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Abstract: Conventional capillary gas chromatography (GC) columns, which have circular symmetry
in cross-section and uniformity in length, are well modeled mathematically by the GC rate theory.
However, even after adaptation, the theory has limited applicability to many unconventional prop-
erties in microfabricated GC columns, such as trapezoidal cross-sections, non-uniform stationary
phase, and temperature gradients. This paper reports a 3D finite-element model for the chemical
separation process in microfabricated GC columns using COMSOL. The model incorporates gas
flow, diffusion, partition, and temperature effects, enabling quantitative assessment of the separation
performance of microfabricated GC columns with different stationary phase coating topologies and
temperature gradients. To address the tremendous computational burden in such a 3D model, this
paper investigates methods of providing proper meshing and dimensional scaling. For validation
purposes, the implemented model was first applied to a conventional capillary GC column and
showed good matches to both the analytical calculation and experimental results. Next, the model
was used to assess microfabricated columns with a trapezoidal cross-section and different stationary
phase coating topologies. The results showed that, for the cases under consideration, a single-side-
coated column provides only a 33% lower separation resolution compared to a double-side-coated
column, and a parabolic stationary phase profile provides only a 12% lower separation resolution
compared to a uniform profile. The model also indicated that temperature gradients have a negligible
impact on separation performance.

Keywords: finite-element analysis; partition; diffusion; gas flow

1. Introduction

In analytical chemistry, gas chromatography (GC) remains a gold-standard technique
for complex chemical analyses. GC separates complex mixtures into individual compounds,
which can be detected using a detector or identified using a spectrometer. In GC, the
separation column is a vital component. It is a gas flow channel coated with a stationary
phase that provides separation of the compounds passing through the column. Depending
on the chemical and physical properties, each compound establishes a certain level of
partition between the stationary phase and the carrier gas, thereby eluting the column at
a certain time, i.e., the retention time, which is characteristic of the compound [1]. GC
has a multitude of applications, and more are emerging. Examples include the analysis of
new products in the pharmaceuticals industry, the monitoring of metabolites in biological
systems, environmental pollution monitoring, and the analysis of petroleum products and
in the petroleum industry [1].
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Although GC is powerful and versatile, conventional GC instruments are relatively
bulky pieces of high-power benchtop equipment. Microscale gas chromatographs (nGCs)
are miniaturized GC instruments with high portability and low power consumption,
enabling timely on-site measurements. uGCs typically incorporate microfabricated compo-
nents, such as microfabricated preconcentrators, columns, and detectors [2-6].

While the separation columns typically used in conventional GC instruments are capil-
lary columns with circular cross-sections, the cross-section of a uGC column is determined
by its microfabrication method and is often non-circular. For instance, a pGC column
fabricated using deep reactive-ion etching (DRIE) typically has a rectangular cross-section.
In some work, during DRIE, dense arrays of narrow and vertical pillars may also be cre-
ated in the channel, forming a “semi-packed” column [7]. In comparison, a pGC column
fabricated using wet etching, sandblasting, or metal micromachining techniques may have
tapered sidewalls or curved surfaces [8,9]. Furthermore, the stationary phase topology
in a column is determined by its coating process. Conventionally, separation columns
are coated using static or dynamic methods, which typically produce a uniform coating
on the entire inner wall of the capillary column. However, for microfabricated columns,
these methods typically leave a thicker coating at the corners than on the walls, i.e., the
pooling effect, which causes undesired peak broadening [6]. Additionally, these methods
have limited throughputs. Due to these challenges, alternative coating methods are being
explored, such as chemical vapor deposition [10,11], atomic layer deposition [12-14], and
spin-coating [15]. These alternative methods may only coat a portion of the inner surface of
the column.

When designing and developing new fabrication and coating methods for pnGC
columns, it is highly valuable to obtain a theoretical prediction of the separation perfor-
mance before delving into the labor-intensive and time-consuming experimental practice.
The theory is well established for columns with circular or rectangular cross-sections and
a stationary phase uniformly coated on the entire inner wall [16,17]. Mathematical for-
mulae for columns with rectangular cross-sections and one or two walls coated are also
reported [18]. However, theoretical models are not yet available for other cross-sections (e.g.,
semi-circular or semi-trapezoidal) and other stationary phase topologies (e.g., non-uniform
or patterned coating on selected walls), which require 3D modeling.

