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Abstract

Rapid progress in the development of additive manufacturing technologies is
opening new opportunities to fabricate structures that control mass transport in
three dimensions across a broad range of length scales. We describe a structure
that can be fabricated by newly available commercial 3D printers. It contains an
array of regular three-dimensional flow paths that are in intimate contact with
a solid phase, and thoroughly shuffle material among the paths. We implement a
chemically reacting flow model to study its behavior as an exchange chromatography
column, and compare it to an array of one-dimensional flow paths that resemble
more traditional honeycomb monoliths. A reaction front moves through the columns
and then elutes. The front is sharper at all flow rates for the structure with three-
dimensional flow paths, and this structure is more robust to channel width defects

than the one-dimensional array.



1 Introduction

Chromatography is a technology found in many industrial applications such as mixture
analysis, bulk separation and ion exchange (e.g. water softeners). Chromatography in-
volves the flow of a fluid around a stationary solid such that a reaction takes place resulting
in mass exchange between the fluid and the solid. Chromatography column design aims
to achieve tight reaction peaks or fronts with short times and short columns. The case
of a second-order chemical reaction between the solid and fluid phases can result in a
theoretically infinitely sharp reaction front that does not broaden as it progresses [1],
although broadening mechanisms do occur in practice, and are easily studied [2-5]. The
ability to minimize the broadening mechanisms is limited by the range of structures that
can be fabricated [6].

Chromatography columns are usually constituted of randomly packed powders. De-
spite the successful operation of such chromatography systems, several disadvantages are
encountered in packed powders. There is limited ability to modify designs to achieve
theoretically optimal performance. Pressure drops required for flow in the column are
likely to be higher than optimal, and high pressure drops can increase sensitivity to
defects. Though the manufacturing process is mature and reliable in some cases, the non-
deterministic nature of powder synthesis and packing can result in varying performance
between columns or powder batches [7]. Modeling of packed powders usually involves use
of Darcy’s law, which uses a small number of empirical parameters to describe flow rate
as a function of pressure, and offers little insight into the dependence of the performance
of a chromatography column on how it is packed [8]. Modeling flow in the interstices of a
large number of packed particles would be a challenging and computationally expensive
task.

Replacing randomly packed powders by deterministically fabricated devices with op-
timized geometries has achieved major performance and efficiency improvements in some

applications. Notable examples can be found in chromatography [3], planar chromatogra-



phy [9], microfluidic medical devices [10], microfluidic medical devices [11,12], and recently
emerging ”3D battery” structures [13].

These benefits of deterministic chromatography systems have been recognized in the
early studies of Golay [3] where it was analytically proven that a symmetric one-dimensional
(1D) tube can achieve an optimal efficiency. The benefits do not translate to preparative
(high molar throughput) chromatography for bulk production when scaled up as arrays
of 1D tubes [14]. However, deterministic 3D structures are more promising, as shown in
the recent studies and reviews of Desmet et al. [6,15,16] who proposed high aspect ratio
logpile structures to homogenize the flow in liquid chromatography, and noted the need
to manufacture with the highest possible spatial resolution.

We see additive manufacturing (roughly synonymous with 3D printing) as a means
to achieve deterministic structures, mainly because it allows wider design capabilities. It
was noticed in [15] that periodic square and cubic structures and logpiles are obvious
and suitable for a deterministic chromatography column geometry. Cubes and logpiles
are ideal structural units when using additive manufacturing methods near their spatial
resolution limit, because they typically print one horizontal layer at a time using cubic
voxels or rastered lines. Logpile structures made by rastered lines have been studied as
seawater salt extractors [17] and gas sorbents [18]. Additive manufacturing has recently
been explored for chromatography columns [19,20] by building porous beds with packed
powders of spherical, tetrahedral, etc. particle shapes. The bed performance was experi-
mentally found to have significant dependence on the different particle shapes and spacing
configurations considered in the study.

In our study, we follow a different approach from the direct additive manufacturing
of particle beds. Instead, we seek to generalize the 1D tube model of Golay into 3D.
For instance, a straightforward 3D design would be to draw parallel tubes in one bulk
chromatography column. Previous studies have shown that such simple parallel arrays of

tubes do not work well as an approach to preparative gas chromatography because slight



variations in the tube diameters result in significant differences in flow rate in different
tubes [14]. We pursue the hypothesis that this problem can be overcome if a designed
amount of shuffling of material between tubes can be arranged, within the constraints of
3D printing technology. A 3D-printed lattice structure would be one way to achieve this.
Specific intersections between tubes can be incorporated into a design, and the tortuosity
of the flow channels can be precisely defined.

