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a b s t r a c t

This paper presents and compares three different designs including open-channel, circular-pillar and
screen-plate microreactors for capturing and detection of biomolecules in a buffer liquid. In general, these
capturing/detection devices consist of a flow cell containing one or several reactive surfaces loaded with
ligand molecules. The critical issue in the design of an efficient device is the proximity of the biomolecules
to the ligands in the capturing stage since the latter is immobilized on the reactive surface and the for-
mer is freely moving in the flow. The flow pattern and the geometry of the device are the key factors
in this regard. The presented designs are numerically modeled and compared in terms of capture effi-
ciency. Immersed biomolecules are assumed to behave like a continuum medium. The Navier-Stokes and
convection–diffusion equations are solved in two dimensions and the concentration profile is obtained
after a certain sampling period. The chemical reaction between the ligand and the biomolecule is included

in the model through solving the reversible kinetic equation at the boundaries. Considering the level of
performance, and ease of implementation, the screen plates are found to be the favourable option for the
purpose of biomolecule removal. The effects of the change in the geometric parameters (i.e., the number
of plates and reactive side preference) and physicochemical parameters (i.e., the diffusion constant, lig-
and surface density, and forward and backward reaction rates all combined in non-dimensional numbers)
on the capture efficiency of the screen plates are thoroughly inspected and the corresponding results are

plotted.

. Introduction

Unique features of microfluidic devices have attracted
esearchers’ interest in a wide range of disciplines including
iochemistry and biotechnology [1,2]. Due to their miniaturized
esign, different functionalities including mixing, pumping, sepa-
ation and reaction can be integrated in narrow channels on a tiny
hip [3]. This helps to reduce the cost of mass production and the
isk of contamination existing in conventional macroscale devices
4,5].

Microreactors are the essential constituent of microfabricated
hips for many chemical and biotechnological applications. High
urface-to-volume ratio (10,000–50,000 m2/m3) and fast rates of

eat and mass transfer in such devices cause the reactions to be
ore efficient than the macroscale counterparts [6]. The large value

f the heat transfer coefficient leads to a more uniform sample tem-
erature which itself results in a better control of experimental
onditions. Moreover, the small size and the high rates intensify
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the reactions, shorten the residence time and consequently favour
having higher throughputs [7].

One of the common applications of microreactors is to separate a
phase from a buffer liquid using the binding specificity between two
reactants [8]. This idea, for instance, has been implemented in affin-
ity chromatography to remove biological molecules from the liquid
phase [9,10]. Surface plasmon resonance sensors (SPR) [11,12], high
frequency quartz microbalance [13] and hollow cantilever-based
biosensors [14] used for the study of adsorption kinetics are among
the examples of the above application. All the cases mentioned here
deal with a buffer liquid flowing through a microchannel and mass
being transported to the labelled surfaces.

Microreactors are generally divided into heterogeneous and
homogenous categories. In the homogeneous reactors, reaction
takes place within the solution. Conversely, in the heterogeneous
reactors, one of the reactants (ligand) is immobilized on a solid sur-
face and the other reactant is brought close to the surface by the
carrier fluid. The reactive surface can be incorporated in thin layers

on boundaries (so-called open channels) or in packed-bed configu-
rations within the flow domain [15]. Because of the very small size
and low Reynolds number, the main mechanism in the open chan-
nels for the transport of the immersed reactant is diffusion [16].
Packed-bed designs, on the other hand, add the effect of convection

dx.doi.org/10.1016/j.cej.2010.09.056
http://www.sciencedirect.com/science/journal/13858947
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nd decrease the diffusion path through constructing the reactive
urfaces against the flow and reducing the size of flow passages
17]. As a result, the capturing performance increases or alterna-
ively, smaller chambers for the same throughput are required for
abrication.

Mass transport from the buffer liquid to the reactive surface
nd vice versa in microreactors can be considered as a subcate-
ory of solute dispersion (including both convection and diffusion)
ith chemical reaction. In 1953, Taylor [18] found an approxi-
ate analytical solution for the traverse mean variables of the

onvection–diffusion equation for the dispersion of a solute inside
tube with laminar flow and impermeable walls. However, no

eaction and interphase transport was considered. His work was
odified by many researchers using other analytical methods to

chieve higher order accuracy of the analytical solution [19–21].
ankarasubramanian et al. [22] extended the particle dispersion
roblem to the interphase transport systems. He derived an ana-

ytical relation for the mean concentration of a solute inside a tube
ith first-order reactions at the walls. However, their solution was

onfined to the case of irreversible reaction. Barton [23] added a
inear bulk reaction to the previous model of Sankarasubramanian
t al. [22], obtained an asymptotic solution for larger dimension-
ess times and extended the solution for the flow reactors. Shapiro
t al. [24] solved the convection–diffusion equation with the irre-
ersible first-order kinetic equation and included the external
orces exerted on the particles, and also position-dependent dif-
usivity and rate constants. Both Barton and Shapiro et al. used the
aylor’s dispersion theory (analytical method) which provides no
etailed information about the concentration profile throughout
he domain.