Although the impact of column temperature has been well studied, the established
theory mostly assumes a uniform column temperature that is either constantly maintained
or programmed. However, the impact of a temperature gradient within the separation
column is also worth investigating. Historically, it has been under debate whether sep-
aration performance can be improved by a longitudinal temperature gradient, i.e., with
the upstream end of the column at a higher temperature than the downstream end. Some
have argued that, when flowing along such a temperature gradient, a peak would tend
to become sharper, as the trailing portion of the peak would be at a higher temperature
than the leading portion and, therefore, would tend to catch up with the latter [19-23].
Others have refuted that such a temperature gradient would not enhance separation, as
the peaks behind would have the same tendency to catch up with the peaks ahead [24-28].
Additionally, within a practical pGC system, the temperature distribution of the separation
column may be affected by the package and thermal crosstalk from other components,
forming a temperature gradient that possibly does not align with the flow direction. A
model that can incorporate temperature effects can provide insight into these problems.

This work aims to develop a methodology to model the uGC column using COMSOL.
It is intended that the developed model will enable the quantitative evaluation of different
stationary phase topologies. It is also intended that temperature effects will be incorporated,
enabling the investigation of temperature gradients on separation performance. The model
can also allow visualization of the chemical concentration profile travelling along the
column, providing an exclusive insight into the separation process.

To meet the goals of this work, a 3D FEA model is needed, which poses challenges
associated with the substantial differences in various dimensions of the column. For a good
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mesh in the FEA, the aspect ratio (i.e., the ratio of the largest dimension to the smallest
dimension) of the meshed elements is preferably close to unity. However, in a pGC column,
the length is often 3—4 orders of magnitude larger than the cross-sectional dimensions,
which are often another 2-3 orders of magnitude larger than the stationary phase thickness.
Consequently, a tremendously large number of meshed elements is needed to provide
the desired accuracy of the result, which is time consuming. To address this challenge,
an artificially thick stationary phase is set with scaled material properties to represent a
thinner layer, thereby significantly reducing the required number of mesh elements and the
simulation time. The methodology to model the separation column is described in Section 2
and the results and discussion are presented in Section 3, followed by the conclusions in
Section 4. For all the figures shown in this paper, the raw images were exported from
COMSOL® and MATLAB®, and subsequently labeled in Inkscape® 1.1.

2. Model Development
2.1. Modeled Geometries

The objectives of the model include the study of the microfabricated columns with a
trapezoidal cross-section, and further, the study of the stationary phase topologies therein.
To validate the modeling approach, a straight capillary column is first modeled and com-
pared to the experimental results. The modeled capillary column has a length of 1 m, an
inner diameter of 250 um, and a uniformly coated polydimethylsiloxane (PDMS) stationary
phase with a thickness of 1 pm (Figure 1a).
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Figure 1. Geometries of the modeled columns. (a) A straight capillary column with a circular cross-
section; (b) A serpentine microfabricated column (in xz-plane). The cross-sections (in xy-plane) for
different stationary phase topologies are as follows: (c) Case 1: parabolic profiles on both the top and
bottom surfaces, both with 5 um thickness at the center; (d) Case 2: uniform 2.95 um thickness on both
the top and bottom surfaces; and (e) Case 3: uniform 5.14 pm thickness only on the bottom surface.

The modeled microfabricated column consists of 38 straight segments connected via
semi-circular segments (Figure 1b). Each straight segment is 13.6 mm long. The cross-
section of the microfabricated column is trapezoidal with a 500 pm-wide bottom edge, a
371 um-wide top edge, a 160 pm height, and two sidewalls with a 22° inward taper. For the
microfabricated column, three different cases of the stationary phase topology are modeled.
In Case 1, the stationary phase has parabolic profiles on both the top and bottom surfaces
of the column, with a 5 um thickness at the center (Figure 1c). The widths of the stationary
phase on the top and bottom surfaces are 371 pm and 400 um, respectively. In Case 2, the
stationary phase is uniformly coated on both the top and bottom surfaces of the column
and has a thickness of 2.95 um (Figure 1d). In Case 3, the stationary phase is uniformly
coated only on the bottom surface of the column and has a thickness of 5.14 um (Figure 1e).
All three cases have equal volumes of the stationary phase.
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The selected thicknesses of the stationary phase noted above are modeled using a
hypothetical thickness of 20 um COMSOL geometry. This hypothetical thickness reduces
the number of elements in the mesh and avoids re-meshing the model each time a different
thickness of the stationary phase needs to be studied. A scaling factor n (explained in
Section 2.3) is employed in the simulation to obtain the results for the actual thickness.