We propose such a 3D structure that can be readily additively manufactured at high
spatial resolution and which, although inspired by arrays of tubes, allows flow shuffling
as proposed by Desmet et al. and maintains equal pressure drop along all flow paths. We
describe this structure and compare its performance to an array of parallel tubes. Our test
case is a numerical model of hydrogen and deuterium gas exchange in a metal hydride
column using coupled reactive flow with diffusion and convection. We also study the
effect of fabrication defects on the performance of our proposed 3D structure compared

to parallel tubes.

2 Column Geometry

One goal of this study is to investigate the effect of the porous structure geometry in a
column requiring interaction of gas- and solid-phase species. We consider the two column
geometries depicted in Figure 1 which show the gas phase €2, (violet) and solid phase €2,
(grey). In both geometries, the gas and solid phase volumes are equal. The first geometry
in the top panel is formed by drawing columns of square section of size a in a solid such
that they are parallel to the flow direction (z direction). In other words, the gas flow
streamlines are parallel and are of equal length to the tubes in this case. We refer to
this geometry as the parallel tubes geometry. A defect is manifested by the omission of
a solid ligament separating two parallel gas columns as highlighted in blue in Figure 1.

When this happens, a larger tube is formed and can be problematic in chromatography



operation as discussed later in this paper.
We propose a second geometry where we would like to simultaneously fulfill the fol-

lowing specifications:

1. A geometry that can be fabricated with high spatial resolution by additive manu-

facturing.

2. A solid geometry that allows shuffling the flow between different tubes such that in
the presence of a defect, the flowing gas will still be able to mix in other voids and

pores.

3. A geometry that ensures that the flow is uniform in the voids i.e., that the pressure

drop is uniform along all non-defective flow paths.

Such a geometry is displayed in the bottom panel of Figure 1. Conceptually, it is
formed in two steps. First, a unit structure (shown on the top right) is defined as struts
along the edges of a cube. The strut width is one quarter the cube edge length, resulting in
equal volumes of solid and void. The unit structure is spanned as a regular 3D array in the
(1, 7, k) directions as shown on the left of the bottom panel. The optimal flow direction that
guarantees an equal pressure drop in all directions is aligned with the (1,1, 1) orientation.
Thus the second step in building the geometry is to rotate the 3D array as shown in
the Figure 1 (bottom right) so that the (1,1,1) orientation aligns with a conveniently
defined flow axis (z in Figure 1). The projection of the rotated unit cube onto a plane
perpendicular to the flow axis has a hexagonal envelope, and it is convenient to align
a line including two opposite corners of the hexagon with another axis (x in Figure 1).
The structure has a periodicity of (2\/6%, 2\/§ah, 2\/§ah). The array is then intersected
with a prism that defines boundaries of a column that are parallel or perpendicular to
the flow axis. It can be convenient to have some of the dimensions be a multiple of
the periodicities. For our simulations, we chose a structure with a square cross section

with dimensions (10v/2a, 10v/2ap, 20v/3ay). Since the parallel tubes geometry has these



same dimensions, and the gas and solid volumes are equal, it follows that a = 2.5ay, (see
Figure 1, top left). We used a;, = 0.025cm.

In this resulting 3D structure, the gas streamlines are not parallel to the flow direction
and their length is greater than the column length L;. We refer to this geometry as the 111
lattice geometry. In practice, this structure can be fabricated on a 3D printer that prints
one horizontal layer at a time with either the k or z axis oriented vertically. Printing
with the k axis vertical is likely to be best when a; is near the resolution limit of the
printer. We have published a report on fabrication methods applicable to a column, [21]
and intend to separately report on experimental studies of these structures soon.

We have also considered modeling a version of the 3D structure where the unit cell
edges are aligned with the flow axis. This results in many flow channels with stagnant flow,
which is difficult to model. The parallel tubes geometry can be considered a modification
of this case that eliminates stagnant flow channels. In addition to being easier to model,
the parallel tubes geometry is expected to have improved performance versus a geometry
with stagnant channels, and thus set a higher standard for comparison to the 111 lattice
geometry.

