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PERFORMANCE CHARACTERISTICS OF
NOVEL OPEN PARALLEL PLATE
SEPARATOR

Blanca H. Lapizco-Encinas and Neville G. Pinto™

Department of Chemical Engineering, University of
Cincinnati, 696 Rhodes Hall, P.O. Box 210171, Cincinnati,
OH 45221-0171

ABSTRACT

A numerical model has been developed to describe the
characteristics of the recently developed micro open parallel
plate separator (WOPPS). This model solves the mass-balance
equation for a single solute within a microchannel with a
rectangular flow cross-section, and accounts for the velocity
profile in the channel. It is shown that the separation
characteristics are sensitive to the concentration and velocity
gradients along the depth—a factor that has been neglected in the
past. An empirical expression has been developed for the reduced
plate height of the wOPPS. It has been shown that estimation of
performance parameters using an equivalent radius in equations
developed for a circular cross-section gives erroneous predictions.
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INTRODUCTION

Modern micromechanical fabrication techniques offer new opportunities
for chemical separations. The separation of a sample into its components is often
an essential step in chemical analysis,'"! and miniaturization offers significant
potential advantages including decreased analysis time, sample consumption, and
waste solvent production, lower cost due to reduction of sample and reagents,
reduced weight and volume, the opportunity for multiple, parallel separations,
and reduced band broadening due to smaller dimensions.”>~¥

Miniaturization of analytical instruments through micro-electro-mechan-
ical-systems (MEMS) technology was first implemented 20 years ago.'! In recent
years, there has been a spurt of activity in the development of “laboratories-on-a-
chip.” Much of this work has focused on capillary electrophoresis'®~ and
electrokinetic capillary chromatography.!'*~!3!

The best analytical columns for liquid chromatography (LC) are open
tubular columns (OTC), which are the true analogues of capillary gas
chromatographic columns. The main advantage of OTC over packed capillary
columns is its larger permeability.!'* For good mass-transfer efficiency, an OTC
must have an extremely small diameter (less than 5 wm), yet the diameter should be
large enough to avoid overloading.!"> The open parallel plate separator (OPPS)
geometry, which is based on a rectangular flow cross-section area, has been
suggested as an alternative. The narrow width dimension preserves the favorable
mass-transfer characteristic, while the long depth dimension allows an increase in
the column volume to avoid overloading. In addition, the larger flow cross-section
area enables separations with high flow rate at a lower pressure drop.

Using MEMS it is possible to fabricate an OPPS on a silicon wafer. We
have recently reported the fabrication of an integrated ion-exchange separator
and detector (WOPPS)."'®!") It has been demonstrated with this prototype that
small ions can be effectively separated and detected by the device.

To guide the developments of future versions of the wOPPS, and to identify
advantages and disadvantages in comparison to a separator with a circular cross-
section area, i.e., a micro open tubular separator (WOTS), it is useful to develop a
model for the wOPPS. While columns having a circular or trapezoidal flow cross-
section have been studied extensively,®!*!*18=22] there is limited modeling
work on OPPS. Golay'"® proposed a model for circular and square cross-section
columns, but he focused on gas chromatography (GC). Giddings et al.'>! have
developed equations that describe the performance of OPPS in comparison to the
OTS in LC. A set of experimental data were presented for OPPS, and compared
to model predictions. Discrepancies in plate height (/) as high as a factor of 40
was observed. Vahey et al.'””*! have applied Giddings model to a chromatographic
analyzer with a rectangular cross-section flow area. They reported good
agreement between the theory and the experimental data, though the linear
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velocities used were low (0.009-0.018 cm/sec), compared to those used by
Giddings (0.1-1.0cm/ sec)."”! Zhang and Regnier'®*! have also studied the
effects of column geometry. A three-dimensional random walk model for a
micro-chromatographic system with electroosmotic flow was developed
assuming a flat velocity profile.

In this paper, we present a detailed model for OPPS in LC. It has been
shown through numerical simulations that nonsymmetry in the flow cross-
section, and the velocity and concentration gradients along the channel depth
influence the chromatographic response.

THEORY
Model for Open Parallel Plate Separator

A schematic representation of the OPPS is shown in Fig. 1. It is assumed that
the flow regime in this channel is laminar and fully developed with negligible end
effects. For this case Spangler'® has shown that the velocity profile is given by:

DY e WA 0 Gl 9

Vy = T IVay,

y e\ p242 (xz _ bz) + (22 _ d2)
where v, is the linear velocity in the fluid flow (length) direction, v,,, the average

linear vélocity, b the microchannel half width, d the microchannel half depth, x and z
are the positions along the microchannel width and depth, respectively.

