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Figure 4-10. The temperature profiles of the Langmuir capacity constants for CO,, N, and H»

through the dry chitosan membrane.
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Figure 4-11. The permeability of CO; as a function of CO, partial pressure through dry chitosan
membrane at T =20°C and 150°C.
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Figure 4-12. The permeability of N, as a function of N, partial pressure through dry chitosan
membrane at T =20°C and 150°C.
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Figure 4-13. The permeability of H; as a function of H; partial pressure through dry chitosan
membrane at T = 20°C and 150°C.
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Figure 4-14. The Henry’s diffusivity of CO,, N,, and H; as a function of temperature.
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Figure 4-15. The Langmuir’s diffusivity of CO,, N,, and H; as a function of temperature.
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Chapter Five: CO, Facilitated Transport in Swollen Chitosan

Membranes

Introduction

The separation of carbon dioxide from mixed streams of hydrogen and nitrogen is
critical to many industries such as hydrogen production, ammonia production, fuel cell
technology, and flue gas purification. The typical process of producing H, is the steam
reforming, autothermal reforming or partial oxidation of hydrocarbons, such as natural gas or
gasoline. The products exiting the reformers are H,, CO, N, CO,, CH4, and H,O. This stream
enters into a water-gas shift reactor to increase the production of H, where most of the CO is
converted to CO,. A high purity hydrogen product requires the removal of CO and CO,. Carbon
dioxide can be removed by scrubbers and the remaining CO and CO, is methanated. Removal of
carbon dioxide in the water gas shift reactor by using a membrane-reactor hybrid system
overcomes thermodynamic limitations, depletes carbon oxides, and increases hydrogen
production. High purity hydrogen then can be used for many industries such as fuel cell
technology and ammonia production.

Fuel cells for converting fuels into electricity have the advantages of increased efficient
fuel consumption and decreased environmental pollution. Scientists are implementing proton-
exchange membrane (PEM) fuel cells in vehicles due to its advantages such as rapid start,
compactness, and low projected cost (Zalc and Loffler 2002; Wee and Lee 2006). Hydrogen
concentrations entering the fuel cell range from 30 — 75%, which depends on the primary fuel
and its processing (de Bruijn, Papageorgopoulos et al. 2002). In PEM fuel cells, H; is reacted
with oxygen to produce electrical current at 80°C. For increased efficiency, high purity hydrogen
is needed for this application. In addition, carbon monoxide acts as a poison to the platinum
catalyst at levels of 10 — 100 ppm (Wilkinson, Voss et al. 1995a) and carbon dioxide acts as a
diluent and can produce carbon monoxide via the reverse water-gas shift reaction thus impacting
anodes negatively (Wilson, Derouin et al. 1993; Wilkinson, Voss et al. 1995a; Bellows,
Marucchi-Soos et al. 1996; de Bruijn, Papageorgopoulos et al. 2002). CO;-selective membranes
have the potential to separate CO, from hydrogen-containing gas mixtures, thus producing high

purity and high pressure H, gas at retentate side of the membrane. It has been reported that the
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PEM fuel cell rejects 25 — 20% of entering hydrogen (Golunski 1998; Ogden, Steinbugler et al.
1999). CO,-selective membranes can be employed in recovering the lost hydrogen.

In addition, the use of CO,-selective membranes in removing carbon dioxide from
combustion gases is critical to global warming. One of the most important factors in achieving
the goal of flue gas purification is the ability to obtain high CO, permeabilities coupled with high
COy/N; separation factors. The success of CO; facilitated membranes will reduce energy costs
and pollution.

Immobilized liquid membranes, swollen membranes, and fixed carrier membranes are the
main three configurations of facilitated transport membranes. Models for immobilized
membranes have been extensively studied (Ward 1970; Smith, Meldon et al. 1973; Yung and
Probstein 1973; Schultz, Goddard et al. 1974; Hoofd and Kreuzer 1979; Smith and Quinn 1979;
Noble, Way et al. 1986; Al-Marzouqi, Hogendoorn et al. 2002; Bao and Trachtenberg 2005).
Swollen membranes include carrier-free membranes, membranes where a mobile carrier is
present but it is accompanied by the diffusion of the carrier, and ion exchange membrane where
the carrier is charged and exchanged and therefore overcome the loss of the carrier by diffusion.
Fixed carrier membranes selectively remove a penetrant due to its reactive side groups that are
chained to its backbone. There have been models developed for ion-exchange membranes
(Langevin, Pinoche et al. 1993; Teramoto 1994; Yamaguchi, Boetje et al. 1995; Yamaguchi,
Koval et al. 1996) and fixed carrier membranes (Cussler, Aris et al. 1989; Noble 1990) that are
accepted and used by authors to interpret their results. Cussler’s model is the most independent
model of established models for immobilized liquid membranes.

Togawa et al. 2001 swelled various polyolefin films to study its effect on the gas
transport properties of H,, N,, and CO,. Wu and Yuan (2002) and Wu et al. (2003) prepared
novel cellulose membranes by using amine oxides as solvents and swelled them with water to
study the gas permeation rates of CO,, H», and N, at various temperatures. The permeability of
CO; was as high as 130 barrer and the separation factors of CO,/H; and CO,/N, were 15 and 50,
respectively (Wu and Yuan 2002; Wu, Liu et al. 2003).

Swollen chitosan membranes have been used for the separation of CO,/N; (Ito, Sato et al.
1997; Bae, Lee et al. 1998). Ito et al. (1997) performed CO,/N, permeation tests for a 50%:50%
mixture through a chitosan membrane that was swollen due to humidifying the feed gas. They

achieved CO, permeabilities of 70 — 100 barrers and separation factors of 70 — 100 at a pressure
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of 3.5 atm for a temperature range of 22 — 60°C. Bae et al. studied (1998) wet chitosan
membrane for the permeation of pure CO, and N, at 20°C and 30°C for a pressure range of 5 —
20 atm but no differential pressure. They achieved CO, permeabilities under 1 barrer with
separation factors ranging from 28 to 37. From both studies, one can conclude the water plays a
critical role in the transport of CO,. The previous papers do not report the water content of the
membrane or the permeation of water. Maintaining the water in the membrane is the key to
obtain higher permeabilities and selectivities even at higher temperatures. Literature indicates
that chitosan membranes were not subjugated to separate CO, from a mixture of CO, and Ho.

The critical parameter of the occurrence of the facilitated transport is water. Water bonds
and dissociates hydrophilic groups. The main concern for chitosan membrane is the interaction
of the water with the amino group and the interaction of water with CO,. The water molecule can
create a variety of bonds with other molecules such as ionic hydrogen-bonding. It has been
reported that different bondings occur when the water molecule is involved (Csaszar 1992; Koch
and Popelier 1995; Novoa, Lafuente et al. 1998; Popelier 1998; Cubero, Orozco, Hobza et al.
1999; Cubero, Orozco and Luque 1999; Hobza and Sponer 1999; Hobza and Havlas 2000;
Custelcean and Jackson 2001; Steiner and Koellner 2001; Steiner 2002; Wang, Li et al. 2003;
Wang, Zhang et al. 2005). In the systems involving CO,-amine-water, NMR and kinetic studies
show different bonding arrangements in the system (Hagewiesche, Ashour et al. 1995; Rinker,
Ashour et al. 1995; Saha and Bandyopadhyay 1995; Suda, Iwaki et al. 1996; Xu, Wang et al.
1996; Ohno, Inoue et al. 1999). The reaction proceeds due to the H-bonding occurring between
the reactants (Xu and Rudkevich 2004). The existence of two states of water in the forms of free
and bound give rise to two facilitated reactions.