We have selected the column width a; and length L, to satisfy the following conditions:

1. A minimum column length where a reaction front can form and move inside the
column without being affected by the boundary conditions. We chose a length that

keeps the cost of our simulations tractable.

2. Regular and structured intersections between the solid and gas phases for the 111
lattice (e.g. the star shape at the column outlet) in order to eliminate any irregu-
larities in the resulting geometry that might give rise to highly localized and refined
meshes. This is a key reason behind our choice of multiples of the periodicity along

two axes.

At the inlet of each geometry (z = 0), we have added a thin block of thickness L;/40

as part of the gas phase €),. The goal of this block is to obtain a more uniform gas flow
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at the column inlet. It also attenuates the numerical oscillations that arise at large gas

velocities.
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Figure 1: Depiction of the geometries used in the model simulation. (Top left) The
parallel tubes geometry. (Top right) A unit cell of the 111 lattice. (Bottom) The 111

lattice geometry. Defect geometries are highlighted in dark blue.

2.1 Defects in the column Geometry

In our study, we also model the effect of defects in the column manufacturing process. We

consider ay as the minimum solid thickness that can be additively manufactured. Thus,



we assume that a manufacturing defect could occur when a solid ligament of thickness
ap, is omitted. Such a defect is manifested in the parallel tubes geometry by eliminating
the solid ligament in dark blue along the column length and including it in the gas phase
as shown in the top of Figures 1 and 2. In the 3D structured column, we assume that
a defect occurs in the column by omitting two pairs of isoplanar and perpendicular solid
ligaments of size aj, in the (7, j) plane. Surface views of a defect are shown in dark blue in
Figure 1, and interior views are shown in the bottom of Figure 2. The volumes of omitted

solid material (i.e. considered as gas) per defect in both geometries are equal.
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Figure 2: Further depiction of the defects in each geometry. (Top) Parallel tubes geometry.

(Bottom) 111 lattice geometry, with varying numbers of defects.



3 Chemical Reactions

Several previous researchers have formulated hydrogen-deuterium exchange reaction mod-
els [22-25]. We use a simple model of the chemical reaction that is outlined in [5]. A pure
gas-phase hydrogen isotope differing from that in the metal hydride enters the column at
a given velocity through the thin square block as shown in Figure 1. As gas flows down
the column, a chemical reaction occurs between the gas and the metal hydride, in which
the initial isotope is displaced by the isotope that is flowing in. The gas flowing in is
called the eluent, and the gas that is displaced from the solid and flows out is the eluate.

In this work, it is helpful to avoid the complications associated with the fact that gas-
phase hydrogen is diatomic. However, it is valuable to predict the concentrations of the
diatomic species, including mixed-isotope species such as HD. The differential equations
presented in Section 4 of this paper will account for gas-phase hydrogen by atoms. The
concentrations of the diatomic species can be calculated in a post-processing step once
the atom concentrations are known, with the assumption that the diatomic species are
always at chemical equilibrium with each other.

In this section, we present our assumptions on the chemical kinetics and physics in-
volved in the transport mechanism occurring in the gas and solid phases, and at the
gas-solid interface. We also derive expressions of gas concentrations and reaction rates as

function of the hydrogen atom concentration.

3.1 (Gas Phase Species

This work builds on the assumption that the temperature 7' is constant throughout the
column, and the total concentration C, of all gas atoms is calculated according to the

ideal gas law:

C, = 2P/R,T (1)

R, being the ideal gas constant and P is the gas pressure. Cy is about 82 mM at room



temperature and atmospheric pressure. It is also assumed that no gas properties such as
viscosity and diffusivity are composition-dependent.

When determining the concentrations of diatomic species, the enthalpy of formation
of the mixed-isotope species is assumed to be zero. In that case, the atoms combine as
if they were drawn out of a hat in pairs. If the hat contains equal numbers of H and D
atoms, two combinations form the single mixed-isotope species that can be denoted DH
or HD, and one each form Hy and D, so their ratio will be 2:1:1. More generally, the

diatomic gases will obey the equilibrium relationship

[HD}*

where the brackets indicate the concentration of each species, and Kyp is the equilibrium

constant. This corresponds to the chemical reaction:

H, + Dy < 2HD (3)

The following relationship accounts for the hydrogen atoms in the diatomic species,

where H is the concentration of hydrogen atoms:

