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Chapter 9

SELF-ASSEMBLED NANOPOROUS MATERIALS
FOR CO2 CAPTURE

PART 1: THEORETICAL CONSIDERATIONS

Ripudaman Malhotra1, David L. Huestis1, Marcy Berding1, Srinivasan Krishanamurthy1

and Abhoyjit Bhown2

1Physical Sciences Division, SRI International, Menlo Park, CA 94025, USA
2Bay Molecular Corporation, Newark, CA 94560, USA

ABSTRACT

Nanoporous materials have been shown to have very high adsorption capacities for gases. We examined
their potential application in a PSA system to capture CO2. Of particular interest to us was the range of self-
assembled materials that could be generated from copper dicarboxylate systems. These salts have a square
lattice whose cells could be tailored to accommodate multiple molecules of CO2 and thereby optimize
the material for maximum adsorption capacity. With multiple CO2 molecules being adsorbed in each cell
there is also the possibility that the system would display cooperative behavior. We describe here the
thermodynamics of these systems and show that a significantly larger amount of an adsorbate species can be
shifted between the vapor and adsorbed states for a given pressure swing. To further assess the potential
benefits of using such materials, we simulated the breakthrough behavior of CO2 from a packed bed
containing activated carbon and copper terephthalate. These simulations show that for a given bed diameter,
the appropriate bed length would be about a third that for carbon alone, even if copper terephthalate
displayed no cooperativity. The bed length could be further reduced to a quarter if there were even a modest
degree of cooperative binding.

INTRODUCTION

Concerns about CO2 emissions and global warming are driving efforts to minimize CO2 emissions. Power
production, particularly from coal, is one of the major sources of CO2. To sequester the CO2, it is necessary
to first concentrate it to a nearly pure form. This concentration can be achieved by using materials like lime
or amines for absorbing CO2 from the flue gas at a certain temperature ðT1Þ and then releasing it at a higher
temperature ðT2Þ: The problem with this scheme is that if the enthalpy of adsorption is high, T2 must be high
to release the CO2. A higher T2 means that valuable heat would be rejected, which would lead to reduced
overall efficiency of the power plant. On the other hand, if the adsorption is not highly exothermic, the
material is not very effective in absorbing CO2 in the first place.

Inspired by the work of Seki [1–3] on copper dicarboxylate salts, we conducted research on nanoporous
materials made of cells that would physisorb CO2 by relatively weak van der Waals forces and that would
be large enough to accommodate multiple CO2 molecules. Seki et al., have shown these salts to have a
very high capacity for adsorbing methane. Figure 1 shows one layer of copper oxalate, a representative of
this family of framework solids. We anticipated that the CO2 molecules would be held in the cavities (i.e.
cells where CO2 can bind). The dimensions of the square cavity can be tailored by the choice of the
dicarboxylic acid.

We further conjectured that if the binding of CO2 were cooperative, that is, if each subsequent molecule of
CO2 adsorbed in the cell had a slightly higher heat of adsorption, the adsorption isotherm would be steeper
and it would require less work of a pressure swing to move an equivalent amount of CO2 between the gas
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and adsorbed phases. Examples of cooperative binding are known in enzyme-substrate systems [4], the
binding of oxygen to hemoglobin being one commonly cited example of cooperative binding.

The overall goal of this project was to design, synthesize, characterize, and test materials for capturing CO2

in PSA systems. The project was conducted in two phases. In the first phase, lasting 9 months, the work
focused on validating the concept of cooperative binding, determining the feasibility of copper
dicarboxylate systems that could accommodate several CO2 molecules in each pore, and estimating the
potential benefits of using such material in a PSA system. The work conducted during this phase is
described in this chapter. The accompanying chapter describes results from our experimental studies that
were conducted in a subsequent phase, also lasting 9 months.