Chitosan membranes were used to separate CO, from H, for the very first time. Though
swollen chitosan membrane has been used to separate CO, from N, this paper showed a
dramatic increase in CO; transport properties when the feed and sweep side were humidified by
reducing the loss of the water in the membrane. Chitosan membranes were used for high
temperature separation that range from temperatures of 20°C — 150°C. Another objective was to
validate that the amino moiety in the chitosan membrane is a fixed site for facilitation of carbon
dioxide permeability in the presence of water. The water exists in two physical forms that were

labeled as free water and bound water. Incorporating the fractions of the free water and the
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bound water into Cussler’s model can be used to describe the facilitated transport of carbon

dioxide in swollen chitosan membranes.

Theory

Membranes are characterized on their performance through measured parameters and
calculated parameters such as permeability, separation factor, permeance, and flux. The
permeability can be related directly to temperature through the Arrhenius equation, which is

represented by Equation 5-1.
-F
P =P exp| —= 5-1

where P;, Py, E,, R, T are the permeability, the permeability constant, the permeation energy, the
gas constant, and the temperature, respectively.
Permeance (P;) is an important parameter that describes permeability per membrane thickness

(I») and is defined in Equation 5-2.

(5-2)

P
=i lm
Equation 5-3 demonstrates that the total flux (J7;) is the product of the pressure driving force

across the membrane and the permeance.

Jr =Ppx.~p,y,) (5-3)
The feed pressure, the permeate pressure, feed mole fraction of component i, and the permeate
mole fraction of component 1 are represented by py, and p,, x;, and y;, respectively.
In the case of a swollen membrane, where solution-diffusion and facilitated mechanisms occur,
the total flux (J7;) can be equated to the sum of the fluxes of species through the following
mechanisms: transport through water (Jwi), solution-diffusion (Jsp;), and facilitated transport

(JFri). Equation 5-4 represents the total flux of the above mechanisms.
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Jri =Iwi ¥ spi ¥ (5-4)
The separation factor, a main parameter of verifying the transport efficiency of the membrane, is
symbolized by the ratio of the mole fractions of the key components in the permeate divide by

the mole fraction ratio of the key components in the retentate.

_yi/xi

= (5-5)
y yj /xj

where o is the separation factor of component 1 with respect to component j, y is the mole
fraction of the gas on the permeate side and x is the mole fraction of the gas on the retentate side.
Primary amines react with CO; in the presence of water in a two-step sequence, forming
first a zwitterion, which then transfers a proton to an unionized amine, forming the
corresponding carbamate (Caplow 1968). This mechanism is accepted by many researchers
(Blauwhoff, Versteeg et al. 1984; Littel, Versteeg et al. 1992b; Littel, Versteeg et al. 1992a).The

overall reaction corresponding to the above mechanism is

H,O
CO,+ 2R-NH, < "H;3;N-R + R-NHCOO

Chitosan has amino groups as in the backbone. In the presence of water, the reaction of CO, with
backbone amino groups is represented by the above reaction, where R is the backbone. This is
true for free water. In the case of bound water, the reaction mechanism is different. The water
will be chemisorbed to the hydrophilic amino group due to the polarity and the dipole moment of
water and the amino group. Figure 5-1 illustrated the reactions occurring in the chitosan template
due to hydrogen bonding. The formation of hydrogen bonding and its breakage constitutes the
dynamic factor of the reaction while the kinetics of the reaction is controlled by the rate of
evaporation of water and the hydrogen bonding occurrence.

Cussler et al. (1989) solved for the solute flux in the system where overlapping of the
carrier occurs between two adjacent carriers throughout the membrane (/p> /> [y/2). The

facilitated flux (Jr) for the fixed carrier membrane is represented by Equation 5-6:
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K C
g, =2eCrl Rt |, (5-6)
L \1+K,C,

where Dy is the facilitated diffusivity, Cr is the total carrier concentration. L is the membrane
thickness, K., is the equilibrium constant, and Cy, is the initial concentration of gas. The factor,

%, corresponds to Equation 5-7:

-1
(YY1 dcoshy 5
[, L, \1, 2 ysinhy

where / is the thickness of the lamellar unit and /,is the distance the carrier can move around its
equilibrium position within a layer. The Thiele modulus () is represented by the following

equation:

2
” - \/ZkCTl(l(, 1) 58
IODF

where £ 1s the reaction constant and C7 is the total carrier concentration. The total concentration

is expressed by the inverse of the product of the Avogadro’s number (N,) and /:

Cr = (5-9)

Equation 5-7 does not account for water being present in the system and only considers the
occurrence of one reaction. Therefore, the equation can be modified to include both effects and is

represented by Equations 5-10 and 5-11:

Jp =T+ g (5-10)
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oD, C,[ K., C, (5-11a)
Jpp = X
L 1+KeqCA0

_¢D.C,| K, C, (5-11b)
g = X
L (I+K,C,

where @ is the water mole fraction, FF stands for facilitated reaction of CO, occurring due to free
water, and FB signifies the facilitated reaction of CO, arising in the existence of bounded water.
The water mole fractions were determined experimentally and can be correlated with
temperature. The total concentration is replaced by Equation 5-9. The parameters were related to

temperature by the following correlations:

-E
D, =D,, exp( R;j (5-12)

where Dry and Ep are the diffusion constant and the diffusion energy, respectively. The product
of the equilibrium constant and the initial concentration can be equated to a dimensionless
equilibrium constant, K. The dimensionalized equilibrium constant can be represented in a

similar manner to Equation 5-12 by

—AE
K=K ex K 5-13
0 p( RT j (5-13)

where AE, is the activation energy of the dimensionless equilibrium constant. The rate constant

1S

-E
k:k act 5_14
oexp( RT ] ( )
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where kj and E,;, are reaction rate constant and activation energy, respectively. The length, /o, is

expressed by Equation 5-15:

* _Elo
l,=1,exp RT (5-15)

where /, and E , are the constant and the energy barrier of the distance of the chained carrier

mobility, respectively.

Equations 5-7 to 5-9 and 5-12 to 5-15 were substituted in Equations 5-11a and 5-11b. The fluxes
for the free water and the bonded water were solved separately. GraphPad Prism 4 software was
employed to achieve the starting values for the problem. Nonlinear regression supplied by the
SYSTAT 11 software was used to fit the experimental data to the Cussler model. Some of the
parameters were grouped so the optimization toolbox and f-solve function featured by Matlab 7

were utilized to extract the parameters. The process was repeated until the problem converges.

Experimental Methods
Materials

High molecular weight chitosan flakes (Batch Number: 14418LB), glacial acetic acid
(99.99% pure), and deionized water were obtained from Aldrich Chemical Co., Milwaukee, WI.
Chitosan was purified but the other chemicals were used without further purification.

The microporous Teflon (Tetratex) support (~ 0.2 um pore size, and ~ 80% porosity)
with a Nomex fabric backing, was obtained from Tetratec PTFE Technologies, Feasterville, PA.

The feed gas mixture composition was 10% hydrogen, 80% nitrogen, and 10% carbon
dioxide. The GC sweep gas was ultra high purity argon. All gases were obtained from Scott

Gross Co. Inc., Lexington, KY.

Membrane synthesis
High molecular weight chitosan flakes were utilized in the synthesis of the membranes
for gas permeation. Chitosan flakes were dissolved in 1% acetic acid aqueous solution to give a

1% wt chitosan solution. The solution was filtered through a Millipore membrane then
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centrifuged for 30 minutes at a speed of 8500rpm. The chitosan was recovered and dried under
vacuum overnight. The chitosan was redissolved in acetic acid and a pale yellow solution was
obtained. Using a casting knife the chitosan solution was casted onto the PTFE microporous
support backed with a Teflon backing. The cast membranes were first dried at room temperature
for 72 hours. The membrane was removed and placed in the oven at a temperature ramp rate of
1°C/min from 22°C to 120°C then was held for 6 hours then ramped again to 150°C and was kept
for 6 hours. The heating steps ensure the complete removal of water and acetic acid without

creating undesired holes in the membrane.