9[H,) + [HD] = H (4)

The diatomic species expressions sum to Cy/2 = P/R,T, the total concentration of

diatomic molecules in the gas phase such that:

[Hs] + [Do] + [HD] = C, /2 (5)

The number of deuterium atoms is the difference between C; and H. The diatomic species
concentrations can be calculated from C, and H by summing the number of each type of

atom in each diatomic species, and incorporating the equilibrium expression; that is, by
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solving Eqs 2,4 and 5 above, which results in:

H2
[Hy] = 2—09 (6)
_ (Cg B H)2
[Dy] = a0, (7)

[HD] = H (1 - 0%) (8)

For the remainder of this paper, H will be used to denote the eluent gas atoms, and
HD to denote the mixed-isotope diatomic gas, although no assumptions are made that
are specific to these isotopes. Any reference to eluate atoms as D will be without italics

to avoid confusion with diffusivities.

3.2 Solid Phase Species

The total concentration of hydrogen isotopes in the solid phase is assumed to be a constant,
C,, with the eluent isotope denoted by H, and the eluate by D, = Cs — H, . In palladium
hydride at room temperature under P = 1 atm, C is about 70 M; this value is used here.
Known variations in C; with temperature, pressure, and isotopic composition are usually
within about 10 percent, as long as the gas pressure is maintained above the transition

to the dehydrided state [26].

3.3 Solid-Gas Interface Reaction

The exchange reaction between one isotope in the gas phase and another in the solid phase
has been formulated previously by Foltz and Melius using diatomic gas-phase species [22]

but it is simpler to consider in monatomic form. It can be written as:

H+D, < H, +D 9)

11



where the subscript indicates an atom in the solid hydride phase, and no subscript in-
dicates an atom in the gas phase. The net reaction rate R is the forward reaction rate

minus the reverse reaction rate:

0 0 0 0
Y M i I I Ry 1
i O‘cg( cs) cs( cg> (10)

If k is a rate constant (k = 20 mol/m?.s), R is a flux of H from the gas into the solid.

« is the equilibrium constant, also known in this context as the separation factor:

(11)

for concentrations measured at equilibrium [25-27]. It reflects whether H or D is more
stable in the solid phase; it is greater than 1 in the former case. In this paper, we assume
a constant o = 2.

The rate law states that a reaction occurs if a gas atom collides with a solid-phase hy-
drogen atom at the surface with the necessary configuration to cause a reaction according
to Eq. 9 (as reflected by k) multiplied by the probability that the pair is the right isotopic
combination for a forward or reverse reaction. The reaction is at equilibrium when R = 0;
the equilibrium constant can be derived from this case. At the level of detail applied here,
the reaction could equivalently take place not as a direct gas-solid collision of hydrogen

atoms, but mediated through a surface hydride state.

4 Mathematical Model Formulation

Throughout this section T is the temperature, assumed to be constant throughout the
column, and R, is the ideal gas constant. We assume that the H species is transported

in the gas by both advection and diffusion, and by only diffusion in the solid phase.
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4.1 Hydrogen Gas Flow and Transport

The hydrogen gas flow in the voids €2, of the geometries described in Section 2 is assumed
to be laminar with low compressibility [28] (the Mach number is less than 0.3). We also
assume that the velocity field does not change in time such that the flow can be described

with the following stationary Navier-Stokes equations.

Vi (pu) = 0

plu-Viu = V- |=PI+p(Vu+(Vu)') - g,u(Vu)I (12)

where wu is the velocity vector, P is the pressure, p is the viscosity and I is the identity
matrix. The gas density p is C times the molecular weight of hydrogen. Pressure and
concentration are coupled by the ideal gas law (Eq. 1). The inlet is at z = 0 where
P = P,,,+AP, and the outlet is at z = L where P = P,,,, where P,;,, is the atmospheric
pressure and AP is the pressure difference between the column inlet and outlet. AP/P is
small in this work due to the low flow resistance of the channels. All the other boundaries
of €1, are considered to be no-slip walls.

Hydrogen transport in €2, by convection and diffusion is described by the following

PDE:

%—I;I =V.(D,VH — Hu) (13)
where H is the hydrogen atomistic concentration and D, is the gas diffusion coefficient.
Initially, a very low concentration H=0.025 mM is assumed in {2, except at the inlet z = 0
where the concentration is set as H= 2P/R,T". At the column output z = L, a no-diffusive

flux boundary condition is set.