Thermodynamic Analysis
Optimal heat of adsorption
The optimal heat of adsorption (DH) can be determined by considering the free energy (DG) of the
absorption and desorption of CO2 on a material, M:

Mþ CO2 O M · CO2 ð1Þ

At equilibrium, DG ¼ 0; and Tp ¼ DH=DS; where Tp is the turning temperature and DS is the entropy of
reaction. Since loss of translational degrees of freedom will dominate the entropy changes associated with
adsorption, we can use it as a rough estimate of DS: The loss of translational degrees of freedom also occurs
during vaporization and is the basis of Touton’s rule, which states that the heat of vaporization (in cal/mol)
of nonpolar liquids is 22 times the absolute temperature (90.5T in J/mol). Using 290.5 J/mol/deg as an
estimate for DS; and 300 K for Tp; DH would be only 27 kJ/mol (6.6 kcal/mol) at a CO2 partial pressure of
1 atm. At reduced partial pressures, the optimal heat of adsorption should be corrected for the RT ln P term,
and is, therefore, slightly higher. At a CO2 partial pressure of 0.05 atm the calculated DH is about 35 kJ/mol
(8.4 kcal/mol).

These values are similar to those for the adsorption of N2 over zeolites and silicalite [5], and suggest that
specific chemical binding is not necessary and that materials which adsorb CO2 by relatively weak van der
Waals forces might indeed be more appropriate. The adsorption of CO2 is somewhat stronger on these
zeolites; DHads is in the range of 30–50 kJ/mol (7–12 kcal/mol).

Thermodynamics of cooperative binding
To validate our concept, we modeled the adsorption of CO2 in a porous solid composed of a number of
individual cells, each of which can accommodate up to four CO2 molecules. We modeled two different

Figure 1: Simulated structure of copper oxalate.
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situations: the first case is that of independent binding, where the CO2 molecules do not interact, and the
second case is cooperative binding, where they do interact. As initial values, we used DS ¼
290:5 J/deg/mol and DH ¼ 227 kJ/mol. As discussed above, these values are those for a binding with
minimal interaction with the substrate. In the case of independent (or non-cooperative) binding (Case 1),
the DH value does not change with the adsorption process. However, for cooperative binding (Case 2) the
value of DH is made progressively more negative—the average DH is the same in both cases.

For Case 1, the number of sites that are occupied ðN1Þ can be related to the number of unoccupied sites ðN0Þ
by the binding constant ðB0Þ and the partial pressure ðPÞ of the gas:

N1 ¼ PB0N0 ð2Þ

The fraction of the bound sites ðBÞ is thus:

B ¼ PB0=ð1þ PB0Þ ð3Þ

The binding constant B0 can be calculated from thermodynamics:

B0 ¼ e2ðDH2TDSÞ=RT ð4Þ

Using different values for DH and DS, we can calculate B0; which when plugged into Eq. (2) gives the
adsorption isotherm. An example of such a simulation, with a DH value of 26 kcal/mol and a DS value of
222 cal/mol/deg is shown in Figure 2. As expected, the fraction of bound sites goes to 0 at low pressures
and is essentially 100% above a pressure of 100 atm.

Calculating the fraction of bound sites for Case 2 (cooperative binding), is a bit more involved. Here, in each
cell there are four sites where a CO2 molecule can reside. For simplicity, we assume that these four sites are
degenerate. First, we have to assign the DH for binding to the different populations of the sites, Ni where the
subscript i refers to the number of CO2 molecules in a given cell; i can have values of 0, 1, 2, or 3. There is
a population of cells with all four sites occupied, N4; but we have stipulated that there is no further binding
of CO2 to this site. Thus, DH0 refers to the heat of adsorption of CO2 to a cell with no other CO2 molecules
in it. Likewise, DH1 refers to the adsorption of the second CO2 molecule in that cell. For the model that we
developed, we kept the energy spacing between the four levels occupancy the same, in other words the DDH
was held constant. Furthermore, for a direct comparison with a non-cooperative case, we wanted to keep