2.2. Modeling of the Gas Flow

The gas flow regime in a separation column is determined using the Reynolds number
(Re), which can be calculated as:
__pUdH
K

where p and p are the density and dynamic viscosity of the carrier gas, respectively; U
is the characteristic velocity, i.e., the average gas flow speed; and dp is the characteristic
length, i.e., the hydraulic diameter of the column cross-section [29]. For air at standard
temperature and pressure, p = 1.18 kg/m? and p = 1.85 x 10~° Pa-s. At a nominal flow rate
of 0.6 sccm, U is 0.22 m/s for the modeled capillary column and 0.16 m/s for the modeled
microfabricated column. The value of dy is 250 um for the modeled capillary column
and 228.5 um for the modeled microfabricated column. Substituting these values into
Equation (1), the Re values obtained for the modeled capillary column and microfabricated
column are 3.51 and 2.33, respectively. These values are <<2000, indicating that the flow
is laminar.

To determine the compressibility of the gas flow, the Mach number (M) is calculated
as the ratio between the average gas flow speed and the speed of sound in air. For the
modeled capillary column and microfabricated column, the values of M are calculated to
be 6.54 x 10~* and 4.61 x 104, respectively. These values are <<0.3, indicating that the
gas flow can be considered incompressible.

Therefore, this work implements the “Laminar Flow” module in COMSOL to model
the incompressible flow of carrier gas in the separation column, which applies the following
governing equations:

Re (1)

Vau=20 2)
p(u-V)u=—-Vp+Vrt +7 ®3)
T =u(Vu+ (Vu)h) 4

where u is the velocity field of the gas, p is the pressure, T is the stress tensor, and ? is the
body force.

For the ‘Laminar Flow” module, the model domain is initialized with zero velocity,
and a no-slip boundary condition is applied to the column walls, specifying that the gas
flow in contact with the column walls has zero velocity. The inlet boundary condition is set
with a fully developed flow at an average velocity U (with the value indicated above). The
outlet boundary condition is set at 0 Pa relative to a reference pressure at 1 atm.

2.3. Modeling of the Chemical Transport

The chemicals transported along the separation column undergo convection, diffusion,
and partition between the carrier gas and the stationary phase. These transportation
mechanisms are modeled by the COMSOL module “Transport of Diluted Species” in
this work.

Jdc
aic + (u-V)ccg + V-(=DcgVeeg) = Sce (5)
aCSp
-5 V-(—=DspVcsp) = Ssp (6)
K= 5P @)
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Equations (5)—(7) model the convection (coupled with the flow field) and diffusion
in the carrier gas, the diffusion in the stationary phase, and the partition between the
two phases, respectively. Here, c is the concentration of the chemical, ¢ is time, D is the
diffusivity of the chemical, S is a source/sink term, and K is the partition coefficient. The
subscripts CG and SP denote the carrier gas and the stationary phase, respectively.

Because this work scales the stationary phase thickness to a large, fixed hypothetical
value (20 um) to address the meshing and geometrical challenges, a scaling factor n, as
mentioned in Section 2.1, must be applied to compensate for the impacts of such scaling.
The n is defined as the ratio of actual stationary phase thickness to the hypothetical 20 um.
As a result, diffusivity in the stationary phase and the partition coefficient must be scaled

as follows: D
Dsps = % (8)

Ks = nK )

Note that such scaling is applied only in the direction of the stationary phase thickness,
i.e., only in the x- and y-directions for the modeled capillary column and only in the y-
direction for the modeled microfabricated columns. In COMSOL, such directional scaling
is implemented by setting the diffusivity in the stationary phase as an anisotropic tensor.

For the ‘Transport of Diluted Species’ module, a no-flux boundary condition is applied
to the column walls, specifying that no chemicals can penetrate through the column walls.
The partition equilibrium condition is also applied to the interface between the stationary
phase and carrier gas (Table 1). The model domain is initialized with zero chemical
concentration. To model the chemical injection at the inlet, a Gaussian concentration profile
of the chemical is set to pass the inlet cross-section at 1 s, with a peak width at half-height
(PWHH;y3¢) of 0.5 s and a peak concentration of 4.4 x 1075 mol/m3.

2.4. Modeling of the Temperature Effects

The impacts of temperature on the separation result from the temperature dependence
of the diffusivity and the partition coefficient. For a chemical « in another chemical 3, the
diffusivity (D,/p) is a function of temperature T (in the unit of K) [30]:

-

—371.75( _1 1\2
1073T (WJFW)

sz/ﬁ = (10)

1 112
p|(Taoi)® + (Tpoi)? ]

where M denotes the molecular weight of the chemical, p is pressure in atm, and } v;
denotes the diffusion volume of the chemical.

This work selects air as the carrier gas, which has a diffusion volume of 20.1 cm? [30].
This work selects hexane and benzene as the two representative chemicals for the model.
Based on the known values of Dyyzne/mir aNd Dierzenesnir at 25 °C [31], the diffusion volumes
of hexane and benzene are extracted to be 140.88 cm® and 82.16 cm?, respectively.

