and
Rodrigues 1993)To achievethe analytical solutim, the following assumptions weifurther
made(Seader and Henley 1998; Sereno and Rodrigues 1993)

1) The solute in the bulk fluid ign instananeousequilibrium with the one adsorbed on the
adsorbent;

2) Axial dispersion is negligible

3) Mass transfer is the controlling mechanism ofdterall water adsorption rate arfeetLinear
Driving Force (LDF) model is applied to descrithee overall mass transfer rate.

Underthe above assumptions, equation2idecomes:

— — T (4.3)
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Then, theLDF modelintroduced by Glueckdu(Seader and Henley 1998; Glueckauf 1955;
Glueckauf and Coates 194Was applied to replacedlradsorption rate in equation $by:

~x, rz ’

— Q 0 n . (4.4)

To correlate the adsorbate uptake in the solid phase with its concentration in the fluicdaphase,
linear adsorption equilibrium model was ug8eader and Henley 1998; Sereno and Rodrigues
1993.

R~ 0 (4.5)
R Vo (4.6)
wherer]” is the saturated adsorbate loading in equilibrium with the sorbate concentration, c* in
the bulk fluid qis adsorbateoncentratiorin equilibrium with average loadingand is the

adsorption equilibrium constant.
Combining equations (4.4), (4,5nd (46) gives:

— QS o 4.7)
whereQ is the overall massansfer coefficient(1/9), which includes both external and
internal transport resistances.

Combining equations (4 &nd (47) gives:

~. ~
4 €

— 06— W W T (4.8)

The initial and boundary conditions for an initially dry bed tivas exposed to a step
change irsorbate concentration at thddt at time zero ar@Ruthven 1984)
o mh A o n (4.9)
6o mh oo oot o (4.10
where z (bed depth) varies from 0&oand @ is the concentration of the adsotean the
effluent

The simulation ofa breakthrough awe requires solving equation.8 subject to initial
and boundary conditions (equationg@.9) and (4.10)). The following approximate solution to
eqguation (4.8yvas obtainedKlinkenberg 1954)
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— -p Aowm . T (4.11)

where® and ¢y are the concentration of the adsorbaipecies in the effluerend feed stream,
respectively, while is the dimensionlesglistance coordinatandt is the dimensionlesgime

coordinate corrected for displacement. The equationsdodt are

, (4.12)

t Qo - (413

, andt aredefined as coordinate transformations for z and t in order to convert the equations to

an equation witta much simpler form athe error functior OsE Recall thatthe error function

is defined by
A O M A OusE (4.14)
A OusE =, Q Q- (4.15

In this work, equation (4.11was used to fit the experimentally abbed water
breakthrough curvedhe adsorptioncolumn worked under isobaric conditions because loé t
negligible pressure drop (234 kP9 along the bedWhile treatingthe experimentatlata, the
fed vapor is considered to have an ideal gas behavior due to the low operating ptesstie
model was presented by the average interstitial velocity of vapor across the adsorption column.

Through determinatiomf 'Q by fitting equation (4.11) to the experimental data, the

overall mass transfeesistancéy , measuredh s,was calculated§Gorbach et al., 2004)
Y — (4.16)

The overall mass transfeesistancés also correlated tthe externk 'Y and internal Y

mass transfer resistandag(Gorbach et al., 2004)
Y Y Y (4.17)
The external mass transfer resisiamwa evaluated byGorbach et al., 2004)sing

Y — (4.19
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whereQ is the external magsansfercoefficient (n/s), 'Y is adsorbent particle radis) and
0 is the equilibrium constan@t temperature .TThus the internal mass transfer resistance is
evaluatedas the differencef the external mass transfer resistaandthe overall mass transfer
resistance.

The parameters in equations.14), (4.12) and 4.13), usel to fit the water breakthrough
curvesare determined.

Equilibrium __constant K: As mentioned earlierin order to achieve the analytical

solution (equation(4.11)), thewater adsorptiomsotherms werdit by thelinear model equation
(4.5)to determineK at different temperatuseand particle size Theresults are showim Figure

4.5 andTable 4.4 Further the values ofhe correlatiorcoefficient R were determinedsing

Y p B # i (4.19

~.

wherew — andw isthe average otd;, Q pf8 FE .

As can beseen inTable4.4, thevalues ofcoefficient of determinatioR? weregreater than or
equal to 0.95vith an average of 0.9The results confirmed that the linear isotherm model gave
acceptable fitting to the experimental data.