Permeation Unit Operation

A schematic of the gas permeation unit was shown in Figure 5-2. Feed gas containing
10% carbon dioxide, 10% hydrogen, and 80% nitrogen had a flowrate of 200cc/min through the
Brooks mass flow meter (Model 5850E, Hatfield, PA) through a check valve to the bottom of the
accumulator inside the oven. A Varian solvent delivery module pump (Prostar 210, Walnut
Creek, CA) was used to force water from a beaker/reservoir to the bottom of the accumulator and
saturate the feed gas. The feed gas, saturated with water vapor, exited the top of the accumulator
and entered the permeation cell in a counter current manner to the sweep gas in the lower
compartment. Argon was used as the sweep gas and had a flow rate of 40cc/min. The sweep gas
was humidified in a similar fashion. Both the retentate and permeate gas streams entered through
coiled tubing (approximately 8 turns) before entering water knock-out drums packed with pall
rings and glass wool. The feed pressure was varied from 1.5 — Satm. The pressure was upheld by
the Tescom back-pressure regulator (Model ER3000, Elk River, MN), which was monitored and
controlled by the software supplied by the manufacturer. The sweep pressure was maintained at
atmospheric pressure. Pressure gages (Swagelok, Louisville, KY) were installed on the lines
carrying the streams of the feed, the retentate, the sweep, and the permeate, to indicate flow and
pressure. A pulse flow from the permeate and the retentate streams entered a series of Drierite
tube arrangements and reducer restrictors before entering the GC system to remove any residual
water. Continuous analysis of these streams was done by running a sequence of runs alternating
between permeate and retentate on the Agilent ChemStation v9 software (Wilminton, DE).
Exhaust gas streams from the GC system were taken to the suction of the hood. In-house

nitrogen purge gas was used to purge the Bemco oven (Model FTU4.6, Simi Valey, CA)

93



continuously. Bemco nitrogen flow indicator was installed to monitor the pressure of the
nitrogen purge.

Water must be present in the chitosan membrane in order for the reaction between amines
and carbon dioxide to occur. The water in the saturators and the knockouts were weighed. The
membranes were removed and weighed and the mass change was considered the mass of water.
Knowing the masses of water, the time of permeation, the mole fractions of water were
determined and the separation factor of water to CO, were calculated. To identify the state of
water in the membrane as bound or as free, the membranes were dried at 100°C for 1hr then

removed and weighed and the process was repeated until no mass change occured.

Results and Discussion

Effect of feed pressure on CO; transport properties for chitosan membrane at 150°C

CO, Permeability, permeance, and flux

_In these experiments, the retentate pressure was varied from 1.5 — 5 atm at 150°C, while
the permeate pressure was maintained at atmospheric pressure. Figure 5-3 illustrated that the
increase in feed pressure resulted in a decrease in the permeability of CO,. The values of CO;
permeability corresponding to feed pressures of 1.5 atm to 5 atm were 399 barrers to 286 barrers,
respectively. This was expected for a facilitated transport membrane because the carrier sites
started to saturate with CO, and the solution diffusion mechanism was enhanced. Figure 5-4
showed the permeance of CO, as a function of the pressure feed, it behaves similarly to the
permeability profile. Figure 5-5 showed that the CO; flux increased as the feed pressure was
increased. The profile had a gradual curvature demonstrating non-linearity but also showed
tendency to becoming linear as the pressure was increased. This was expected when the

facilitated transport mechanism looses its dominance and solution-diffusion mode comes into

play.

Separation factors

The effect of feed pressure on the separation factors of CO, with respect to Hp, Ny, and the
separation factor of H,O / CO, were plotted in Figures 5-6, 5-7, and 5-8. The increase in the feed
pressure provided a larger driving force of permeation across the membrane. This was true for

the permeation of water, Hy, N», and CO,. As the permeation of water increased due to the
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increase in the feed pressure, the separation factor for CO, with respect to H, and N, decreased
from 29.0 to 16.7 and 194 to 131, respectively. The separation factor of H,O/CO, increased from
39.2 to 76.5 as the pressure increased, demonstrating less water molecules available for
mediating the facilitated reaction of CO, with the amino groups of the chitosan membrane. The
loss of water decreased the swelling of the membrane and thus decreased the solubility of CO; in
water fractions of the membrane. The loss of water also decreased the solubilities of H, and N,
but the extent of loss was not as pronounced as in CO,. The solution-diffusion mechanism in the
dry areas of the membrane commences to play some role in decreasing the separation factors of

CO; with respect to H, and N,.

Temperature effect on CO; transport through chitosan membrane at 1.5 atm and 5 atm

CO, Permeability, permeance, and flux

Figure 5-9 exhibited the effects of temperature on CO, permeability through the chitosan
membrane at P = 1.5 atm and P = 5 atm for a temperature range of 20 — 150°C. For feed pressure
of 1.5 atm, the CO, permeability increased with temperature as expected for a polymeric
membrane until it reaches 110°C then the permeability started to decrease. The data was fitted to
Equation 5-1 for the two temperature ranges of T =20 — 110°C and T = 110 — 150°C. For T = 20
— 110°C, Eat = 8.56 + 0.434 KJ/mol and Py = 7345 + 1103 barrers, while the values for the other
temperature range were -6.38 + 0.468 KJ/mol and 64.6 + 9.26 barrers. The permeability of CO,
increased from 213 barrers at T = 20°C to 483 barrers at T = 110°C then decreased to 399 barrers
at T = 150°C. For P = 5 atm, the CO, permeability increased exponentially with temperature with
an E, = 4.84 KJ/mol and Py = 1115.21 barrers. The permeability of CO, increased from 156
barrers at T = 20°C to 286 barrers at T = 150°C. In comparison to the CO, permeability at P = 5
atm, there were no transitions because the free water existed in the system at all temperatures due
to the higher pressure. The disadvantage was the loss of the permeability, which was due to the
increase in the pressure driving force of water to permeate as was demonstrated by studying the
effect of the pressure on CO, permeability. Figure 5-10 was the profile of the permeance at feed
pressures of 1.5 atm and 5 atm, which was similar to that of the permeability profiles because the

permeance was the ratio of the permeability to the membrane thickness.
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Figure 5-11 showed the CO; flux increased in a non-linear fashion with temperature from
34.5 to 76.5 and then decreased to 63.8 pem’ (STP) / cm®/ s at P = 1.5 atm. This proves that the
main mechanisms were the action of water and the facilitated transport not a solution-diffusion
transport mechanism. The chitosan has an amino group that was attached to the backbone of the
polymer. Amines react with CO, in aqueous conditions to form complexes such as carbamates or
zwitterions. Increasing temperature increases the reaction and diffusion rates of the carrier — CO,
complex. Decomplexation of CO; occurs due to the pressure driving force across the membrane.
Due to higher temperatures at the membrane interface the water evaporated faster thus
decreasing the water retention in the membrane and therefore decreasing the ability of
protonizing the amine moiety and the reaction with CO,. For P = 5 atm, the CO, flux increased
somewhat linearly with temperature. As temperature was increased, the solution-diffusion
transport mechanism of water was affecting the facilitated transport of CO,.