In the stationary phase, the temperature dependence of the diffusivity can generally
be described by the Arrhenius equation [32], D,/g = Dgexp(—E4/RT), where R is the
universal gas constant, Dy is the maximal diffusion coefficient at infinite temperature,
and E4 is the activation energy for diffusion. However, the values of Dy and E 4 are not
always available. Therefore, in this work, for simplicity, the diffusivity values of hexane
and benzene in PDMS (Dj,eyane/pDMs aNd Dieyzene/pDMs, Tespectively) are approximated as
temperature-independent constants at 2.5 x 10719 m2/s [33] and 2.8 x 1010 m2 /s [34],
respectively. This approximation holds well for the small temperature range of 20-40 °C
investigated in this work.
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The partition coefficient K as a function of temperature (in K) can be calculated from
its known value K7, at a reference temperature T (which is usually 298.15 K) [35].

B
K(T) _ T/lOA (T—273.15)+C (11)
Kr, TO/10A_<T0727$>+C

where A, B, and C are Antoine constants (Table 1).

Table 1. Parameters used to compute the partition coefficients.

Hexane Benzene
K7, [36] 166 304
A [37] 6.88 6.91
B [37] 1171.53 1211.03
C[37] 224.37 220.80

2.5. Simulation Setup

In the COMSOL simulation, two Study steps are sequentially performed. The first
step models the gas flow; this is performed as a Stationary Study, because the flow is
fully developed and remains constant during the separation. The second step models the
chemical transport process; this is performed as a Time-Dependent Study, because the
chemical concentrations continue to change during the separation.

In the second step, because the PWHHj,,; is set to 0.5 s, the time-step used during
0-2 s is set to 0.01 s to provide a smooth inlet Gaussian profile. Beyond 2 s, a time-step of
0.02 s is selected to reduce the simulation time by half without significantly impacting the
result. These values are obtained from the mesh convergence study (Section 3.3).

The impact of the longitudinal temperature gradient is investigated using the modeled
capillary column. Three temperature cases are considered: along the column length (in
the z-direction) from the inlet to the outlet, Case I applies a temperature distribution
linearly decreasing from 40 °C to 20 °C, Case Il applies a temperature distribution linearly
increasing from 20 °C to 40 °C, and Case III applies a uniform 30 °C (Figure 2a).

— Case | — Case IV
— Case ll — Case V
Case lll Case VI
_40 _40 :
Q o |
235 335
3 E
©30 ©30
(o] [}
Q. Q.
525 £25
[ [t
20 ) 20k )
0 0.5 1 0 0.01 0.02 0.03
Inlet z (m) Outlet Inlet x (m) Outlet

(a) (b)

Figure 2. Cases of temperature distribution applied to the two columns in the model. (a) Capillary
Column with: Case I—inlet at 40 °C and outlet at 20 °C; Case II—inlet at 20 °C and outlet at 40 °C;
and Case III—uniform at 30 °C. (b) Microfabricated Column with: Case IV—inlet at 40 °C and outlet
at 20 °C; Case V—inlet at 20 °C and outlet at 40 °C; and Case VI—uniform at 30 °C.

The impact of the lateral temperature gradient is investigated using the modeled
microfabricated column. Similar to the capillary column model, three temperature cases
are also considered: along the column width (in the x-direction) from the inlet to the outlet,
Case IV applies a temperature distribution linearly decreasing from 40 °C to 20 °C, Case
V applies a temperature distribution linearly increasing from 20 °C to 40 °C, and Case VI
applies a uniform 30 °C (Figure 2b).
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2.6. Mesh Development

For the capillary column, a user-controlled mesh is applied to both study steps. In this
approach, the cross-section of the column is first meshed with 2D elements (Figure 3a). This
mesh is then swept along the length of the column to mesh the entire column geometry
(Figure 3b). Such a mesh conforms well to the circular cross-section and enables a mesh
convergence study of the impact of mesh element size along the column length.

Figure 3. Mesh of the capillary column. (a) Mesh of its cross-section; (b) mesh along its length.

For the microfabricated column, a physics-controlled mesh, which is found to represent
the column dimensions well, is used for the Stationary Study of gas flow. Next, a user-
controlled mesh is used for the Time-Dependent Study, similar to the capillary column
mesh (Figure 4).

Figure 4. Mesh of the microfabricated column. (a) Mesh along its length, and mesh across its cross-
section for the three stationary phase topology cases: (b) Case 1: parabolic thickness on both the top
and bottom surfaces; (c) Case 2: uniform thickness on both the top and bottom surfaces; and (d) Case
3: uniform thickness only on the bottom surface.