More sophisticatedsotherms models will be discussgdSection 4.4in terms of their

capabilities to fithe equilibrium isotherms afateradsorption on canola meal

Table 4.4. Equilibrium constargfor wateradsorptioron canola meal

T () dy (Mmm) K R®
100 0.4251.18 269 0.96
100 5 273 0.95
105 0.4251.18 198 0.96
110 0.4251.18 157 0.99
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Figure 4.5 Water alsorptionisotherms on canola me&lor particle size 0.42.18 mm, dtawas
obtainedat 100, 105, 114T andfor pellet5 mmat 10@&C. The ®lid lines represerthe linear

model fit, while theerror bars represent the range of the obtained highest and lowest values for
each data point

Overall mass transfer coefficient k; pr): The folowing least square correlation

I ERQ B — — (4.20)

was sed to fitequations (4.11 (4.12) and 4.13) to the experimental data andias used to

estimatethe optimum values for the overall mass transfer coeffidigsit As it @an be seen

from equation (4L11), the ratios— becomea function ofthe overall mass transfer coefficient

only, oncethe remainingparameters are knowiihe value of thebed depth z was 0.5 ror all

experimental runsThe effective velocity wf vaporis calculated by:

o — (4.22)
whereo is the suprficial velocity in the columiim/s).

In the simulation othe water beakthroughcurves usingequation (411), the coefficient
R? was also calculatetb evaluate how well the model fits the experimental datardier to
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determine the massainsfer resistance in equation.1®), the following parameters were
determined:

External mass oefficient (k;): To evaluate the external magansfer coefficienk., it was

necessary toalculateReynolds numbeReandSchmidt numbe&c

YQ — (4.22)

~

Yoo — (4.23)

where' is viscosity of vapor in kg/rs ,” is vapor density in kg/fa O is the equivalent
diameter of a spherical partidlem, 6 represents the superficial velocity of vapor in m/s, and

O is molecular diffusivityfor a gas mixturén m%s. The detailed calculation & has been
described in Appendix A

Then,using the values of Re and $se Sherwood numb&hwas calculated through equation
(4.24) (Ruthven 1984)

MQ ¢ pEﬁ)"Y(B Y@ (4.29)
The extenal mass transfer coefficiei@ of particlesin the fixedbed in equation (20) was

determined from the following correlation
MQ — (4.25

In the correlations mentioned earli§r, was introduced athe equivalent diameterf a
sphericalparticle There are some correlationsed to calculat® from the geometric properties

of the particle. A short cylinder with diameter D, equal to its length, was used to describe the
geometry of the particlesn this work, two different sizes of adbents were investigateahd

the correspondingquivalentddiameters werealculated as followgSeader and Henley 1998)

1) For particles with D in the rang®4251.18 mm $5A N O A {in@s the hydrautiradius
where for a packed bad p8t0. Thus,

O p8O (4.26)
This correlation is commonly used for crushed particlegrefular surface, with no obvious

longer @ shorter dimensio(Seader and Henley 1998)
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2) For 5mm pelletsO was taken to equahe diameter of a sphere with the same volas¢he
above mentioned cylindefhus,

O pdp10 (4.27)
OnceQ was calculated, the external mass transfer resistaas determined by equation.{4),
and theinternal resistance gacalculated ashe difference between the total resisg@mand the
external resistancélhe resultsof the mathematical modeling and the effecttbé operating

conditions on the mass transfer resistamcediscussed in detail it subsequergections.
4.3.2 Temperature Effect

The effect ofthe bed temperature on water/ethanol adsorption wasstigated at 100,
105, and 11€C, while the water partial pressure in vapor stream was ¢@ptantat 24 kPa.
The water breakthrough curves and ethanol production profiles are shown in Figufes 5t6.
can be seen frofigure4.6, canola meal broke ¢hazeotropic gint (95 wt% EtOH at differert
temperatures and producethanolwith concentration greater th&® wt%. As itpresentedn
Figure4.6(b), breakthrouly time decreased as the temperatasincreased. The breakthrough
times of 60, 54.8, and 41.9 min were observed at 100, 105 agd,X&6pectvely. Further, the
slope of water breakthrough curves increased as the tempenatsirecreasedwhich shows
greater mass transfer ratesbdvated temperatuse