Figure 2: Adsorption isotherms for cooperative and non-cooperative binding. Non cooperative case:

DH ¼ 26 kcal/mol. Cooperative case average: DH ¼ 26 kcal/mol; DDH ¼ 20:2 kcal/mol.
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DHav the same as DH in the independent case. Thus,

DH0 ¼ DH 2 2:5DDH ð5Þ

DH1 ¼ DH 2 0:5DDH ð6Þ

DH2 ¼ DH þ 0:5DDH ð7Þ

DH3 ¼ DH þ 2:5DDH ð8Þ

Before proceeding with the calculation of the populations of various cells ðN0;N1…N4Þwe must take care of
the statistical weighting for each population. We use subscripts a, b, c, and d to label each site within the cell
to help ascertain the statistical weighting factors. Since there are four ways in which one molecule can be
present in a cell, the statistical factor for N1 is 4. If we denote Na as the cells with only position a occupied,
we can generalize:

N1 ¼ 4Na ¼ 4Nb ¼ 4Nc ¼ 4Nd ð9Þ

Similarly, there are six ways in which two CO2 molecules can be placed into a cell that has four positions,
and so the weighting factor for N2 is 6:

N2 ¼ 6Nab ¼ 6Nac ¼ 6Nad ¼ 6Nbc ¼ 6Nbd ¼ 6Ncd ð10Þ

and the weighting factors for N3 and N4 are, respectively, 4 and 1.

The next step in describing the cooperative effect is to incorporate the relative binding constants to provide a
way of determining the total number of positions that are bound. In the first case, where one molecule is
bound, we can describe it as a function of the product of the pressure of the system ðPÞ; multiplied by its
initial binding constant with no other molecules around ðB0Þ; multiplied by the initial population with no
sites occupied ðN0Þ: That value can be denoted as Na (Eq. (11)). When we consider the adsorption of the
next molecule in the cell, the population Nab is equal to the population of the previous state ðNaÞ multiplied
in the same manner by the pressure ðPÞ times the binding constant for the second molecule. Eqs. (11–14)
relate populations Na; Nab; Nabc; and Nabcd to N0 through their respective binding constants, Bi:

Na ¼ PB0N0 ð11Þ
Nab ¼ PB1Na ¼ P2B0B1N0 ð12Þ

Nabc ¼ PB2Nab ¼ P3B0B1B2N0 ð13Þ
Nabcd ¼ PB3Nabc ¼ P4B0B1B2B3N0 ð14Þ

As before, the values for different binding constants ðBiÞ can be calculated from the differences in the free
energies of the states (Eq. (4) together with Eqs. (5)–(8)). By plugging in the values of Bi in Eqs. (11)–(14)
and the statistical weighting factors, we can calculate the populations Ni corresponding to the cells with
varying degrees of occupancy. The total number of bound sites is:

Bound Sites ¼ N1 þ 2N2 þ 3N3 þ 4N4 ð15Þ

and, since each cell contains four sites, the total number of sites is:

Total Sites ¼ 4ðN0 þ N1 þ N2 þ N3 þ N4Þ ð16Þ

We developed an Excel worksheet that can be used interactively to generate expected isotherms as a
function of changes in the DH and DDH values. An example of such a simulation is also shown in Figure 2.
As hypothesized, the cooperative case has a steeper adsorption isotherm. The horizontal lines show the
pressure swing ðPhigh=PlowÞ that is needed in both cases for switching between 90 and 10% bound (net
80%). The pressure swing in the cooperative case is about a factor of four less for the same extent of switch.
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Alternatively, if we impose the same pressure swing on the independent case, the percent change between
bound and unbound would be from 82 to 16% (net 66%). In other words, a pressure swing that transports 66
molecules in the independent case, would transport 80 molecules in the cooperative case; an approximately
20% gain in efficiency.