(D

Y

Figure 1. Schematic representation of an OPPS.
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Adsorption of the solute is assumed to take place on the surfaces defined by
the depth and length dimensions (side surfaces) of the channel, while the surfaces
defined by the width and the length (top and bottom surfaces) are assumed to be
inactive. This choice is based on the experimental wOPPS developed earlier.!'®!"]
The top/bottom surfaces are inert, while the side surfaces are activated for ion-
exchange. It is further assumed that the adsorption (or ion-exchange) step is
instantaneous, relative to the mass-transfer rate. The predominant mass-transfer
resistance is in the liquid phase, since the surface is assumed to be nonporous and
ideally two-dimensional. Upon injection, the sample is assumed to be evenly
distributed along the channel cross-section, and the fluid density is assumed
constant. Since the amount of solute injected is small (nL), adsorption equilibrium
is described by the linear equation:

q* =aC ()

where g* is the equilibrium concentration of solute in the stationary phase, a is the
linear isotherm coefficient, and C is the solute concentration in the mobile phase.

With these assumptions it can be shown that a mass balance for a solute in
the channel is:

ac _jac (lﬂ +d2> ( (? = bHE* —d?) )
avg

9 T ay b2d? ) \(x2 — b2) + (22 — d?)
9’C  9*C  9°C
=D(—+—+— 3
(8x2 + 0y2 + az2> )

where D is the solute’s diffusion coefficient in the fluid.
For convenience the following dimensionless variables are defined:

2 2
Vavel 0 _ Vaygh 0 _ Vayed
e g, =

Dimensionless time : 7= y = (4)
L DL DL
. . . . X y Z
Dimensionless spatial position: X=- Y== Z=- 5)
b L d
av, L
Pecletnumber : Pe = ng (6)
where L is the length of the microchannel.
Re-writing Eq. (3) in terms of these parameters:
aC 3ac (b2 +d2> X2-1)(Z*-1)
or oY \ 42 EX2-D+2Z2-1)
1 9*C  19°C  10°C
(N

" Gcox? T peav? T 9,027
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For isocratic elution chromatography, with no solute present in the channel
at the start of the separation, the following initial and boundary conditions apply:

Initial condition: At 7=0 CX,Y,Z2)=0
®)
0=X=1,0=rYy=10=Z=1

Boundary conditions:
At the channel wall (side surfaces) the solute diffusion flux in the liquid is
equal to accumulation at the surface due to adsorption:

aC ag*
X

—b ot

at X=1 —D

After substitution of the equilibrium condition [Eq. (2)], [Eq. (9)] becomes

aC

a oC
X |y,

wot bk 0T

(10)

X=1

It is usual to assume that there is no concentration gradient at the channel
exit. Thus,

aC

at Y=1 —
oY

=0 (11)
Y=1

Since the top and bottom cover plates of the OPPS are assumed inert, there
is no flux at these plates. Thus,

oC
at Z=1 —-D—= =0 (12)
0Z]7-
From symmetry,
aC
at X=0, —| =0 (13)
X |x=o
and
oC
at Z=0, —| =0 (14)
Z]7-0

Finally, for an isocratic elution experiment,

at Y= 07 C(X,O,Z) = Cfeedv 0<7= Tfeed (15)

C(X,0,2) =0, 7> Teed (16)
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where Tgeq 1S the dimensionless feed time and Cg..q is the feed solute
concentration.

In order to solve Eq. (7), the numerical method of finite differences was
applied. Forward difference was used for the first-order temporal derivative and
central difference for all the spatial derivatives. In order to obtain a stable
solution, the alternating direction implicit scheme was employed. This scheme
divides each time interval between the number of spatial directions (in this case
three directions): channel width, depth, and length. Each spatial direction is
represented by a tridiagonal matrix of equations, which is solved using the LU-
decomposition method (tridiagonal matrix method).

The particular scheme used is the Peaceman—Rachford algorithm that is
described in detail elsewhere.'*®! The numerical method uses four indices: n for
time, j, k, and m for width, length, and depth, respectively. For convenience, the
following finite difference terms are defined:

Ry

_ AT R — AT R = AT S__3AT b2+]
T OgAX2 YT PeAY? Y 9,AZ2 7Y 2AY \4?