3. Results and Discussion

This section describes the results obtained from the models. First, the gas flow velocity
profiles and chemical concentration profiles during transport are presented. Then, the
results of the mesh convergence study are presented and compared to the analytical
calculation and experimental results. Next, the performance of the modeled microfabricated
columns with different stationary phase topologies are compared. Finally, the impacts of
the different temperature gradients on the separation columns are evaluated.

3.1. Velocity Profile

Figure 5 shows the velocity distribution of the carrier gas in both the modeled capillary
column and microfabricated column. As expected, the velocity in each column reached its
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maximum at the center of the cross-section, and was reduced to zero at the column walls.
The maximum velocities were 0.48 m/s and 0.37 m/s in the modeled capillary column
and microfabricated column, respectively. These values appeared reasonable in light of
the average flow velocities of 0.22 m/s and 0.16 m/s, respectively, which were set in the
boundary conditions.

|
Il =

0.0

flow velocity (m/s)

o

Figure 5. Velocity profile (in m/s) of the carrier gas in the columns at 25 °C. (a) Capillary column
model in xz-plane. (b) Capillary column model in xy-plane. (c) Microfabricated column in xz-plane.
(d) Microfabricated column in xy-plane.

3.2. Concentration Profile

The chemical separation process can be visualized from the results. For example,
Figure 6 illustrates the separation process of hexane and benzene in the modeled microfab-
ricated column of Case 3 operated at 25 °C. After the injection from the column inlet in the
lower left corner, at t =2 s, the profiles of hexane and benzene remained largely overlapping
(Figure 6a). As these profiles moved along the column, they exhibited partial separation at
10 s (Figure 6b), well-established separation at 20 s (Figure 6¢), followed by the full elution
of hexane by 30 s, upon which only benzene remained in the column (Figure 6d).

(mol/m?)

10700
( 10—5.5

i —
‘ ‘ 10—6.5

(d) 10770

—_

Figure 6. Concentration distribution of hexane and benzene over time in a microfabricated column at
25 °C (with Case 3 stationary phase topology): (a) t =2s; (b) t=10s; (c) t =20s; and (d) t =30's.

3.3. Mesh Convergence and Experimental Verification

To ensure the accuracy of modeling, the mesh must be fine enough that the results con-
verge, upon which a finer mesh does not significantly alter the results. Because the column
length is at least 3—4 orders of magnitude larger than any dimension on the cross-section,
it is critical to evaluate the impact of mesh fineness along the column length. Therefore,
in the mesh convergence study performed in this work, a fixed mesh of 162 elements was
applied to the cross-section of the column, whereas the mesh element count per meter (n7,)
of the column length was evaluated over a range of 2000-8000. Additionally, the impact
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of the time-step on the convergence was evaluated. This was performed by varying the
time-step at certain fixed n;, values. This section illustrates the mesh convergence study
results for the capillary column at 25 °C, and a similar study can be also performed on the
microfabricated column.

To evaluate the mesh convergence, four performance parameters for the column were
extracted from the results and considered (Table 2). These include (1) the retention time
(tr), which was relative to the injection time at t = 1 s; (2) the peak width at half-height
(PWHH) of the chemical peaks eluting from the column; (3) the number of theoretical plates
(N), which is an indicator of the column efficiency and is computed as

2
_ tr
N = 5.54<PWHH> (12)

and (4) the separation resolution (R;), which is a measure of how well two peaks are
separated and is computed as [16]

tR.benzene - tR.hexzme
Rg =1.18 (13)
PWHHye5ene + PWHHpex 00

Table 2. Summary table comparing the performance parameters of the capillary column at 25 °C
with different mesh distributions along its length. Analytical calculation and experimental results are
also listed in the last two rows for comparison.

Mesh Data Time-Step (s) Performance Parameters
tg (s) PWHH (s) N Error (%)
Mesh Cases " 025 @34)s Hex. Ben. Hex. Ben. Hex. Ben. Rs