At the solid-gas interface I'y, a flux boundary condition is applied such that:

(D,VH — Hu) -n, = —R (14)

13



where n, is the vector normal to I'y; and pointing toward the solid phase and R is the

reaction term given in Eq. 10.

4.2 Solid Phase Diffusion

Hydrogen diffusion in €2, is described by the following PDE:

OH,
ot

— V- (D,VH) (15)

where Hy is the hydrogen atomistic concentration in the solid and Dy is the diffusion
coefficient. At the column inlet z = 0 and output z = L a no-flux boundary condition
is set. Initally, a very low concentration Hy = Cs/100 mM is assumed in . At the

solid-gas interface I'y; a flux boundary condition is applied such that:
D;VH -n, =R (16)

where n; is the vector normal to I's; and pointing toward the gas phase and R is the

reaction term given in Eq. 10.

5 Chemical and Physical Parameters

Many of the parameters in the equations above can be estimated from independent in-
formation. We assume a diffusivity D, = 1 ¢cm?/s in the gas phase. The diffusivity is
expected to be inversely proportional to total gas concentration [28], but in this work, the
concentration variations are small, so this is neglected. The diffusivity D, of a hydride
species within a solid phase is much lower than that of a gas-phase species. We assume

that D, is inversely proportional to the maximum solid phase concentration such that:

C(970

D, =Dy

(17)
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where C, ¢ is the maximum gas concentration. Thus, we get Dy = 1.16 x 10~7 cm? /s which
is close to previously reported values [29]. Other physical properties of the hydrogen gas
are obtained from [30]. Most notably, we assume a constant gas viscosity y = 8.93 x 107°

Pa.s.

6 Numerical Implementation

The governing equations described above were solved using the commercial finite element
software, COMSOL 5.2a. The equations can also be solved using other PDE finite element
solvers. Linear elements were used to discretize the PDEs in both €, and ;. The
total number of tetrahedral and prism elements is 2.6 and 4.8 million for the geometries
considered in our study (top left and bottom right panels of Figure 1, respectively) such
that the total number of degrees of freedom is 2.5 and 6 million. For both geometries,
the mesh sensitivity was checked by halving the mesh size and verifying that there is a
negligible change in the results. The Navier-Stokes equations were solved at steady state
to obtain the velocity field in €2,. An implicit scheme was used to integrate the transient

system of PDEs for the H species diffusion and advection in {2, and €2,.

7 Results

Our goal in this study was to assess the performance of a 3D structured gas exchange
column compared to a simpler column consisting of parallel tubes. We also investigated
the effect of defects that could arise during the column manufacturing process. We first
report some of the primitive variables computed by our coupled gas flow and diffusion-

convection-reaction described in Section 4.
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Figure 3: Slice plots normal to the gas flow direction of the velocity profile (in m/s) inside
the column for the two column geometries shown in Figure 1, for the cases with and
without a defect in the column, as indicated. The column inlet is located at the left-hand
side for each panel. Results are generated at the same time step ¢t = 6.4s for cases with a

total gas flow rate of about 1.5 x 10~* mol/s.

Figure 3 shows the local velocity profiles in both column geometries described in
Section 2 with and and without a defect. The fields resulted from imposing a pressure
difference of AP=3.5 Pa and AP=40 Pa to the parallel tubes and 111 lattice column,
respectively. The 111 lattice requires a larger pressure difference to obtain an average
velocity similar to the parallel tubes column due to its increased hydraulic resistance.
The velocity field is perfectly symmetric and uniform along the column made of parallel

tubes, as expected. The velocity is locally increased about two-fold in the presence of a
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missing-wall defect in the parallel tubes. In the 111 lattice geometry, the velocity is locally
symmetric in each pore due to the symmetry of the unit cells (see Figure 1). However,
the velocity varies along the flow direction since the cross-sectional area of the gas pores
varies substantially over small distances, causing accelerations and decelerations in the
flow. Moreover the 111 lattice column tortuosity participates in hindering the uniformity
of the velocity along the flow direction. These effects are more pronounced when a defect
is present in the column as shown in the bottom-right of Figure 3. However, the velocities
observed in the defect are not significantly higher than the velocity fluctuations in the

defect-free structure.
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Figure 4: Slice plots normal to the gas flow direction of the HD concentration profile (in

mol/m?) inside the column for the cases shown in Figure 3.