There were three factors in the mechanism of the transport in the swollen chitosan
membrane. The first mechanism was that the action of the water in the chitosan membrane. The
water vapor entered the membrane, condensed in its matrix, and swelled the membrane due to
the hydrophilic nature of chitosan. The condensed water was composed of free water and bound
water which interacted differently with the amino groups chained to the backbone of the
polymer. The free water hydrated the chitosan membrane and dissociated the amino groups and a
portion of the free water permeated through the membrane due to the pressure difference. Water
is polar and its oxygen bears pairs of lone electrons and is capable of hydrogen-bonding due to
the dipole moment. The amino groups in chitosan are capable of bonding at the nitrogen site. The
second mechanism was the facilitation transport of carbon dioxide via the fixed amino group
chained to the chitosan membrane. This mechanism had two reactions occurring due to different
physical states of the water in the polymeric matrix. The free water gave rise to the second
mechanism, which was the facilitated transport of CO; via the amines chained to the polymeric
chain of chitosan. The third mechanism was a facilitated transport mechanism but the reaction
involves amino groups bounded to water. The final mechanism was the normal solution-
diffusion mechanism through the swollen chitosan membrane, which was divided into two
sections. The CO, dissolved and diffused in the free water fraction of the membrane and the

polymer fraction.
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Separation Factors

Figures 5-12, 5-13, and 5-14 showed the variation of the separation factors of CO, with
respect to Hy, Ny, and the separation factor of H,O / CO,. For P = 1.5 atm, the CO, / H; and CO,
/ Ny increased while H,O / CO, decreased with temperature for T = 20°C — 110°C. The separation
factors of CO, / H, and CO; / N, increased from 18.9 and 69.8 (20°C) to 43.4 and 250 (110°C),
respectively, while the separation factor of H,O / CO, decreased from 65.6 (20°C) to 32.7
(100°C). The water separation factor was an indication of the availability of water in the
membrane. The decrease of the separation factor of H,O / CO; pointed out that there are more
water molecules for the facilitated reactions to occur and the swelling to proceed. For T = 110 —
150°C, the effect was reversed due to the increase of separation factor of HyO / CO,. The
decrease of the amount of water decreased the CO, transport parameters due to a decrease of the
swelling state and the facilitation transport. For P = 5atm, the CO, / H; separation factor and CO,
/ N, separation factor increased while H,O / CO; separation factor decreased with temperature for
T = 20°C — 150°C. The separation factors of CO, / H, and CO, / N, increased from 12.0, 44.2
(20°C) to 16.7, 115 (150°C), respectively, while the separation factor of H,O / CO, decreased
from 151 (20°C) to 76.5 (150°C). The separation factor of CO,/H, was increasing gradually and
slowly with temperature, illustrating the solution-diffusion mechanism of H, was increasing and
the facilitated transport mechanism of CO, was decreasing. In the case of N, the action of the
solution-diffusion mechanism was not as well pronounced in the case of H, due to its lower

diffusivity.

Relative Humidity and its effect on the water flux at P = 1.5 atm & 5atm, T = 20 — 150°C

The water flowrate were pumped into the saturators to provide a constant water partial
pressure difference across the membrane and to achieve a constant amount of water content in
the membrane. On that basis, the relative humidities were obtained. The relative humidity of the
feed gas and the sweep gas was shown in Figures 5-15 and 5-16. The relative humidity of the
feed gas and the sweep gas decreased as the temperature increased for both pressures. Figure 5-
17 showed the water partial pressures at the feed and the sweep sides. The partial pressure
difference was 0.005+0.002 atm for the cases tested. The water content in the membrane was
0.034+0.012 g. Figure 5-18 demonstrated that the effect of temperature was minimal on the

molar flux of water at P = 1.5 atm, while at 5 atm, the molar flux decreased dramatically as
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temperature decreased. In relation to the transport properties of CO, through the chitosan
membrane, the effects of the water permeation was more pronounced in the case of higher

pressure.

Cussler’s model

The total CO; flux was composed of three components, which are the solution-diffusion
flux through the wet chitosan, the solution-diffusion flux through the dry chitosan, the facilitated
flux due to the interaction of the CO,-H,O-amino group system. The solution-diffusion flux
through water was calculated by evaluating the CO,/H,O diffusivity by the Wilke and Chang
equation (Perry 1984) and solubility of CO; in water (Schulze and Prausnitz 1981). The CO,
permeability in dry chitosan was determined experimentally. The CO, fluxes were plotted in
Figure 5-19 as functions of temperature. Figure 5-19 demonstrated that the facilitated transport is
the major contributing mechanism in the swollen chitosan membrane. The flux corresponding to
the dry chitosan is the only flux that increased through the whole temperature range, which is an
expected result for a solution-diffusion membrane. The flux for CO, transported through water
decreased with temperature due to the loss of free water and the decrease in solubility of CO,.
The facilitated flux initiated by free water increased initially with temperature and started
decreasing until it reaches zero due to the loss of free water and the increasing of the amount of
bound water. The facilitated flux produced due to bound water increased with temperature until
it reached 110°C and began to decrease gradually. This can be corresponding to the decrease in
the initial concentration of carbon dioxide in the chitosan membrane due to the absence of free
water. There were two possible ways of water bonding with the amino group as shown in Figure
5-1. There is a possibility that the reaction of carbon dioxide with one complex dominates the
other at a temperature range then it becomes suppressed by the other complex at another
temperature range.

The water volume fractions were calculated from the mass of the water in the membrane.
The free and bound water volume fractions were plotted in Figure 5-20. The free water decreased
as the temperature increased and ceased to exist beyond the boiling point, while the opposite
trend occurred for bound water. A transition occurred at 50°C where the amount of bound water
exceeded the free water and this explains the maximum facilitated flux initiated by free water

presented in Figure 5-20.
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Different values of diffusivities, rate constants, and dimensionalized equilibrium
constants were used in calculating the facilitated fluxes for CO,-free water and CO,-bound water
for all temperatures in range. Figure 5-21 demonstrated a sample of the above calculations at
20°C and 110°C for the free water facilitated flux as a function of 1/lo. For bound water
facilitated flux, Figure 5-22 was plotted in a similar manner to that of Figure 5-21. For every l/lo,
different combinations of diffusivities, rate constants, and dimensionalized equilibrium constants
were obtained and then optimized to achieve the final results. Figure 5-23 illustrated that the
diffusivity attributed to the free water is larger than that of the bound water. The diffusion
activation energy initiated by the free water (22.1 KJ/mol) is lower than that of the bound water
(26.6 KJ/mol). The rate constant of the two mechanisms as a function of temperature are plotted
in Figure 5-24. The rate constant corresponding to the free water surpassed the bound water rate
constant at the initial temperatures then the opposite trend occurred as temperatures increased.
The activation energy of the free water (77.7 KJ/mol) was lower than that of the bound water
(91.8 KJ/mol) but the pre-exponential factors of the bound water was higher. This concludes that
as the volume fraction of the bound water increased the frequency of collisions between the
bound water-amine system and CO; increased far more than that of the free water. Figure 5-25
showed that 1/lo for the free water increased when the temperature was increased indicating a
decrease in lo. This was due to the decrease of free water presence in the chitosan membrane.
For the bound water, 1/lo decreased minutely indicating the increase in bound water did not have
a similar impact as free water because the mobility of the covalent bonds of the water-amine
system is much more restricted. Figure 5-26 described the effect of temperature on the
dimensionalized equilibrium constants of the free water and bound water systems. The
dimensionalized equilibrium constant for both systems decreased as the temperature increased.
Observing the temperature range where the two systems occurred simultaneously, the
dimensionalized equilibrium constant of the bound water is higher. This can be interpreted that
the reaction involving the bound water is more thermodynamically favored than the other. Above
the boiling point, the bound water system showed another trend characterized by a steeper slope
and this is not due to the equilibrium constant but most probably it is the initial concentration of
carbon dioxide that decreased. At low temperatures, the initial CO, concentration is higher due to

water presence and as the temperature is raised the concentration decreased.
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Membrane Area required for fuel cell applications

For a 50 KW fuel cell, a H, flowrate of 8300 cm’(STP)/s was needed. The highest CO,
permeability obtained by chitosan membranes was 483 barrers with a CO,/H; selectivity of 43.4
at P=1.5 atm and T = 110°C. The H; flowrate in the feed was 20 cm’® (STP)/s with a loss of 1.8
x 10°cm*(STP)/s. The CO, flux was 76.5 x 10° cm’(STP)/cm*/s Assuming the feed gas was the
exit gas from a water-gas shift reactor, which was composed of 65.1% H, and 15.5% CO,. The
feed contains 8300 cm’(STP)/s of H, and 1976 cm’*(STP)/s of CO,. If all of CO, permeate then
192 cm3(STP)/s of H, was lost. The loss of H, would be at a value of 2.315%. The area of a
membrane needed to remove all the CO, would be 25.8 x 10°cm® (2580m?). Using a hollow fiber

module (3000ft*/ft’), a volume of 0.26 m’ would be required to perform this separation.