We also varied the DDH parameter to see its effect on the adsorption isotherm. We found that increasing its
absolute value makes the curve even steeper. Also, by reducing it to zero, the resulting curve is identical with
that for the independent case (Case 1). This concordance provides validation for the algorithm used in Case 2.

Potential Impact of Nanoporous Solids on PSA
A “back-of-the-envelope” estimation of the potential benefits of using the proposed nanoporous materials as
compared to zeolites in a pressure swing adsorber (PSA) for the purpose of capturing CO2 from the flue gas
was also included in this task. We considered two main factors for the purpose of this analysis: capacity and
thermodynamics. There are marked advantages to be realized from consideration of both factors.

Capacity
The first factor we consider is the capacity of the material for adsorbing CO2 (qmax; mol CO2/kg solid). For
the moment, we assume that thermodynamic factors (heats of adsorption and cooperativity) are the same for
zeolites and the copper dicarboxylates. For zeolites, literature data are available, and ZSM-5 is reported to
adsorb 3 mol CO2/kg. For the copper dicarboxylate systems, we used the information provided by Seki in
the context of methane adsorption. Seki [2] reports the adsorption capacity of the biphenyl dicarboxylic acid
to be 212 cm3 of methane (STP) per gram of the salt, which translates to 9.5 mol of gas/kg solid. This is a
very high value, and in a review article for Nature, Davis writes that the adsorption capacity of the salts
synthesized by Seki “exceeds that of any other known crystalline material” [6]. The very large capacity
arises from the optimal use of the framework to engineer the nanopores. In zeolites, there are many more
atoms in the framework that do not contribute directly to the pore volume. Materials with smaller pores offer
greater contact and, therefore, have higher heats of adsorption but they accommodate few moles of gas per
unit weight. On the other hand, materials with large pores are not as effective because the binding gets too
weak. According to Seki, the optimal material should be able to accommodate between four and five
molecules in each pore.

Now, because the size of methane and CO2 molecules are different, we may have to use a different
dicarboxylic acid spacer in designing the optimal adsorber for our purpose. We used molecular modeling to
determine the structure and pore sizes of several copper dicarboxylate systems. We also tested to see how
many CO2 molecules could be added into the lattice while reducing the total energy (i.e. exothermic
binding). We used Accelrys code DMol3 for these calculations. DMol3 is a quantum mechanics-based
method and is based on density functional theory in which the electron density is the fundamental quantity
that determines the properties of a molecule or solid. Density functional theory does not rely on any
empirical input and is generally applicable to a wide range of systems.

Results of molecular modeling showed that the Cu–Cu distance in copper oxalate is 6.7 Å, and we found
that the binding of CO2 took place above the plane and not in the pore. In the case of copper terephthalate,
the Cu–Cu distance was 10.9 Å, and up to four CO2 molecules could be added with positive binding
energies to the lattice. Figure 3 shows the relaxed unit cell of copper terephthalate with four CO2 molecules.

Thus, assuming that we can get a material to accommodate four CO2 molecules in each pore, we can
expect a capacity of around 9 mol CO2/kg of solid. This value is three times that of zeolite ZSM-5. Thus,
to a first approximation, it would require three times less material (gravimetrically) to effect the same
separation with the novel materials that we will be deigning. One caveat to this statement is that tripling of
the gas flow does not drastically alter the fluid dynamics. Further, the size of a PSA system is determined
largely by the volumetric capacity of the adsorbent. The density of zeolites is around 2 g/cm3, while that
of the copper dicarboxylate salt is 1 g/cm3. In other words, to achieve equivalent separation, the PSA
system using the novel solids would be 50% smaller, even without considering any benefits from
thermodynamic factors.
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Thermodynamics
The heat of adsorption ðDHadsÞ dictates the optimal temperature of operation of a PSA system. For
zeolites, the reported DHads is 210 kcal/mol [5]. Invoking Trouton’s rule, we can estimate the turning
temperature for zeolites to be around 180 8C. The target temperature specified for this application is
40 8C, which requires the solid to have a DHads of 26.9 kcal/mol. If we were to operate a PSA with
zeolite at 40 8C, the adsorption would be very efficient, but desorption would require pumping to very
low pressures. Thus, including even a modest degree of cooperativity increases the system efficiency
by 20%.