Figure 4 shows the HD species concentration profile, which is a good indicator of the

location and size of the reaction front [8]. We notice that there is a gradient in the HD
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concentration between the tube wall and center. This effect is less pronounced in the
111 lattice column due to the mixing caused in the tortuous gas flow. In the column
region behind the front i.e. on the side of the column inlet (left side of the column), the
H concentration is larger globally in the column and locally at the center of each tube
due to diffusion toward the wall. In that regime, the HD concentration decreases with
increasing H (see Eq. 8). Therefore, the HD concentration at the center of each tube is
lower than the concentration at the tube walls, as shown. The opposite takes place ahead
of the column because the H decreases along the column, and in that regime the HD
concentration increases with increasing H. These effects are also less pronounced in the
111 lattice column due to mixing.

For approximately the same total gas flow rate 1.5 x 107* mol/s and at a time t=6.4
s where the reaction front is near the middle of the column, the reaction front is narrower
in the case of the 111 lattice column than the case of parallel tubes, which is expected
since the tortuous structure of the gas path increases the exchange efficiency between
the solid and gas phases. The existence of the defect in the parallel tubes geometry
significantly distorts the shape and uniformity of the reaction front, as shown in Figure 4
(left panels). The HD gas breaks through the column along the larger tube that results
from the absent ligament. On the other hand, there are almost no changes in the front
shape and location in the 111 lattice column when a defect is present, as shown in Figure 4
(right panels), despite the significant local increases in the gas velocity observed earlier.
In fact, the 111 lattice allows mixing between inhomogeneous regions and prevents major

gas break-throughs, maintaining a sharp and stable front.

7.1 Exchange Performance

We measured the performance of the exchange columns with their different geometries
considered in our study according to the variation as a function of time of the HD gas

concentration at the column outlet. Usually, a narrow HD concentration profile indicates
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a sharp front, thus a higher performance. Figure 5 shows the gas species concentrations
at the column outlet as a function of time, with results summarized in Table 1.

The table reports t,,, the full width at half-maximum of the HD flow rate profile, and
the elution time .40, Which is when the reaction front peak exits the column i.e., when
the HD flow rate is maximum, for the curves shown in the figure.

The HD concentration at times later than the peak HD flow rate should be equal to
zero. This is not the case in the plots shown in Figure 5 and elsewhere in this paper
where a small HD residual is obtained at the tail of the distribution. The reason behind
this residual is numerical since the mesh is relatively coarse, which allows amplification of
the discretization error with time. A finer mesh would eliminate such discrepancies. This
was prohibitive in our calculations due to the significant computational costs required by
fine 3D meshes.

An approximate total gas flow rate of 1.5 x 107* mol/s was established in all cases
considered in Figures 3 through 5 by controlling the pressure drop across the column as
indicated in the plots. The reaction front indicated by the HD concentration curve is wider
in the column with parallel tubes as observed earlier in Figure 4. The ligament defect
results in a premature exit of the reaction front in this case due to the HD gas break-
through in the resulting large tube. However, the existence of a defect has a negligible
effect on the exchange performance in the 111 lattice column. The fronts have almost the

same width, and exit the column around the same time.
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Figure 5: Plots of the hydrogen species flow rates at the column outlet as a function of

time for the cases shown in Figure 3.

Table 1: The elution time .40, and peak full width at half maximum ¢,, of the HD con-
centration profiles reported for the cases shown in Figure 3. Times shown in parentheses

are for cases with a defect.

Parallel tubes (AP = 3.5Pa) | 111 lattice (AP = 40Pa)
totution () 12.5 (10.83) 11.95 (11.55)
to (5) 5.42 (5.73) 3.3 (3.4)

The physical explanation of the shifted peak positions between the dashed and solid

curves in Figure 5 is the major difference in gas velocities with and without a defect.
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In order to account for the gas velocity, we plot in Figure 6 the gas concentrations as a

function of the actual cumulative eluent gas volume V computed at each time ¢ at the

/ j{ Cyu - ndl'dr
7=0JIy
+[H

[HD] + [D,]

column outlet as:

(18)

where Cy is given by Eq. 1, and w and n are the velocity vector and normal vector,
respectively, at the column outlet surface. Here we see that the curves for the cases with
and without a defect align with each other and we clearly see that the HD profile i.e.

reaction front is narrower in a 111 lattice column.
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Figure 6: Plots of the hydrogen species flow rates at the column outlet as a function of

the actual volume of eluent gas, reported for the cases shown in Figure 3.
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Next, we varied the pressure drop in the column and calculated the resulting total gas
flow rate. We also computed the number of plates, a performance metric of a chromatog-
raphy column, which for an exchange chromatography column (where peak width usually

does not depend on v/L) is conveniently defined as:

telu ion
N, = tt (19>

When comparing the number of plates to most values in the literature, the expression
of N, in Eq. 19 should be squared to be consistent with the more common definition [31].
The variation of the reduced plate height 1/N,, with the Peclet number Pe = vyL;/D, =
ML, /(16a>D,Cyp), where M is the molar flow rate and 16a® is the approximate cross-
sectional area of 1, is shown in Figure 7 along with the corresponding pressure drops.
At low Peclet numbers, i.e. low flow rates, the front broadens in the column due to axial
diffusion in the gas, resulting in a lower performance. At low Peclet numbers, transport
is dominated by axial diffusion, where channel width, and a defect in channel width, do
not matter. At large Peclet numbers, reduced performance can result from relatively slow
radial diffusion between the center and edge of a tube, slow exchange kinetics, or slow
solid-phase diffusion. The limitation present here can be identified as radial diffusion of
gas due to the radial concentration gradients shown in Figure 4, along with a similar
contribution due to similar gradients in the solid phase.

The peak performance occurs at AP = 3.5Pa and AP = 40Pa for the parallel tubes
and 111 lattice geometries, respectively, which results in a total gas flow rate of 1.5 x 10~*
mol/s. The 111 lattice performance is improved versus the parallel tubes geometry by
virtue of the uniform flow mixing strategies included by its construction. However, due
to its larger hydraulic resistance, it requires a larger pressure drop to generate the same
flow rate as the parallel tubes geometry. Figure 7 also shows the column performance in
the case where the defects described previously are present in the column. Relative to

the case with no defects, the parallel tube column performance is substantially reduced
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in the presence of a defect, whereas that the 111 lattice is more robust to a defect. Fits
of the plots to the Van Deemter equation [32] are shown in Table 2, showing parameters
for a term proportional to the Peclet number (C) attributable to radial diffusion effects,
inversely proportional to the Peclet number (B) attributable to axial diffusion effects, and
a term independent of Peclet number (A) traditionally attributed to flow inhomogeneity.
A is expected to be zero for an ideal tube geometry, but for a short column, a nonzero
value is reasonable. A defect contributes significantly to the A term for the parallel tubes

geometry, and much less significantly for the 111 lattice.
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Figure 7: Plots of the reduced plate heights as a function of the Peclet number Pe reported
for the two column geometries shown in Figure 1 with and without a defect in the column.
The Peclet number was varied by varying the pressure difference AP across the column,

as indicated.

The results in Figure 7 are reported for an equal volume of defects present in the two
geometries considered in this paper. We next investigate the situation where many more
ligaments were omitted from the 111 lattice.

Plotted in Figure 8 is the 111 lattice column performance in the absence of different
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Table 2: Fitted values of the correlation 1/N, = A+ B/Pe+ C - Pe relating the reduced
plate height and Peclet number plotted in Figure 7.

Parallel tubes (AP = 3.5Pa) | 111 lattice (AP = 40Pa)
A 0.194 (0.265) 0.131 (0.137)
B 2.2 (1.97) 2.306 (2.424)
C 0.0067 (0.0068) 0.003 (0.0033)

numbers of ligaments, along with the parallel tubes geometry performance with only one
ligament removed, with pressure drops across the columns corresponding to the peak per-
formance shown in Figure 7 for the defect-free columns. The locations of these ligaments
in the domain are depicted in Figure 2. The plot shows the variation of the HD front with
the number of missing ligaments. The relative decrease in the front width when only one
ligament is removed from the parallel tubes geometry is about 18%, while it is 5.3% or less
when many ligaments are removed from the 111 lattice. There is no correlation between
the number of omitted ligaments and the relative increase in the front width (shown in
parentheses) because the ligaments were not omitted in a regular systematic pattern from
the 111 lattice, as shown in Figure 2. The choice of ligament locations was limited in
the ability of having a feasible and reasonable computational mesh in the ligament do-
mains. Nevertheless, these results suggest that the 111 lattice remains robust even with

12 omitted ligaments, which corresponds to about 6.5% of the total solid volume.
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Figure 8: HD elution curves at AP = 3.5Pa and AP = 40Pa for the parallel tubes and

111 lattice geometries, respectively, where different numbers of ligaments were omitted,

as indicated. The percentages shown between parentheses are the relative decrease in the

front width.