Conclusion

This paper reported the highest CO, transport properties achieved at high temperatures
until present. The increase of CO, permeability, CO; selectivities with respect to H, and N, with
temperature was a property of facilitated transport membranes. Water presence in the chitosan
membranes played a critical role in the transport of the gases. Both gas streams were saturated
with water vapor and the driving force of water permeation was reduced to allow the membrane
to be fully swollen. The presence of water in the membrane facilitated the transport of CO,. The
high pressure played a role in decreasing the CO; separation with respect to H, and N, because it
increased the permeabilities of H, and N, by the solution-diffusion mechanism and decreased the

facilitation of CO,.
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Chapter Six: The Facilitated Transport of CO, by Arginine

Incorporated in Chitosan Membranes

Introduction

Stationary fuel cells and fuel cell powered automobiles are in critical need of high purity
supply of hydrogen. Hydrogen production can be obtained from steam reforming or partial
oxidation of hydrocarbons including natural gas or gasoline. A combination of a high-
temperature and low-temperature water gas shift reactor increases hydrogen production but the
reaction is thermodynamically limited. The syngas product has a high percentage of carbon
oxides (carbon dioxide and carbon monoxide), which dilutes hydrogen and the carbon monoxide
deactivates the platinum catalyst used in fuel cells. The conventional process of purifying
hydrogen uses three other processes to reduce the carbon oxides to limits that the fuel cell is
efficiently operating. These processes are carbon dioxide removal by absorption, carbon
monoxide removal by selective oxidation, and the removal of traces of carbon oxides by
methanation. Using CO;-selective membranes in a hybrid process with the water gas shift reactor
drives the equilibrium to increase the consumption of carbon monoxide and the production of
hydrogen by the continuous removal of carbon dioxide. The other advantage is that the hydrogen
is produced at the processing pressures of the water gas shift reactor unlike H,-selective
membranes. Finally, CO;-selective membranes eliminate any other processes and therefore
reduce the cost of operation.

Among solution-diffusion membranes, poly(1-(trimethylsilyl)-1-propyne) membrane
have the highest CO, permeability, which ranges from 18,000 barrers (Takada, Matsuya et al.
1985) to 19,000 barrers (Masuda, Iguchi et al. 1988) at a temperature of 25°C and a pressure of 1
atm. Based on pure gas permeabilities, Takada et al. (1985) had a CO,/N; selectivity of 9 and a
CO,/H; selectivity of 2.6, while Masuda et al. (1988) had a CO,/N, selectivity of 11 and a
COy/H; selectivity of 3.7. Ichiraku et al. (1987) obtained a higher CO, permeability (28,000
barrers) at a temperature of 35°C but a lower CO,/N, selectivity (5.6). Others increased pressure
to 4.5 atm and achieved higher CO; permeabilities (highest: 38,000 barrers by Toy et al. (1997))

but was also accompanied by a decrease in selectivities (Tien, Savoca et al. 1989; Morisato, Shen
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et al. 1996; Pinnau and Toy 1996; Toy, Freeman et al. 1997). One of the main properties of
solution — diffusion membranes is the increase in permeability is opposed with a decrease in
selectivity and vice versa is true (Gottschlich, D et al. 1988).

Facilitated transport is another mechanism beside solution-diffusion that can occur in
dense polymeric membranes. The facilitated transport mechanism is based on the reversible
complexation of the selected penetrant. The advantages of facilitated membranes over ordinary
solution-diffusion membranes are high selectivities and high permeabilities at low concentration
gradients. The three main configurations of facilitated transport membranes are immobilized
liquid membranes, solvent-swollen polymeric membranes (includes ion-exchange membranes),
and fixed carrier membranes.

Immobilized liquid membranes were studied widely by many researchers for the
facilitation transport of CO; over N; at room temperature for low partial pressures of CO,
(Bhave and Sirkar 1986; Guha, Majumdar et al. 1990; Laciak, Quinn et al. 1990; Chen, Kovvali
et al. 1999; Chen, Kovvali et al. 2000; Kovvali, Chen et al. 2000; Chen, Obuskovic et al. 2001;
Kovvali and Sirkar 2001; Kovvali and Sirkar 2002; Scovazzo, Kieft et al. 2004; Baltus, Counce
et al. 2005). Chen et al. (2000) immobilized glycine-Na-glycerol in PVDF membranes and
achieved the highest CO, permeability (10,100) among the above authors with a CO,/N,
separation factor of 3980 at room temperature and a CO, partial pressure of 0.5 cmHg. Kovvali
et al. (2000) immobilized polyamidoamine dendrimer in a PVDF film and achieved a CO,
permeability of 3600 barrers with a CO,/N, selectivity of 18,000 at 0.8cm Hg CO,. As the CO,
partial pressure was increased to 26 cmHg, the permeability and the selectivity dropped to 150
barrers and 720, respectively.

Quinn et al. (1995) immobilized melts of the salt hydrates tetramethylammonium fluoride
tetrahydrate and tetraecthylammonium acetate tetrahydrate in films of Celgard 3401 for selective
permeation of carbon dioxide from hydrogen at 50°C. The tetramethylammonium fluoride
hydrate had higher permeabilities than the other salt (Quinn, Appleby et al. 1995). The highest
CO; permeability achieved was 1720 barrers at a CO, partial pressure of 3 cmHg but they were
unable to detect H, and give a value for the CO,/H; separation factor. At 22cmHg of CO,, H,
was detected, and a CO,/H; selectivity of 10 was obtained but the CO, permeability decreased to
445 barrers, then dropped to 149 barrers with a CO,/H; selectivity of 2.8 at 98 cmHg. Poly(1-
(trimethylsilyl)-1-propyne) was used instead of Celgard, which gave a CO,/H; selectivity of 360
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at 4 cmHg CO, and a CO; permeance of 40 GPU, then the CO; partial pressure was increased to
100 cmHg, which reduced the permeance and the selectivity to 8 GPU and 30, respectively.

Another facilitated transport membrane is the ion-exchange membrane, which was used
for the separation of CO, from N, (LeBlanc, Ward et al. 1980; Langevin, Pinoche et al. 1993;
Matsuyama, Teramoto et al. 1994; Nakabayashi, Okabe et al. 1995; Matsuyama and Teramoto
1996; Matsuyama, Teramoto, Sakakura et al. 1996; Matsuyama, Terada et al. 1999; Matsuyama,
Teramoto et al. 2001; Park and Lee 2001; Kim, Park et al. 2004). Langevin et al. (1993) used
monoprotonated and diprotonated ethylene diamine, as ion-exchange sites for CO,, in sulfonated
styrene-divinylbenzene incorporated in a fluorinated matrix. They achieved the highest CO,
permeability (6630 barrers) accompanied with a CO,/N; selectivity of 524 at 3.1 cmHg CO,. As
the CO; partial pressure was increased to 76 cm Hg, the CO, permeability and the CO,/N;
selectivity decreased to 1008 barrers and 80, respectively. The highest CO,/N; selectivity (4700)
was obtained by Matsuyama et al. (1994). Matsuyama et al. (1994) used ethylenediamine and
incorporated it in the matrix of the acrylic acid grafted polyethylene to separate CO; from Nj.
Similar trends are obtained when CO, partial pressure is increased.