The models that simulate the PSA processes often assume Langmuir behavior and use two parameters: �q0;
which relates to the total capacity of the sorbent, and K;which relates to the steepness of the isotherm. These
parameters are extracted by inverting the adsorption isotherm to obtain a linear equation. To make sure that
the isotherms we calculated for cooperative systems can be expressed in the Langmuir form, we performed
the same operation on the calculated isotherms. Since the fraction bound, B; is the moles of CO2 bound ð�qÞ
divided by the maximum capacity ð�q0Þ; we can rewrite Eq. (3) as:

�q=�q0 ¼ PB0=ð1þ PB0Þ ð17Þ

Inverting Eq. (17), we get:

�q0=�q ¼ 1=PB0 þ 1 ð18Þ

or,

1=�q ¼ ð1=PÞð1=�q0B0Þ þ 1=�q0 ð19Þ

Thus, a plot of the inverse of the amount bound against the inverse of the pressure, the slope of which relates
to the binding constant and the intercept relates to the capacity. Figure 4 shows such plots for the Case 1 and
Case 2 adsorption isotherms drawn in Figure 2.

Figure 3: Relaxed unit cell of copper terephthalate showing binding of four CO2 molecules.
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The linearity for the cooperative case seen in Figure 4 verifies that these cases can also be modeled with
Langmuir isotherms. Second, the near doubling in slope, which is a measure of the binding constant, is perhaps
a more graphic illustration of the impact of cooperativity than could be gleaned by inspecting Figure 2.

Modeling Breakthrough of Gases
The analysis that we have so far presented relates to the fundamental properties of the adsorbent, namely
capacity and heats of adsorption. However, the effectiveness with which CO2 is adsorbed by a bed depends
not only on structural characteristics but also on operating conditions. It is, therefore, important to assess
the effective adsorption capacity of the solid in a given bed geometry. We developed a model to calculate
the breakthrough of CO2 through packed beds as a function of material characteristics and operating
conditions. The model is general enough and includes effects of dispersion, variation of isotherms, and
process conditions such as temperature, flow rate, column dimensions, adsorbent capacity, adsorbent size,
and other typical parameters.

The governing equations for mass transfer in a packed bed [7,8] are:

2E
›2c

›z2
þ v

›c

›z
þ ›c

›t
þ 1 2 1

1

� �
›�q

›t
¼ 0 ð20Þ

›�q

›t
¼ kðc 2 cpÞ ð21Þ

z ¼ 0; t . 0; c0v ¼ cv 2 E
›c

›z
ð22Þ

z ¼ L; t . 0;
›c

›z
¼ 0 ð23Þ

z . 0; t ¼ 0; c ¼ �q ¼ 0 ð24Þ

where E is the dispersion coefficient, cðz; tÞ is the concentration of the solute in the bulk, z is position
along the bed length, v is the interstitial velocity, t is time, 1 is the bed porosity not including the porosity of
the particles themselves, �qðz; tÞ is the concentration of solute on the adsorbent, k is the mass transfer
coefficient (external film resistance assumed to dominate mass transfer to the particle), cpðz; tÞ is the bulk
solute concentration that would be in equilibrium with �qðz; tÞ: It is important to note that c is the solute
concentration per volume of fluid while �q is the solute concentration per volume of adsorbent.