2 ~n __ _ n n
Sx Cj,k.m - Cj*l,k,m 2Cj,k,m + Cj+1,k,m

8,Clim = C; = 2Cm + Clasim

y " Jkm Jk=1,m
2 ~n __n _ n n
8 Clm = Clrm = 2C 1 + Clipni
n __ mn _ n
‘SyOCj,k.m - Cj,k*l.m Cj.k+1,m

Substituting in Eq. (7):

. . . X7 -1z -1)
Cj,k+,11n —Chmt 5y0Cj,k,mSy< ;

EXG—D+Z, -1
= RﬁfCﬁk’m + Ryagc;hm + Rzagc;{kﬁm (17)

The Peaceman—Rachford algorithm breaks Eq. (17) into three parts:

R, 2 n+1/3 _ Ry 2 RZ 2 n
(1—?3)()@,,(’,” - (1+?3y+?32 Clen

s X2 - 1)(Z% -1
— 8,C", 2 ; = 18
0% jikm 3 (Z_j(xf -+, — 1)) o
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J.k,m 3 3 J.km

_ Cn+1/3 Sy (XJZ — 1)(Z§1 -1 o
YO kom ? v 5 (19)
FXi=D+(Z, - D

Ry n R, R PR
(1 —faﬁ)c 25 (1 +—8§+—26§>c 173

R: o\ 1 _ Ri o Ry o)\ nt2/3
(1—381>Cj’k’m— 1+?5x+?6y ijk"m

2 _ 2
YO k,m 2
o 3I\EXI =D+ 2 - D)

Each of these equations was solved in a separate numerical subroutine.

Model for Open Tubular Separator

A numerical simulator was built to predict the performance for the OTS,
using the same mathematical scheme used for the OPPS model. The OTS
model is based on the same assumptions as the OPPS model, except that there
is no inert surface. The mass-balance equation for a single component in the
OTS gives:

oC aC 19%2C 113C 19%C
B 7 i i it 21
ar T2 Ty T heavi Yo v ar T o a2 @D

where r is the dimensionless position in the radial direction.

RESULTS AND DISCUSSION

Simulations were performed using the parameters listed in Table 1, unless
otherwise stated. The channel length corresponds to the length of the prototype
OPPS developed earlier.!'®'”! The solute is assumed to be KBr, exchanging on
a polyethyleneimine (PEI)-activated surface. The diffusion coefficient was
obtained from Ref.””! and the linear adsorption isotherm coefficient was
calculated by Kang.'”®! Based on this selection, the sample volume was fixed at
4% of the channel volume in all cases.



10: 29 25 January 2011

Downl oaded At:

2752 LAPIZCO-ENCINAS AND PINTO

Table 1. Simulation Parameters Used for Both Open Parallel Plate
Separator and Open Tubular Separator

Micro-channel Length (L) 3 (cm)

Linear velocity (vaye) 0.2 (cm/sec)

Diffusion coefficient (D) 2% 1077 (cm*/sec)
Adsorption isotherm coefficient (a) 0.00792 (cm)

Sample concentration (Creeq) 1000 (/.LII]OI/CH]3)
Sample volume (VF') 4 (% of channel volume)

The following parameters are important to quantify the separation
characteristics: the reduced plate height [Eq. (22)] and the separation impedance
[Eq. (23)].1*!

H
h= e (22)
TrAP
— 2
N2u(1 + k) @3

In these equations, the equivalent diameter for the OPPS, number of plates
and the pressure drop are calculated as follows:

4bd
dog = —— 24
1 b+d 24
2
N =554 (5> 25
Wh
3ulv,y
AP = —“b; d (26)

where Ty is the retention time, wy, the peak width at half of the height of the peak,
w the mobile phase viscosity, and k' the column capacity factor.

One of the purposes for the OTS simulations was to compare the results
with predictions of the OTS equation of Giddings et al.:'"”!

r'c Vay
hots = (6R* — 16R + 11)——-2

ors = ( +11) D 48
where, hors is the reduced plate height for the OTS, R is the retention ratio, D is
the diffusion coefficient, and v, is the average linear velocity in the OTS. The
validity of this equation is well established, and, good correspondence with
numerical results will validate the numerical procedure selected. Figure 2 shows

27)
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14

12 -

10 1

21 — OTS simulator (Eq. 21)
® Giddings et al. (Eq. 27)

0 20 40 60 80 100
OTS radius rc (gm)

Figure 2. Comparison of reduced plate height predictions in OTS from the simulations
and Giddings equation.”!

a comparison of the predictions from this equation with those obtained from
Eq. (21). As can be seen, there is very good agreement between the two
predictions.