Ho (1997) cast solutions comprising of the hydrophilic polymer poly(vinyl alcohol) and
aminoacids-monovalent cations on PTFE support to separate CO, from H; rich streams by CO;
facilitation mechanism. The monovalent cations used were glycine (Gly)-K, Gly-Li, Gly-EDA,
pipecolinic acid (PCA)-Li, and aminoisobutyric acid (AIBA)-EDA. The PVA-Gly-EDA
membrane exhibited the highest CO, permeability (211 barrers) and CO,/H; selectivity (30) (Ho
1997). Ho (1998) continued his work by using different amines such as ethanolamine (EA) and
2-amino-2-methyl-1-propanol (AMAP) but the membranes did not exhibit higher CO,
permeability nor higher CO,/H; selectivity than his previous work (Ho 1998). Ho (2000) carried
on his work and introduced polyethylenimine (PEIm) to a blend of PVA and Gly-Li to separate
CO, from H; at a temperature range of 21 — 80°C. He achieved for this temperature range, a CO,
permeability of 194-1230 barrers and a corresponding CO,/H; selectivity of 28-75 (Ho 2000).

Fixed carrier membranes had been used to separate CO, from N, (Tajar and Miller 1972;
Yoshikawa, Fujimoto et al. 1994; Yoshikawa, Fujimoto et al. 1995; Matsuyama, Teramoto and
Sakakura 1996; Okamoto, Yasugi et al. 1996; Matsuyama, Terada et al. 1999). Matsuyama et al.
(1999) achieved the highest CO, permeability (1034 barrers) by preparing a

polyethyleneimine/poly(vinyl alcohol) blended membranes. Increasing feed CO, partial pressure
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(4.9 = 26.6 cmHg) decreased the CO, permeability (1034 = 220 barrers) and decreased CO,/N;
selectivity (150 = 65), an aspect of the facilitated transport mechanism. Increasing the
percentage of polyethyleneimine in the blend from 9% to 47.4% increased the CO; permeability
from 400 barrers to 2000 barrers with a decrease in the CO,/Nj; selectivity (165 = 125)
(Matsuyama, Terada et al. 1999).

Quinn and Laciak (1997) prepared the polyelectrolytic poly(vinylbenzyltrimethyl
ammonium fluoride) membrane, which selectively permeated CO, from H; or N;. For CO,-N,
mixtures, the poly(vinylbenzyltrimethyl ammonium fluoride) membrane displayed a CO,
permeability of 113 barrers and a CO,/N; selectivity of 983 at 23°C, 17 cmHg CO,. The
permeability of CO, decreased to 72 barrers and CO,/N; selectivity decreased to 629 with
increasing feed partial pressure of CO; to 85 cmHg. For CO,-N; mixtures, the membrane
displayed a CO, permeability of 108 barrers and a CO,/H, selectivity of 87 at 23°C, 32 cmHg
CO,. The CO,/H; selectivity is the highest reported for any membrane. The partial pressure was
increased to 143 cmHg, which resulted in decreasing CO; permeability to 52 barrers and CO,/H,
selectivity to 43. Increasing the temperature to 50°C at 94 cmHg, increased the CO, permeability
from 49 to 79 barrers but was accompanied with a small loss in CO,/H; selectivity (100 =94).
The selectivity is also dependent on the hydration state of the membrane and is optimal at a gas
stream relative humidity in the range 0.25-0.50 (Quinn and Laciak 1997). Quinn et al. (1997)
continued their work by blending poly(vinylbenzyltrimethyl ammonium fluoride) and CsF for
acid gas separations. The addition of CsF increased the CO, permeability and the CO,/H;
selectivity obtained by Quinn & Laciak (1997) by ~2.5 fold and ~1.5 fold, respectively (Quinn,
Laciak et al. 1997). Quinn 1998 used a repair technique to fabricate defect free polyelectrolyte
membranes by casting an additional polyelectrolyte layer upon a precast polyelectrolyte
membrane. A poly(diallyldimethylammonium fluoride) membrane was synthesized and showed
a CO, permeance of 12 GPU and a CO,/H; selectivity of 84. When an extra layer of
poly(vinylbenzyltrimethyl ammonium fluoride) was cast upon poly(diallyldimethylammonium
fluoride), the membrane exhibited CO,/H; selectivities and CO, permeances, which were 2-18
and 1.3-2.3 times greater, respectively, than for those consisting of a single layer of
poly(diallyldimethylammonium fluoride). This is surprising since defect repair is expected to
improve selectivity but not permeance, which made the author suggest that the cause of the

unexpectedly high CO, permeances may be related to a mutual dissolution of the two
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polyelectrolytes at their interface (Quinn 1998). In addition, he blended the two polymers and
tested them to give him an average CO, permeance of 35 GPU and an average CO,/H; selectivity
of 29. The increase in the CO, permeance and decrease in the CO,/H; selectivity is due to the
defects in the blended membrane (Quinn 1998).

Chitosan is a derivative of chitin, which is the most abundant natural polymer after
cellulose. It forms clear and dense films, which enables them to be a membrane of interest. Gas
permeation tests have been performed on chitosan membranes for the separation of CO,/N; and
CO,/0O; (Bai, Huang et al. 1988; Gontard, Thibault et al. 1996; Ito, Sato et al. 1997; Bae, Lee et
al. 1998; Fichaux, Tual et al. 1998; Despond, Espuche et al. 2001). Chitosan has a potential to be
used as a membrane for gas separation and can be used as a fixed-facilitated transport membrane
because of the amino group linked to its backbone. The rigidity, stability, good thermal
properties, and its high swelling index increase its chances of success. To increase CO; transport
properties, amino acid salts such as arginine can be used.

In a reactive system involving amines, water, and carbon dioxide, there are equilibriums
involving the formation of carbonates, bicarbonates, amine-CO, complexes. The reactions of
amine and CO, are dominant (Langevin, Pinoche et al. 1993) and they form a zwitterion
(Danckwerts 1979), which can react with another amine site in the membrane to form
carbamates (Yamaguchi, Boetje et al. 1995).

The reaction mechanism for amino acids with carbon dioxide is similar to that of the amines and

thought to be the following:

CO, + 2R-C(H)(COOH)-NH, ¢ "H;N-C(H)(COOH)-R + R-C(H)(COOH)-NHCOO"

Water bonds and dissociates hydrophilic groups. The main concern for chitosan
membrane is the interaction of the water with the amino group and the interaction of water with
CO,. The water molecule can create a variety of bonds with other molecules such as ionic and
hydrogen-bonding. It has been reported that different bonding occur when the water molecule is
involved (Csaszar 1992; Koch and Popelier 1995; Novoa, Lafuente et al. 1998; Cubero, Orozco,
Hobza et al. 1999; Cubero, Orozco and Luque 1999; Hobza and Sponer 1999; Hobza and Havlas
2000; Custelcean and Jackson 2001; Steiner and Koellner 2001; Steiner 2002; Wang, Li et al.
2003; Wang, Zhang et al. 2005). In the systems involving CO,-amine-water, NMR and kinetic
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studies show different bonding arrangements in the system (Hagewiesche, Ashour et al. 1995;
Rinker, Ashour et al. 1995; Saha and Bandyopadhyay 1995; Suda, Iwaki et al. 1996; Xu, Wang
et al. 1996; Ohno, Inoue et al. 1999). If the reaction continues above the boiling point of water
and the water is bound to the chains of the polymer and the amino acid (arginine), the CO, bonds
to the water by hydrogen bonding and transferred to the other side of the membrane. One
possible scenario that can occur is represented in Figure 6-1. There are many other possible
interactions in this system due to the hydrogen bonds: arginine — chitosan (N---H—N", N"---H—
N, N---H—N, N—H---N), arginine — water (N---H—O, N—H---O, N"---H—O0, N'—H---0),
and chitosan — water (N---H—O, N—H---O). These hydrogen bonds can form bridges that can
transport carbon dioxide.