Table 4.5summarizes the uptake, production of 99 wt% ethanol, and separation factor at
different bed temperatures. At breakthrough point, water uptake decreased aspiattems
was inceased. \dter uptak for runs at 100, 105, and EHDOwas 0.85, 0.79, 0.58 (mol/kg
adorben), respectively. Irthe case of ethanol, the uptake decreased from 1.74 to 1.16 (mol/kg
ads) wherthetemperature was increased from 100 toeC1GurthermoreTable4.5,shows that
an increase in temperature caused a decrease in the amoetitaobl production with
concentration over 99 wt% EtOlthe values werd.7, 4.4, 4 (mol EtOHkg ad®rben) for runs
at 100, 105, and 1HT, respectively.The results initatedthat wateréthanol adsorption ian
exothermicprocess

Comparison of wategthanol uptake dhe breakthrough ahequilibriumpoints indicated
that the uptake was higher at equilibrifion both componentsThe separation factor foll auns
at equilibriumwas lower compared tilve one at breakthrough pointhds, ethanol dehydration

is to be operated tithe breakthrough poiniBaylak et al., 2012)
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Table 4.5. Experimental results of water and ethanol adsammpn canola medobr different
temperatures dbtal pressure of 24i8Pa with particle sizes of 0.4318 mm.

Adsorption until breakthrough point

Operating condition Equilibrium adsorption (99 Wt% EDH)

T Uo Pw Pet H,O EtOH ek H,O EtOH -« EtOH
( - (cm/s) (kPa) (kPa) uptake* uptake* uptake* uptake* masg**
100 0.9 24 178 1.43 3.17 3.35 0.85 1.74 3.60 4.7
105 0.9 24 178 1.19 2.67 3.30 0.79 1.58 369 44
110 0.9 24 178 1.10 2.52 3.34 0.58 1.16 3.65 4.0

*:mol/kg adsorbent**:separation factor* *: production ofethanol ¢ver 99 wt%) until breakthrogh
point (mol EtOH/lg adsorbent)

43



100 -
io
s (a)
09 - [ «T=100C
ol 4 mT=105C
98 - T=110¢C
= LR
E
T 97 -
Ll
96 - [ .
] 2
N m
95 LR my n
94 T T T T
0 50 100 150 200 250
Time (min)
0.9 a =
" et (b)
0.8 - [ ]
07 - .
06 -
Qo5 - ¢ +T=1007C
© 4. “ WT=105C
' T=110T
0.3 - . ®
0.2 [ ]
m
0.1 - !Q
0 I : T T T T
0 50 100 150 200 250
Time {min)

Figure 4.6 (a) Ethanol production profile¢h) Water breakthrough curves. Operating conditions:
P,=24kPa, ya 9@&m/s, and ¢=0.4251.18 mm.

Due to the exothermic nature of adsorption processes, greater water adsorption by the
adsorbent results in higher heat generation. This fact can rieerfuobserveé from the

temperature profile presentedkigure4.7; thet e mp er at ur g«1 Tilet 0ehotgpgoty T
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increaseds the temperatusgasdecreased (Simo, et al., 200@hereTax IS peak temperature

profile, and Thet is temperature of vapor stream at the inlet.
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Figure 4.7 Variation of temperate with timein the middle of colummead from(J-111).

As it was explainedearlier, equation (4.11) wasapplied to simulate thewater
breakthrough curved aarious operating condition¥he simulatedreakthrough curves fahe
experimentalruns attemperaturg 100, 105, 11@C arepresentedn Figure 4.8. The obtained
values forR? at 100, 105, and 1#0 were 0.99, 0.98, and 0.98spectively. The results show
that the modehcaratelydescribed the experimental breakthrough curves. The devidiobe
attributed to theassumption®f the model(isothermal condition, igsrance of axial dispersion
andliner behavior of adsorption isotherns

The obtained values of the oairmass transfer coefficiekipr, presented ifable4.6,
increasd from 2.9 to 4 (10° 1/9) asthe temperature wa elevated from 100 to 140. This
indicatesthat themass transfer raiacreased as the temperature was increagadis reflected
by theslight increase in the slope of water breakthroagitves as can be seenFigure4.8 (b).
The larger slope suggestbigher mass transfer ra€hang et al., 2006c)

The oveall mass transfer coefficierdbtained from the modeling was further used to

calculate the overall massatrsfer resistance usirgguation (417). The calculated vaks for
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different resistancesra preseted in Table 4.6. The results showhat the overallthe external
and the internaiass transfer resistarscelecreaseds the temperature was increassitno and
his coworkers(Simo et al., 209) reported the similar decreasing trendtaresistances withn
increasean thetemperature for watexdsorption ormolecular sieves

From Table 4.6 can be seen that more than 98% of the overall mass transfer resistance
was due to the internal region, which indicates that the internal mass transfer resistances

goverredthe adsorption pr@ss.