(i) 2000 0.05 0.1 19.34  31.04 1.6 2.3 810 1009 3.54 72.93
(i) 2500 0.05 0.1 19.34  31.04 1.5 2.1 921 1211 3.83 57.90
(iii) 3000 0.05 0.1 1944  31.14 15 2.1 931 1218 3.83 57.90
(iv) 3000 0.02 0.07 19.30  30.99 1.33 1.96 1167 1385 419 47.37
) 3500 0.02 0.07 19.30  30.99 1.26 1.89 1300 1490 4.38 42.10
(vi) 4000 0.02 0.07 19.30  31.06 1.26 1.75 1300 1745 4.61 31.58
(vii) 4500 0.02 0.07 19.30  31.06 1.26 1.75 1300 1745 4.61 31.58
(viii) 4500 0.02 0.04 19.18  30.90 1.12 1.68 1624 1874 494 26.32
(ix) 5000 0.02 0.04 19.18  30.94 1.08 1.64 1747 1971 5.10 23.31
(x) 5500 0.02 0.04 19.18  30.94 1.08 1.6 1747 2071 518 20.30
(xi) 6000 0.02 0.04 19.18  30.94 1.08 1.52 1747 2295 5.34 14.29
(xii) 6500 0.02 0.04 19.18  30.94 1.00 1.52 2037 2295 5.51 14.29
(xiii) 6500 0.01 0.02 19.11  30.85 0.98 1.5 2106 2343 5.59 12.78
(xiv) 7000 0.01 0.02 19.11  30.85 0.96 1.46 2195 2473 572 9.77
(xv) 8000 0.01 0.02 19.11  30.87 0.94 1.42 2289 2618 5.88 6.77
Ana. - - - 1644  26.46 0.86 1.17 2040 2823 5.82 -
Exp. - - - 2148  30.36 1.32 1.56 1467 2098 3.64 -

While all four performance parameters showed trends of convergence, the PWHH},;,2¢1,
in Table 2 was selected as an example and plotted against n; (Figure 7). As is evident from
Figure 7, the PWHHj,;,zep,. €xhibited an exponential trend with respect to n; and a projected
converged value of 1.33 s. For each simulated Mesh Case, the error of the results in % was
calculated with respect to the converged value (Table 2). The case with the finest mesh,
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i.e., Mesh Case xv, had an error of only 6.77%, which was considered accurate enough for
this work.

24p - - T ' [ '
22} 1
20t -
i "o
T
T 18 B "‘..' ]
1.6F =133 ™ o |
y=1. g, R“=0.9964
141 1 """"" R ]

LY T v .
2000 4000 6000 8000 10000 12000 14000
n.(m™)

Figure 7. Exponential curve fitted to the PWHH data for benzene in the capillary column at 25 °C.

Note that for Figure 7, Mesh Cases (iii), (vii), and (xii) were excluded. These three cases
were inserted to evaluate the impact of the time-step at a given n1;. Based on the comparison
between Mesh Cases iii vs. iv; viii vs. viii; and xii vs. xiii, the selected time-steps in these
cases were shown to be fine enough without significantly affecting the results. For example,
compared to Mesh Case xii, Mesh Case xiii reduced the time-steps by half, but only changed
the PWHHp1261 by 1.3%.

The model was verified using both an analytical calculation approach and an experi-
mental approach, both applied to the modeled capillary column. The analytical calculation
approach was based on the standard GC plate theory and rate theory, which are well
established for capillary columns. In this approach, the tg, height equivalent to a theoretical
plate (HETP), and N can be estimated as follows [1,16]

L
te = (14K (14)
2 32 2 2
HETP — 2DCG 1+6k+112k d + % k 5 h U+ (%% . u2 (15)
u 96(1+k)> Dcc 3(1+k)* Dsp (1+k)°L
N = L/HETP (16)

where k is the retention factor, which is calculated as k = K/Bp, in which Bp is the phase
ratio, i.e., the volume ratio between the carrier gas and the stationary phase; L, D, and h are
the column length, inner diameter, and stationary phase thickness, respectively; D¢ and
Dgp are the diffusivities of the chemical in the carrier gas and in the stationary phase, respec-
tively; o2 is the variance of a Gaussian peak introduced by the extra-column effects, which
represents the injection peak width in the model. Numerically, for a Gaussian injection
peak, oec = PWHH,,,;/2.355. After obtaining the results from Equations (14) and (16), the
PWHHjexgne, PWHHpe 2010, and Rg can be computed from Equations (12) and (13).

The results of this analytical calculation approach are listed in the second-to-last row
in Table 2. Compared to the analytical calculation results, Mesh Case xv showed <22%
differences in tg and PWHH, and <13% differences in N and Rg.

In the experimental approach to verifying the model, a commercial off-the-shelf
(COTS) capillary column (Part # 115-2504, Ohio Valley Specialty Company, Marietta, OH,
USA) of equivalent properties to the model was experimentally tested in a benchtop GC
system (Model # 6890, Agilent Technologies, Inc., Santa Clara, CA, USA), which provided
an equivalent temperature and flow rate to the model. Samples of hexane and benzene
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were injected at the GC sample inlet and detected using a flame ionization detector (FID)
after eluting the column. The experimental results were compared to the modeling result
obtained from Mesh Case xv (Table 2 and Figure 8). The comparison showed tr differences
at 11.03% and 1.68% for hexane and benzene, respectively, and PWHH differences at 28.79%
and 8.97% for hexane and benzene, respectively.
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Figure 8. Comparison of simulated result (black) for the outlet concentration profiles of hexane and
benzene with the FID response of experimental result (red), using the capillary column model at
25°C.