This paper reported the incorporation of amino acid salts (arginine) as the mobile carrier
in a fixed-site facilitated chitosan membrane. The effect of humidifying the feed and the sweep
on the CO, permeation was studied. The studies included the effect of temperature and the effect

of the pressure on the fixed-mobile facilitated membrane.

Experimental Methods

High molecular weight chitosan, L-arginine, sodium hydroxide, deionized water, and
glacial acetic acid were all obtained from Aldrich Chemical Co., Milwaukee, WI. Chitosan was
purified according to the methods in chapter five. The other chemicals were used without further
purification.

Feed gas mixture contained 10% hydrogen, 80% nitrogen, and 10% carbon dioxide and
sweep gas, which was ultra high purity nitrogen, were supplied by Scott Gross Co. Inc.,
Lexington, KY and used in gas permeation measurement. The source for the microporous Teflon
support was either from Tetratec.

Chitosan films were prepared in a similar manner described in chapter five. Equal moles
of arginine and sodium hydroxide were dissolved in water separately and then mixed. The
chitosan and the arginine-NaOH solutions were mixed using a mechanical stirrer in different
weight percentages to give % arginine = 10, 20, 30, 40, and 50. The solutions were casted onto a
microporous Teflon support. The cast membranes were first dried at room temperature for 72

hours. The membrane was removed and placed in the oven at a temperature ramp rate of 1°C/min
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from 22°C to 120°C then was held for 6 hours then ramped again to 150°C and was kept for 6

hours. The gas permeation measurements were done in a similar manner to chapter five.

Results and Discussion

The effect of humidification of the sweep on the transport properties of CO;

A 20% Arginine-Na-chitosan membrane was tested at a temperature range of 20 — 100°C
with a thickness of 651 and a pressure feed of 1.5 atm. The purpose of this test was to know the
function of water in these membranes. The feed will be humidified in both cases. Figure 6-2
showed that CO, permeability for the humidified sweep has greater values and that difference
enlarged as the temperature increased. For the humidified feed side the CO, permeability
increased from 100 to 271 as the temperature increased. While the CO, permeability increased
from 300 barrers to 1376 barrers when both stream sides were humidified. Humidifying the
sweep creates a water partial pressure on the sweep side thus reducing the water driving force to
permeate. The water was better contained in the membrane by reducing the water permeation.
Therefore, the mechanism of facilitated transport was magnified as temperature was increased.
This was better determined by observing the selectivity profiles of the gases with respect to CO,.
Figures 6-3, 6-4, and 6-5 showed the profiles of CO,/N,, CO,/H,, and H,O/CO; selectivities for
both cases. For the humidified feed case, the selectivities of CO, with respect to N, and H;
increased from 78.8 to 302 and 26.3 to 53.3, respectively as the temperature was increased from
20°C to 100°C. The same trend occurred for the case of humidifying both streams but with much
higher selectivities. The values of CO,/N,, CO,/H, selectivities were 101 and 46.9 (20°C), 724
and 128 (100°C), respectively. The selectivities of water to CO, showed that content of water

increased in the membrane if both streams were humidified.

The effect of salt percent on the transport properties of CO;

The concentration of the salt was varied in the chitosan membrane and tested for CO,
transport properties at a temperature range of 20 — 100°C with a thickness of 65 and a pressure
feed of 1.5 atm. The purpose of this test was to determine the threshold concentration of salts in
these membranes. The feed and sweep will be humidified in all cases. Figure 6-6 showed the
CO, permeability profile for % arginine ranging from 0 — 50wt%. The profiles were non-linear

and the degree of non-linearity increased as the temperature increased. The other observation
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was that the threshold limit was between 30 — 50wt%. The CO; permeability (barrers) for 30%,
40%, and 50% at 100°C were 1454, 1469, and 1469, respectively. Figure 6-7 showed the CO»/H,
selectivity profile for the same percentages of salt. The CO,/H, selectivity for 30%, 40%, and
50% at 100°C were 130, 131, and 131, respectively. The CO,/N; selectivity profile behaves
similarly and the values for the above percentages were 736, 742, and 743, which were
demonstrated in Figure 6-8. Figure 6-9 illustrated that the increase of CO, transport properties
was accompanied with the decrease in the H,O/CO, selectivity. It was also demonstrated nearly
a constant line between 40 and 50wt% for all temperatures. In conclusion, all the figures
showing variance of CO, transport properties with salt percentage pointed out that the threshold

concentration occurred at 40%.

40%arginin-chitosan membrane

Temperature effect on CO, transport properties at 1.5 atm

Figure 6-10 exhibited the effects of temperature on CO, permeability at P = 1.5 atm and
l, = 65u for a temperature range of 20 — 150°C. The CO, permeability increased with
temperature as expected for a polymeric membrane until it reached 110°C then the permeability
started to decrease. The data was fitted to the Arrhenius form for the two temperature ranges of T
=20-110°C and T= 110 — 150°C. For T =20 — 110°C, E,,t = 12.5 + 1.23 KJ/mol and P, = 7.85
+3.20 x 10* barrers, while the values for the other temperature range were -5.19 + 0.370 KJ/mol
and 292 + 32.4 barrers. The permeability of CO, increased from 403 barrers at T = 20°C to 1498
barrers at T = 110°C then decreased to 1284 barrers at T = 150°C. There were three factors in the
mechanism of the transport in the swollen chitosan membrane. Water was delivered to the
membrane as water vapor, which condensed in the chitosan matrix. Some of the water permeated
and the rest was contained within the membrane. Each of the chitosan and the arginine absorbed
water. It was reasonable to think that a pressure of 1.5 atm and a temperature above 110°C that
all the water will permeate. The true case was that water was bounded to chitosan and arginine at
all temperatures and therefore facilitated processes occurred but with a different reaction
mechanism from the known reaction mechanisms of CO, with amino groups. The free water
hydrates the chitosan membrane and dissociates the amino groups and a portion of the free water

permeates through the membrane due to the pressure difference. Water is polar and its oxygen
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bears pairs of lone electrons and is capable of hydrogen-bonding due to the dipole moment. The
amino groups in chitosan and arginine are capable of bonding at the nitrogen site as shown in
Figure 6-1. Figure 6-11 showed the permeance change with temperature and has the same trend
as the permeability profile. The arginine-chitosan membrane showed a maximum peak of 23.0
GPU, which was considered high for gas separations.

Figures 6-12, 6-13, and 6-14 showed the variation of the separation factors of CO, with
respect to Hp, Ny, and the separation factor of H,O / CO,. The CO, / H; and CO, / N, increased
while H,O / CO, decreased with temperature for T = 20°C — 110°C. The separation factors of
CO, / Hy and CO; / N increased from 31.9 and 122 (20°C) to 144 and 852 (110°C), respectively,
while the separation factor of H,O / CO, decreased from 36.1 (20°C) to 10.8 (110°C). The water
separation factor indicated that the membrane affinity to water increased. The decrease of the
separation factor of H,O / CO, pointed out that there are more water molecules for the facilitated
reactions to occur and the swelling to proceed. For T = 110 — 150°C, the separation factor of HO
/ CO; increased with rising temperature but the facilitated transport persist to occur due to bound
water-CO,-NH; (chitosan and arginine-Na). The decrease of the amount of water decreased the
CO, transport parameters due to a decrease of the swelling state and the facilitation transport.
Figure 6-15 showed the CO, flux increased with temperature from 64.6 to 218 and then
decreased to 190 pem® (STP) / cm® / s. These fluxes were high and acceptable to achieve the

goals set for fuel cell applications.