A similar comparison was performed for the OPPS. Results from numerical
solutions of Eq. (7) were compared to predictions from the plate-height equation
for OPPS given by Giddings et al.:!'!

2(35R* — 84R + 51) b* vy
deg D 105

hopps = (28)

It is important to note that Eq. (28) was derived by analogy with Eq. (27).
That is, the depth-to-width ratio was not accounted for. Since the OPPS has a flow
cross-section closest to the OTS when the depth-to-width ratio is equal to one, it
is expected that Eq. (28) is best applicable when the flow cross-section is square.

Figure 3 shows a comparison of the results obtained from Eqs. (7) and (28)
for a square flow cross-section. It is clear that the reduced plate-height values
predicted by the two equations do not match, in strong contrast to the excellent
correspondence in Fig. 2. Equation (28) is predicting much lower hgpps values. It
is significant that in comparing the predictions of Eq. (28) to experimental data, a
similar over-prediction of performance was reported.!'™ This and the results of
Fig. 3 suggest that even with the restriction of a square cross-section, Eq. (28) is
not valid.
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asi

-8 OPPS simulator (Eq. 7)
-8- Giddings &t al. (Eq. 28)

0 - T
0.0 05 1.0

15 20 25
ox x 10?

Figure 3. Comparison of reduced plate height predictions in OPPS with square flow
cross-section from simulations and Giddings equation."!

As was mentioned earlier, a limitation of Eq. (28) is that it does not
specifically account for the influence of the depth-to-width ratio (rectangular
cross-sections). This ratio can be most generally defined in terms of the
dimensionless times 6, and 6y as:

0, (d\’
-0

Shown in Fig. 4 is the effect of « on the reduced plate height, as predicted
by Eq. (7). The range selected (1-400) corresponds to values that can easily be
achieved in open parallel-plate systems.!'>'®! It is seen that « has a strong
influence on performance. Generally, narrower channels are less strongly
influenced by this ratio. Also, at high values of « the performance is only weakly
influenced by changes in this parameter. However, there is clearly a region where
performance is a strong function of «, indicating that a suitable equation for the
plate height must in general account for the influence of this parameter.

The separation impedance, E [Eq. (23)] is a useful parameter to characterize
performance for the selection of the optimal geometry since it incorporates the
number of plates with the cost (in terms of AP ) for achieving a separation. Shown
in Fig. 5 is the dependence of the separation impedance on the OPPS geometry.
Two factors are significant. First it is apparent that identical values of E can be
obtained with different geometric ratios. Secondly, it is predicted that with the
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Figure 4. Effect of depth-to-width ratio on /gpps.

proper selection of device dimensions and fluid flow velocity, excellent separation
impedances in the range of 100—200 are achievable with the OPPS.

The dependence of the performance of the OPPS on both 6y and 6, points
to the problem in the derivation of Eq. (28). This equation was derived, by
analogy with the OTS plate equation [Eq. (27)]. It was concluded'™ that

30
& o=1
B o=25
251 | --a=100
- 0=400
20
L]
o
%15
w
1.0 -
0.5
0.0 - . v .
0.0 0.5 10 15 20 25
Ox X 102

Figure 5. Effect of depth-to-width ratio on E.
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equivalent performance can be expected from the OTS and OPPS if the width of
the OPPS is comparable to the radius of the OTS (b = 0.7 r¢). It was rationalized
that the slightly smaller critical dimension for OPPS is required to compensate for
better mass-transfer accessibility in OTS. Besides neglecting the influence of «,
as was discussed earlier, one other assumption is implicitly made. The OTS

equation is based on the assumption that the concentration gradient within the
flow cross-section can be neglected. This assumption is valid for the OTS because

of the symmetry of the circular cross-section, which in effect allows the

substitution of the radial profile with an effective concentration at that cross-
section. The situation is different in an OPPS, since the cross-section is not
symmetric about the central point.

Figures 6 and 7 show typical concentration profiles predicted for the flow
cross-section in the OPPS. In each figure, the concentration profiles are shown at two
locations: one-tenth the channel length (A), and at the end of the channel (B). Figure
6 is the concentration profile for a 6y value of 0.00083, corresponding to a narrow
channel (10 um width), and Fig. 7 is for a 6y value of 0.021, a relatively wider
channel (50 wm). It can be seen that for the narrower channel at the upstream end
(Fig. 6A), while the concentration does change across a cross-section, the percentage
change is small. Furthermore, at the channel outlet (Fig. 6B) the small variation is

eliminated. Also, the influence of « is seen to be weak. Thus, the concentration
profile has little influence, and the use of an average concentration is justified.