Figure 4: Reciprocal plots for isotherms in Figure 2.
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We used a Langmuir isotherm to describe the equilibrium between the solute on the adsorbent and that in
the bulk fluid. As shown above, the behavior of even systems exhibiting cooperative can be adequately
described in the Langmuir form:

�q ¼ �q0

Kcp

1þ Kcp
ð25Þ

where �q0 and K are curve-fit parameters. These equations may be rendered dimensionless:

2
1

Pe

›2u

›x2
þ ›u

›x
þ ›u

›u
þ h

›w

›u
¼ 0 ð26Þ

›w

›u
¼ jðu 2 upÞ ð27Þ

x ¼ 0; u . 0;2
1

Pe

›u

›z
þ u ¼ 1 ð28Þ

x ¼ 1; u . 0;
›u

›x
¼ 0 ð29Þ

x . 0; u ¼ 0; u ¼ w ¼ 0 ð30Þ

where Pe is the Peclet Number defined as:
Pe ¼ Lv=E ð31Þ

and h and j are dimensionless parameters defined as:

h ¼ 1 2 1

1

�q0

c0

; j ¼ kaLc0

v�q0

ð32Þ

and the remaining terms are defined as:

x ¼ z

L
; u ¼ c

c0

;w ¼ �q

�q0

; u ¼ vt

L
ð33Þ

The Lagmuir isotherm reduces to:

up ¼ 1

l

w

1 2 w
ð34Þ

where l is defined as:

l ¼ Kc0 ð35Þ
The above set of differential equations are solved using the Galerkin finite element method. In the case of
sharp breakthrough curves, sufficient nodes must be used along with sufficiently small-time steps to ensure a
stable convergence to the solution. In general, we doubled the number of nodes and halved the time step
until a stable, convergent solution was obtained.

The parameters used in the above equations are either properties of the system or are estimated from the
literature. The dispersion coefficient E is estimated based on Figure 4.4-4 in E.L. Cussler, Diffusion (1985),
whose data has been extracted and curve-fitted over a wide range of Reynold’s numbers. The mass transfer
coefficient k is estimated from the following (shown in Table 9.3-2 in the same book):

k

v0
¼ 1:17

dv0

n

� �20:42
n

D

� �20:67

ð36Þ

where v0 is the superficial velocity, d is the diameter of the particle, n is the kinematic viscosity and D is the
diffusion coefficient of CO2 in air. Kinematic viscosity and diffusion coefficient were obtained from
standard handbooks and adjusted for temperature and pressure.
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Results
As a test case, we simulated the breakthrough of CO2 through a cylindrical bed 5 m in diameter and 50 m
in length filled with carbon by using the adsorption data from Berlier and Frere [9]. From these data, we
computed the isotherm and extracted the Langmuir parameters. At this stage, we received from CCP the
specific conditions of the gas flow that they wanted us to model. The concentration of CO2 was 3.11 mol%
in nitrogen and the total gas pressure was 1.28 atm. The gas was at 40 8C and the flow rate was 17,129 kmol/
h. With these specified conditions, the simulation ran smoothly, and the results are shown in Figure 5. The
total volumetric flow is huge, and we are not yet at a position to design a process. Besides, as yet, we do not
even have any experimental values, and the objective of this exercise is simply to estimate the impact the
adsorber might have on account of increased capacity and any cooperativity.

The vertical axis ðZÞ in Figure 5 is the concentration of CO2 in the vapor phase as a function of time ðXÞ and
bed depth ðYÞ in dimensionless units. Near the head of the bed, the concentration reaches the saturation
levels at short times, but deeper in the bed, the concentration rises at longer times. Furthermore, near the
head of the column the break through profile is sharp, but at greater depths, the breakthrough profile is more
sigmoidal. This result means that not all of the adsorbent is fully equilibrating with the gas flow.