Table 4.6. Masstransfercoefficientsfor different temperatures witbarticle sized.4251.18 mm
andP, = 24kPa

Dm 10° Kipr ke Ry Rex R
T sy ReSc S pyy (10mis)  (5)  (s)  (s)
100 903 357 033 364 029 064 37037 036 370.01
105 928 351 033 362 039 065 25641 026 256.15
110 952 345 033 361 040 067 25000 020 249.80
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4.3.3 Feed Concentration Effect

The effect of water/ethanol feed concentration on adsorption performance was
investigated by varying the water/ethanol partial pressure irfeth@ stream at temperature
110eC, total pressure 248Pa and superficial velocity ®@.cm/s. Ethanol production profiles and
water breakthrough curves for runs with different feed concentrations are shdvigune 4.9.

The calculated values for water and ethanol uptake at breakthrough and equeieriisted in
Table4.7.

From Figure 4.9 (a) can be seen thdahe breakthrough time decreasasd the wate
concentration waincreased in the feestream. Breakthrough times of 42, 30.6, and 21.3 min
were achieved for experimental suwith water partial pressug#, 45 and 85kPa,respectively.
The correspondingthanol productios(with concentration ove®9 wt% EtOH) were 4 2.1, and
1.3 (mol EtOH/kg adsorbent indicating decreased 99 wt% ethanol productias the ethanol
partial pressure in the feed streamsweiecreased (sdable4.7).

It can be seen frorthe water breakthrough curvesfigure 4.9 (b) that an increasin
water partial pressure of the feed stre@orresponding to higher water content in the feed
resulted in an increase in the slopetlod profiles.This is indicative ofa higher mass transfer
rate. The same information can be obtained ftbetemperature profileg Figure4.10, where
higher and steeper temperature curgesespondo runswith more water content in the feed
stream and lgher water uptake This behavior was expected due to éxathermic naturef

adsorption process

Table 4.7. Experimental results of water and ethanol adsorption on canola nedl HC,
Potam243kPa,d,=0.431.18 mm.

Adsorption until breakthrough point

Operating conditios Equilibrium adsorption (99%wt EOH)
T Uo Pw Pe; H,O EtOH ., HO EOH -, EtOH
(&C) (cm/s) (kPa) (kPa) uptake* uptake* uptake* uptake* masg* *

110 0.9 24 178 1.10 252 3.34 0.58 1.16 3.65 4.0

110 0.9 45 160 2.03 164 438 0.89 099 3.17 2.1

110 09 85 125 4.31 159 404 132 0.64 3.10 1.3
*:mol/kg adsorbent; **:separation factor; *}toduction of ethanol (over 99 wt%) until breakthrough
point (mol EtOH/kg adsorbent).
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Figure 4.9 (a) Ethanol production profiles, (b) Water breakthrough curves.
Operating conditions: ¥110L, uy= 09 cm/s,d,=0.4251.18 mm.
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Figure 4.10 Temperature profikeat middle of colummead from(J-111)for runs with different
water partial pressure

Table4.7, shows that the water uptake aedkthrough increases as the water corigent
increasedn the feed stream, while the ethanol uptake decreases. At breakthrough, water uptake
of 0.58, 0.89, and 1.32 (mol/kg adben) was obtained at runs with water partisgégsure of 24,

45, and 8%Pa.In case of ethanol uptake at breakthrough, corresponding values \ié, 0.99,

and 0.64 (mol/kgadrben), respectively. At equilibrium, higher values for water and ethanol
uptake were achieved compared to that at breakthrough point. In additioncraasen was
observed in separation factor at equilibrium as the water concentration was increased in the feed
stream, but it is insignificant.

The simulationof water breakhrough curves usingequation (4.11),for runs with
different water contents shownin Figure4.11. The catulated regression coefficieRf for runs
with water partial pressuie 24, 45, and 85 kPa, corresponding to 5, 10Zndt%water, were
0.99, 0.97, and 0.8%espectively. It is evidenthat the simulation does not give a good
approximationas the water concentration is increased in the feedrstr $nilar results were
reported ly Chang and his eworkers(Chang et al.,, 20069t at i ng t hat Kl i nker
does nogive a satisfactory fit for runsith feedwatercontentover 12 wt%.
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