Note that all the parameter values used in the model were obtained from the literature
without being intentionally adjusted to match the analytical calculation or experimental
results. The modest differences between the modeling and analytical calculation results are
not atypical of other comparisons between analytical and modeling results; for example,
analytical results generally assume idealized geometries and boundary conditions that
are not discretized. The differences between the modeling and experimental results are
expected from factors such as the manufacturing variations in the COTS capillary column,
inaccuracies in the experimental flow rate and temperature, and minute variations in the
chemical injection. Given the overall match to the analytical calculation and experimental
results, the model is sufficiently accurate to investigate the impact of the stationary phase
topologies and temperature gradients.

3.4. Stationary Phase Topologies in Microfabricated Columns

Based on the mesh convergence study described in Section 3.3, the three PDMS
topologies cases described in Figure 1 were modeled and compared. A converged mesh
with an 5y, of approximately 8800 (120 longitudinal elements in each straight segment
and 20 elements in each curved segment of the microfabricated column) was applied to
all three cases. In the modeling results, all three cases provided similar tg values, but
noticeably different PWHH, N, and Rs values (Figure 9 and Table 3). Compared to Case 2,
Case 1 provided 19% broader hexane and benzene peaks, whereas Case 3 provided a 55%
broader hexane peak and a 48% broader benzene peak. Consequently, for the separation
performance, as represented by the resolution between hexane and benzene (denoted by
Rs), Case 1 and Case 3 were 12% and 33% worse than Case 2, respectively.

The similarity in the fg values was expected, as the overall volumes of PDMS in the
three cases were the same. The overall worse performance of Case 3 than Case 2 was also
expected because of two factors. First, the PDMS in Case 3 was only on the bottom surface,
causing a larger effective distance for chemical diffusion from the carrier gas to its interface
with the PDMS, i.e., causing larger resistance to mass transfer in the carrier gas [1]. Second,
the PDMS in Case 3 was thicker, causing a larger effective distance for chemical diffusion
from the PDMS to its interface with the carrier gas, i.e., causing larger resistance to mass
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transfer in the PDMS [1]. Nevertheless, compared to Case 2, the separation performance
reduction in Case 3 may be considered tolerable for certain applications, especially when
the benefit of simpler fabrication provided by Case 3 is emphasized.
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Figure 9. Comparison of outlet concentration profiles of hexane and benzene for Cases 1, 2 and 3 of
PDMS layer distribution, using the microfabricated column at 25 °C. Case 1: parabolic thickness on
both the top and bottom surfaces; Case 2: uniform thickness on both the top and bottom surfaces;
Case 3: uniform thickness only on the bottom surface.

Table 3. The performance parameters of the microfabricated column at 25 °C with different cases of
stationary phase topology. Case 1: parabolic thickness on both the top and bottom surfaces; Case
2: uniform thickness on both the top and bottom surfaces; Case 3: uniform thickness only on the
bottom surface.

Performance Parameters

Pit:::’g:zs tr (5) PWHH (s) N N
Hexane Benzene Hexane Benzene Hexane Benzene

1 24.59 42.07 2.26 3.32 656 890 3.70

2 23.73 40.51 1.90 2.80 864 1160 4.21

3 23.71 40.51 294 4.14 360 530 2.80

Compared to Case 2, the separation performance reduction in Case 1 appears insignifi-
cant. This may be an encouraging sign for certain stationary phase coating processes, where
a coated and patterned stationary phase film may reflow into a parabolic profile before
being fully crosslinked and immobilized.

3.5. Impact of Temperature Gradients

The three cases of longitudinal temperature gradients in a capillary column (as
described in Section 2.5) were modeled. The resulting chromatograms are overlaid in
Figure 10, and the performance metrics are compared in Table 4. From these results, it is
apparent that the negative longitudinal temperature gradient (in Case I) and the positive
one (in Case II) provided equal performance, which was almost equal to the isothermal
Case IIL This result opposes the idea that the negative thermal gradient would significantly
improve separation [19-23] and corroborates the counter-argument [24-28].