8 Model Validation

We validated the numerical model for the parallel tubes case by comparing the predicted
reaction front spatial width parameter o computed at half of the elution time with a
prediction drawn from an extension of Golay’s chromatography theory [3,33] to exchange
chromatography. It involves fits to a two-dimensional axisymmetric numerical model of a

tube of circular cross section, and is given in [34] for 1 < a < 5. We report the reduced
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plate height o /L; in terms of the Peclet number Pe = vyL,/D, = ML,/(16a>D,Cy) for

the parallel tubes geometry as:

Lt—OK—l

o 4 (1.25 Pe-a [Dgcg N a(l+ ) N 4ah(1+a)(2+ah/a)D

_ 20
Pe T I1Z |2/Ek T 8n o7n (20)

where a is the square tube size (see Figure 1, top). a = 0.0625 cm in our case. The terms
in Eq. 20 correspond to the contribution of axial diffusion, kinetics and radial diffusion,
respectively. The version presented here is recast in terms of Peclet number, and defines
o to correspond to Eq. 21 instead of HD peak area or full width at half maximum.

The predicted o is estimated by fitting the simulated H concentration profile along
the flow direction z in the column with the generalized analytical model [4,5] derived for

a>1:

4o — 1)(1+k/)(z_zf(t))])_l (21)

H=C, (1+exp[ e
where k' = C,/C,, z is the axial coordinate and z;(¢) is the reaction front location in
the column. We estimate o by minimizing the square error between the simulated and
analytical H profiles at the middle of the column at a time equal to half the elution
time. The results shown in Figure 9 show similar behavior between the numerical and
analytical reduced plate height defined for this case as o/ L;, for a range of Peclet numbers.
Discrepancies at larger Peclet numbers may be because the assumption of circular channel
cross section in Eq. 20 is oversimplified. At very low Peclet number, when the reduced
plate height exceeds 1, it can be difficult to achieve an unambiguous fit to Eq. 21 and o is
very sensitive to Pe, so discrepancies in this range are less significant. The Van Deemter
parameters A, B, and C shown in Figure 9 for the simulations are slightly higher than

those in Table 2 mainly due to the different definition of peak width used for comparison

to the analytical model.
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Figure 9: Plots showing the reduced plate height predicted by the 3D numerical model
and by Eq. 20 corresponding to the flow in the parallel tubes geometry shown in Figure 1

(top), as a function of the Peclet number Pe. Van Deemter parameters A, B, and C' are

reported for the numerical model.

9 Conclusion

In this paper, we have proposed a deterministic geometry having a 3D structure to be used
in chromatography applications in order to avoid disadvantages of one-dimensional tube
arrays and complications of packed-powder beds. The geometry we propose is drawn
along the 111 direction of a regular cubic 3D lattice and is well suited to fabrication
by additive manufacturing technologies. We have also developed a simplified numerical
hydrogen isotope exchange model to study the performance of the proposed geometry
compared to that of 1D parallel tubes. The model results are in approximate agreement

with results obtained for a simpler 2D model. For the same flow rate, the performance
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quantified by the number of plates of our proposed 3D structure geometry is improved
versus that of the parallel tubes geometry. Moreover, the 3D structure geometry is more
robust to manufacturing defects than the parallel tubes geometry. By allowing flow shuf-
fling and mixing, our proposed geometry is robust to defects occupying up to 6% of the
total solid bed volume. The results presented here suggest that efforts to manufacture
chromatography columns with a deterministic network of three-dimensional flow channels
are likely to be worthwhile, yielding improvements over simpler column structures like
arrays of one-dimensional tubes. Understanding of these improvements would be further
advanced by development of models of packed powders suitable for comparison, considera-
tion of sensitivity to other types of defects, and validation by comparison to experimental

results.
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