Because the binding of CO2 to carbon, zeolites or the nanoporous materials we are studying is weak, only a
small fraction of the possible sites will be occupied at low pressures. Thus, we explored the simulations at
total gas pressure 100 atm, and as expected the higher pressure improved the mass transfer between the gas
and solid. The net result is that the breakthrough curve becomes very sharp. The higher equilibrium capacity
combined with better mass transfer means that at high pressure we can use the bed more effectively. It also
means that we can more readily compute the amounts of sorbents needed by simple equilibrium consider-
ations. The results of transport through the carbon bed at 100 atm is shown in Figure 6. Because
the concentration gradient is very sharp, the simulation introduces some artificial oscillations. Nevertheless,
we can see that the breakthrough is sharp at all depths, which means that the adsorbent bed is being used
effectively. We recognize that the pressurization of the entire flue gas is likely to require considerable
energy, and therefore we may need to find materials with heats of adsorption near 8.4 kcal/mol instead of the
6.0 kcal/mol that we used in these simulations.

Figure 5: Simulation of breakthrough of CO2 through activated carbon bed at 1.28 atm.
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We also simulated the breakthrough of CO2 through cylindrical beds (1.8 m diameter £ 10 m long) of
activated carbon and copper terephthalate. The bed dimensions were chosen to make the breakthrough
time for the carbon case around 3 min, which is typical of a PSA cycle. For the activated carbon, we used
the Langmuir parameters that we had extracted from the literature [9]. The adsorption capacity was
3.6 £ 1023 g mol/cm3 and the K parameter was 0.406 atm21. Since there are no experimental values for these
parameters for copper terephthalate we had to estimate them. For the capacity factor, our estimation was based
on the expectation that similar to case of methane, four CO2 molecules could be accommodated in each
cell. This value gives a capacity factor of 9.5 g mol/kg. Because of its porous structure, copper terephthalate
is likely to be less dense than other oxide structures like zeolites (2.0 g/cm3). For our simulation we used
1.0 g/cm3 as the density, and hence a Langmuir capacity factor of 9.5 £ 1023 g mol/cm3. As for the K factor,

Figure 6: Simulation of breakthrough of CO2 through activated carbon bed at 100 atm.

Figure 7: Breakthrough of CO2 through a packed bed (10 £ 1.8 m2) of carbon and copper terephthalate

(independent and cooperative binding).
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we investigated two cases. The first one being the same value as for carbon, and then we used a K factor that
was twice as large to mimic cooperative binding. The results are shown in Figure 7.

The breakthrough times for copper terephthalate (independent or cooperative) are substantially longer. This
result means that considerably smaller beds of this material could be used to effect equivalent separation.
If we keep the diameter fixed at 1.8 m, the appropriate bed length would be 3.2 m, or about a third that for
carbon if copper terephthalate displayed no cooperativity. The bed length could be further reduced to 2.5 m,
if we observed a modest degree of cooperative binding. These size reductions should translate into
substantial reductions in capital and operating expenditures.

CONCLUSIONS

We have shown that for optimal capture of CO2 in a PSA system operating around ambient temperature,
it is desirable that the heat of adsorption be only around 27 kJ/mol (6.6 kcal/mol), or around 35 kJ/mol
(8.4 kcal/mol) if the CO2 concentration is only 5%. Further, nanoporous solids, which can have very large
adsorption capacities offer the benefit of reducing the bed size and thereby the mechanical work required
for pressurization and depressurization. Further reduction in bed volume can be realized with systems that
display cooperative behavior.
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NOMENCLATURE

�q concentration of solute on the adsorbent
u dimensionless time
B binding constant
c solute concentration in the vapor phase
D diffusion coefficient in air
d particle diameter
E dispersion coefficient
k mass transfer coefficient
N number of cells (or sites when cells can have only unit occupancy)
P pressure
Pe Peclet number
PSA pressure swing adsorption
T absolute temperature
t time
u dimensionless solute concentration in vapor phase
v interstitial velocity
v 0 superficial velocity
w dimensionless solute concentration in solid phase
x dimensionless length
1 bed porosity
DG change in free energy
DH change in enthalpy
DS change in entropy
h dimensionless parameter
n kinematic viscosity
j dimensionless parameter
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