For the three lateral temperature gradient cases in the modeled microfabricated column
as described in Section 2.5, the applied temperature gradient was effectively perpendicular
to the dominating flow direction. From the modeling results (Figure 11 and Table 5), the
negative lateral temperature gradient (in Case IV), the positive one (in Case V), and the
isothermal Case VI appeared to provide almost the same performance (with <2% variation).
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Such a result provides an encouraging and quantitative understanding of tolerance to
temperature non-uniformity in the microfabricated columns.
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Figure 10. Modeled chromatograms for the three cases with longitudinal temperature gradients in
the modeled straight capillary column. Case I: inlet at 40 °C and outlet at 20 °C; Case II: inlet at 20 °C
and outlet at 40 °C; Case III: uniform at 30 °C.

Table 4. The performance parameters for the three cases with longitudinal temperature gradients in
the modeled straight capillary column. Case I: inlet at 40 °C and outlet at 20 °C; Case II: inlet at 20 °C
and outlet at 40 °C; Case III: uniform at 30 °C.

Performance Parameters

Temp. Cases tr (s) PWHH (s) N R
Hexane Benzene Hexane Benzene Hexane Benzene :
I 16.95 26.69 0.86 1.26 2152 2486 5.42
II 16.95 26.69 0.86 1.26 2152 2486 5.42
11T 16.61 25.97 0.84 1.20 2166 2594 5.41
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Figure 11. Modeled chromatograms for the three cases with lateral temperature gradients in the
modeled microfabricated column (Case 3). Case IV: inlet at 40 °C and outlet at 20 °C; Case V: inlet at
20 °C and outlet at 40 °C; Case VI: uniform at 30 °C.
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Table 5. The performance parameters for the three cases with lateral temperature gradients in the
modeled microfabricated column (Case 3). Case IV: inlet at 40 °C and outlet at 20 °C; Case V: inlet at
20 °C and outlet at 40 °C; Case VI: uniform at 30 °C.

Performance Parameters

Temp. Cases tr (s) PWHH (s) N
Hexane Benzene Hexane Benzene Hexane Benzene Rs
Iv 20.62 34.56 2.66 3.70 333 483 2.59
\Y% 20.60 34.52 2.66 3.72 332 477 2.57
VI 20.10 33.45 2.60 3.58 330 484 2.55

It is also worth noting that the isothermal cases always showed slightly smaller
tr values than the corresponding cases with temperature gradients (Tables 4 and 5 and
Figures 10 and 11). This is mathematically reasonable. As described by Equation (11), K(T)
exhibits a convex function of T in the modeled temperature range of 2040 °C. According
to Jensen’s inequality [38], K (30 °C) is smaller than the average of K(T) over 2040 °C.
Additionally, for a given column geometry, fr increases linearly with K, as indicated by
Equation (14). Therefore, the tg for isothermal 30 °C is expected to be smaller than that
with a constant temperature gradient over 2040 °C.

4. Conclusions

This work presents a methodology for modeling nGC separation columns using 3D
FEA, which is essential for columns with unconventional and asymmetric cross-sections and
stationary phase coating topologies. The methodology starts with essential simplifications
of the governing equations. Meshing of the separation column is performed in a custom-
defined manner to reduce simulation time while preserving enough accuracy of the results.
A scaling factor of the stationary phase thickness is implemented to overcome the challenges
in the large mesh density caused by the large span of column dimensions. Additionally,
this scaling factor eliminates the need to re-mesh when modeling different thicknesses of
the stationary phase with a given topology. A mesh convergence study is performed to
confirm the required mesh density. The methodology is validated by the overall match
between the modeling results of a capillary column and both the analytical calculation and
experimental results.

Using the developed model, the impacts of stationary phase topology and temperature
gradients on the performance of the separation column are quantitatively investigated.
While a stationary phase coating on fewer inner surfaces or with a reflowed profile causes
a reduction in separation performance, such a limited reduction may be well accepted
if the benefits posed by the simpler fabrication process of the column are more desired.
Compared to the isothermal cases, neither longitudinal nor lateral temperature gradients
within the ranges considered in this work appear to affect the separation performance.

The developed model can be readily adapted to model various cross-sections of the
column and topologies of its stationary phase. For example, it can be adapted to evaluate
the impact of the pooling effect, which is common in microfabricated columns that use
static or dynamic coating methods. Additionally, the model can assist in the exploration
of any attractive stationary phase topologies. In the future, the model can be expanded to
examine the impact of other pGC components on the overall separation performance of
the system, e.g., the impact of a broad injection peak from the preconcentrator, particularly
if the column is short; the impact of the fluidic pathway of the detector; and the impact
of dead volume associated with other fluidic connections at the pump, valves, etc. The
model can also be enhanced to incorporate adsorption at the column walls for certain
surface-adsorptive analyte chemicals, such as amines and phosphonate esters.
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