Effect of pressure on the CO, transport properties at 150°C

The retentate pressure was varied from 1.5 — 5 atm at 150°C. Permeate pressure was
maintained at atmospheric pressure. Figure 6-16 illustrated that the increase in CO, feed partial
pressure resulted in a decrease in the permeability of CO,. The values of CO, permeability
corresponding to CO; partial pressures of 0.1 atm to 0.5 atm were 1284 barrers to 1078 barrers,
respectively. This was expected for a facilitated transport membrane. The loss of permeability
was acceptable and this could be explained by the fact that the reaction occurring via free water
was affected much more than the reaction occurring via the bounded water but in all cases, the
facilitated transport was the dominant mechanism along with the existence of water in the

membrane. Figure 6-17 demonstrated the permeance profile and showed the loss of permeance
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from 19.8 GPU to 16.6 GPU, which were still considered high enough for a gas separation
process.

The effect of feed pressure on the separation factors of CO, with respect to H,, N», and the
separation factor of H,O / CO, were plotted in Figures 6-18, 6-19, and 6-20. The increase in the
feed pressure provided a larger driving force of permeation across the membrane for water, Hy,
Nz, and CO, by the solution-diffusion mechanism. The increase in the feed pressure affected the
availability for water to dissociate, bond, and dissolve, which decreased the separation factor for
CO, with respect to H, and N, from 75.5 to 47.9 and 516 to 352, respectively. The separation
factor of HyO/CO; increased from 12.1 to 14.4 as the pressure increased, demonstrating less
water molecules available for mediating the facilitated reaction of CO, with the amino groups of
the chitosan membrane. The loss of water decreased the swelling of the membrane and thus
decreased the solubility of CO, in water fractions of the membrane. The loss of water also
decreased the solubilities of H, and N, but the extent of loss was not as pronounced as in COs,.
The solution-diffusion mechanism in the dry areas of the membrane commences to play some
role in decreasing the separation factors of CO, with respect to H, and N,. Figure 6-21 showed
that the CO, flux increased as the feed pressure was increased. The profile had a minimal
curvature demonstrating non-linearity but also showed tendency to becoming linear as the
pressure was increased. This was expected when the membrane has the facilitated mechanism
loosing its dominance and solution-diffusion mode comes into play. The most important was that
the membrane at a pressure of 5 atm and a temperature of 150°C has a flux of 533.2 pem’ (STP) /
cm’/ s, which was considered valuable for gas separation purposes, especially with high CO»/H,

and CO,/N; selectivity.

Temperature effect on CO, transport properties at 5 atm

Figure 6-22 demonstrated the effects of temperature on CO, permeability at P = 5 atm
and 1, = 65u for a temperature range of 20 — 150°C. The CO, permeability increased
exponentially with temperature with an E,; = 16.7 + 0.7 KJ/mol and Py = 1.25 + 0.264 x 10°
barrers. The permeability of CO, increased from 118 barrers at T = 20°C to 1078 barrers at T =
150°C. Figure 6-23 showed permeance values reaching a final value of 16.6 GPU. Figures 6-24,
6-25, and 6-26 showed the variation of the separation factors of CO, with respect to H,, N», and
the separation factor of H,O / CO,. The CO;, / H, and CO, / N; increased while H,O / CO,
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decreased with temperature for T = 20°C — 150°C. The separation factors of CO, / H, and CO, /
N, increased from 5.67, 21.6 (20°C) to 47.9, 352 (150°C), respectively, while the separation
factor of H,O / CO, decreased from 124 (20°C) to 14.4 (150°C). Figure 6-27 showed the CO,
flux increased with temperature from 64.6 to 553 pem’ (STP) / cm’ / s. As temperature was
increased, the solution-diffusion transport mechanism of water was affecting the facilitated

transport of CO,.

Area required for fuel cell applications

For a 50 KW proton exchange membrane fuel cell vehicle, a H, flowrate of 8300
cm’(STP)/s was needed. The highest CO, permeability obtained by chitosan-arginine membranes
was 1498 barrers with a CO,/H, selectivity of 144 at P = 1.5 atm and T = 110°C. The H, flux in
the feed was 20 cm’ (STP)/s with a loss of 1.5 x 10°cm’(STP)/s. The CO, flux was 218 x 10°
cm’(STP)/cm?/s Assuming the feed gas was the exit gas from a water-gas shift reactor, which
was composed of 65.1% H; and 15.5% CO,. The feed contains 8300 cm3(STP)/s of H, and 1976
cm’*(STP)/s of CO,. If all of CO, permeate then 57 cm’(STP)/s of H, was lost. The loss of H,
would be at a value of 0.687%. The area of a membrane needed to remove all the CO, would be
9.06 x 10°m” (906m?). Using a hollow fiber module (3000ft*/ft), a volume of 0.092 m® would
be required to perform this separation. For a pressure of 5 atm, the permeability of CO, increased
from 118 barrers at T = 20°C to 1078 barrers. The most important was that the membrane at a
pressure of 5 atm and a temperature of 150°C has a flux of 533.2 pem® (STP) / cm®/ s, which was
considered valuable for gas separation purposes, especially with high CO,/H, and CO,/N,
selectivity (21.6, 352). For a 50 KW fuel cell, an area of a membrane needed to remove all the
CO, would be 3.71 x 10°cm? (371m?). Using a hollow fiber module, a volume of 0.038 m® would

be required to perform this separation. The loss of H, would be at a value of 4.58%.

Conclusion

The incorporation of Arginine in a chitosan membrane achieved the highest CO,
transport properties achieved at high temperatures until present. The effect of humidifying the
feed and the sweep increased CO; transport properties dramatically indicating the significance of
water’s presence in the membrane. Increasing the arginine percentage increased CO; transport

properties until it reached a threshold of 40%. The increase of CO, permeability, CO,
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selectivities with respect to H, and N, with temperature was a property of facilitated transport
membranes. The high pressure played a role in decreasing the CO, separation with respect to H;
and N, because it increased the permeabilities of H, and N, by the solution-diffusion mechanism

and decreased the facilitation of CO, due to carrier saturation.
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Figure 6-1. A scenario of some possible interactions occurring in the chitosan-arginine

membrane for CO, transport.
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Figure 6-2. The effect of humidifying the sweep on the CO, permeability in a 20% Arginine-
Chitosan Membrane at T =20 — 100°C, P = 1.5 atm, and 1., = 65.
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Figure 6-3. The effect of humidifying the sweep on the CO,/N; selectivity in a 20% Arginine-

Chitosan Membrane at T =20 — 100°C, P = 1.5 atm, and 1., = 65.
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Figure 6-4. The effect of humidifying sweep on the CO,/H; selectivity in a 20% Arginine-
Chitosan Membrane at T =20 — 100°C, P = 1.5 atm, and 1., = 65.
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Figure 6-5. The effect of humidifying sweep on the H,O/CO; selectivity in a 20% Arginine-
Chitosan Membrane at T =20 — 100°C, P = 1.5 atm, and 1., = 65.

143



1600

n [ m 100°C
— [ |
0
|
2 1200 -
® A A A 75°C
2 ]
£ A
% 800 r ° ° ® 50°C
A
Q
E ®
1S
[}
ﬂ; 400 ° . * * 20°C
8 R
0 L 1 1 1 1
10 20 30 40 50
%wt Salt

60

Figure 6-6. The effect of salt percentage on the CO, permeability in Arginine-Chitosan
Membrane at T =20 — 100°C, P = 1.5 atm, and 1, = 65.
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Figure 6-7. The effect of salt percentage on the CO,/H, selectivity in Arginine-Chitosan

Membrane at T =20 — 100°C, P = 1.5 atm, and 1., = 65.
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Figure 6-8. The effect of salt percentage on the CO,/N; selectivity in Arginine-Chitosan

Membrane at T =20 — 100°C, P = 1.5 atm, and 1, = 65.
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