For wider channels the story is different, as shown in Fig. 7. The
concentration changes significantly along the width at every length location, and

IS
©
o

s
&
©

3
(Cancentrationlch“)x‘io
5 &
2 &

of
¥
@ g

Figure 6. Concentration profile at a cross-section for a 10 wm width channel (shown for

half of the channel cross-section) at: (A) 10% of channel length, and (B) 100% channel
length.
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Figure 7. Concentration profile at a cross-section for a 50 wum width channel (shown for

half of the channel cross-section) at: (A) 10% of channel length, and (B) 100% channel
length.

the profile is strongly asymmetric. For example, for the case considered, the
concentration within a cross-section varies a minimum of 10% at every cross-
section. Furthermore, the shape of the profile is a strong function of «. For a = 1
the profile is concave upward, while for a = 100 it is convex upward. The
asymmetry in the profile and significant variation in concentration implies that
for wider channels the use of an average concentration is not justified.
Furthermore, since the shape of the profile, and, therefore, the driving force for
mass transfer, depends on « this term must be factored into the equation for plate
height.

It is useful to develop an equation for the plate height that will incorporate
the influence of channel shape. Since an analytical solution cannot be obtained
for Eq. (7), it is not possible to derive such an expression.

Using Eq. (7), isocratic elutions were simulated for a wide range of
conditions. From these results and a dimensional analysis, an empirical
expression for reduced plate height was developed:

(4.81Pe°'27

hopps = + 3.37Pe0‘35> 0B (30)

where

a
=1 31
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8 o=1
12 ® a=100
— Equation (30) .
10 A
e
$
£ 6
‘ -
2 B
0 T T T
0.0 05 1.0 20 25

15
0y x 10

Figure 8. Characterization of OPPS efficiency with empirical reduced plate height [Eq.
(30)1.

A typical comparison of the values predicted by Eq. (30) and simulations is
shown in Fig. 8. The ranges of conditions used for developing Eq. (30) are:
6.24X 1074 < 0y <0.042; 1 < a<1x10% 1.944 < B <9.72; and 2.25X
10* < Pe < 6 X 10*. Over 160 simulations were performed within this range of
conditions and the average absolute error was found to be 11%, with a standard
deviation of 10%.

CONCLUDING REMARKS

A mathematical model has been developed to describe the elution of a
single solute in an OPPS under linear equilibrium conditions. It has been shown
that the velocity and concentration gradients along the depth influence the
chromatographic characteristics. In general, channels that are most symmetric («
closer to 1) are slightly less efficient in terms of the reduced plate height, but to
some extent, are more efficient in terms of separation impedance. Due to the
effects of the velocity and concentration gradients on the performance, methods
in the literature based on equating the OPPS-to-OTS with an equivalent radius are
not recommended.

By using the predictions of the OPPS simulator an empirical equation has
been developed for predicting plate-height in OPPS. It has been found that this
equation accurately characterizes the results from the OPPS simulator over a
wide range of conditions.
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N
=

Greek symbols
«

B
AP

NOMENCLATURE

linear isotherm coefficient (cm)

microchannel half width (cm)

solute concentration in the mobile phase (wmol/cm®)
feed solute concentration (p,mol/cmS)

microchannel half depth (cm)

diffusion coefficient in solution (cm?*/sec)
microchannel equivalent diameter (cm)

separation impedance (dimensionless)

reduced plate height of the OPPS (dimensionless)
reduced plate height of the OTS (dimensionless)
plate height of the OPPS (cm)

capacity factor (dimensionless)

microchannel length (cm)

number of theoretical plates (dimensionless)

Peclet number (dimensionless)

equilibrium concentration of solute in the stationary phase
( ,u,mol/cmz)

radial position (dimensionless)

retention ratio (dimensionless)

microcolumn radius (cm)

time (sec)

retention time (sec)

linear velocity along the length (cm/sec)

average velocity along the length (cm/sec)

width at half height of the peak (sec)

position along the microchannel width (cm)
dimensionless position along the microchannel width
position along the microchannel length (cm)
dimensionless position along the microchannel length
position along the microchannel depth (cm)
dimensionless position along the microchannel depth

0./6x ratio (dimensionless)
a/b ratio (dimensionless)
pressure drop (psia)

mobile phase viscosity (cp)
dimensionless time [Eq. (4)]
dimensionless time [Eq. (4)]
dimensionless time [Eq. (4)]
dimensionless feed time
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