Analytical solutions, although valuable to provide an in-depth
nsight, are limited to very simplified cases. Many researchers tried
o solve the convection–diffusion equation in complex geome-
ries with or without the homogenous/heterogeneous chemical
eactions. Dutta et al. [25,26] analyzed the particle dispersion
n pressure-driven flows in microetched channels for different
hapes of cross sections. However, no chemical reaction was con-
idered in their model. In 2003, Baroud et al. [27] numerically
olved the diffusion–convection–reaction equations for the reac-
ions happening between two species in the bulk flow of a T-shaped

icrochannel (homogeneous reaction) and compared the results
ith the experiment. They assumed the reaction was irreversible

nd neglected the second derivatives of the concentration along
he channel. Wang et al. [28] conducted similar simulation inside a
-shaped microchannel and investigated the effect of adding obsta-
les on improving the mixing. The obstacles were not reactive on
he surface and were used only to enhance the convective transport
nd mixing. In 2006, Aoki et al. [29] compared the performance of
icroreactors for mixing of two species in the bulk flow with dif-

erent channel cross sections (such as rectangular and triangular
hapes) introducing two non-dimensional parameters represent-
ng the relative strength of reaction/diffusion and aspect ratio of

ean diffusion length. Their work focused on the bulk reaction,
nd not the heterogeneous reaction with the reactors embedded in
he domain. Full momentum and mass transport equations were
olved by Gervais et al. [30] for the case of heterogeneous reactions
n the boundaries of a rectangular microchannel reactive on either
ne or both sides. They analyzed the bulk concentration and surface
aturation behaviour versus non-dimensional parameters of the
roblem. However, the geometry presented was an open channel,
nd no effort was made to develop a solution for the packed designs.

aghode et al. [31] presented a numerical model of ammonia

ecomposition on reactive surfaces of a parallel-plate channel and
lso a single reactive cylinder centrally located in a microchannel.
hey coupled the momentum and convection–diffusion–reaction
quations with the energy equations and used a simplified sink
ring Journal 165 (2010) 668–677 669

term to represent the reaction rate at the surface. Nonetheless,
they did not consider the reversible kinetic equation which more
accurately describes the chemical reactions on the surface. More-
over, only a single cylinder was used to reduce the simulation cost
while in today’s microchips, packed designs of microreactors are
favourable and mostly used in real microplants to increase the
output rate.

There have been tremendous studies aimed at modelling of the
particle dispersion problem coupled with chemical reaction. How-
ever, no detailed investigation and comparison of the performance
of open-channel and packed-bed heterogeneous microreactors
were found considering both convection–diffusion and reversible
chemical reaction at the reactive surfaces. In this paper, a numerical
model is presented to investigate three different assemblies of the
reactive surfaces (open-channel as well as packed-bed designs) in a
microchannel. In order to verify the model, first, Graetz problem is
solved in a rectangular microchannel, and the results are compared
to the analytical solutions available in the literature for the entrance
and fully developed regions [32]. Then, the accuracy of the simula-
tion to fit the available experimental data is examined [17]. Once it
is verified, the numerical model is used to analyze each of the three
designs and compare them in terms of capture performance.

The first objective of this work is to investigate the effect of
the reactive surface configuration on the device performance. The
first configuration considered here is a rectangular open channel.
This design resembles the common flow chamber devices currently
being used to study the kinetics of microorganisms inside buffer
liquids [33,34]. The next two designs are alternative configurations
in packed-bed forms; one with circular pillars and the other one
with screen plates. The numerical model introduced in this paper
is developed to explore superiorities of one design with respect
to the others. After finalizing the geometry, the next objective is to
study the effect of other design parameters. These parameters range
from chemical properties (such as the ligand surface density and
reaction rates) to geometric properties (like the number of plates).
The effects of these parameters are inspected and explained for the
selected geometry by means of non-dimensional numbers govern-
ing the problem of mass transport [30]. In summary, this paper is
aimed at the comparison of some of the commonly used configura-
tions of microreactors and performing an efficiency analysis along
with a parametric study of the selected design. It is not intended
to propose a generalized framework to optimize the microreactors
for different design parameters as it is almost impossible to do due
to the diversity of the parameters [30].

The paper is organized as follows: in Section 2, the theory
of mass and momentum transport are presented and the non-
dimensional numbers governing the problem are discussed. In
Section 3, first, the Graetz problem is solved to verify the numeri-
cal model introduced in the paper against the exact solution. Then,
experimental data obtained from the literature [17] are compared
with the numerical results to investigate the viability of the model
to apply to real conditions. The geometries and dimensions of the
capturing devices are explained in detail in Section 4. In Section 5,
the results are presented in two parts: the first part elaborates the
performance of each microreactor. The second part investigates the
parameters essential for the design process.

2. Theory

2.1. Momentum transport and continuity equations
The buffer liquid is assumed to flow through a rectangular
microchannel at steady state in the absence of body forces like grav-
ity. Two-dimensional incompressible Navier-Stokes equations are
used along with the continuity equation to find the velocity profile
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hroughout the domain.

· u = 0 (1)

u · ∇u = −∇p + �∇2u (2)

In this equation, u is the velocity vector, p is the pressure, � is
he density, and � is the dynamic viscosity. The no-slip boundary
ondition is assumed at the walls. Constant velocity is specified at
he inlet. The outlet is assumed to be at atmospheric pressure.

.2. Mass transport equation

After the flow reaches the steady-state condition, the solute
the immersed reactant) is released at the inlet at a specific con-
entration (C0), and it is monitored after a certain sampling time
eriod. This solute is carried by the liquid and transported to the
eactive surfaces through diffusion and convection. The transient
wo-dimensional mass transport equation which is solved inside
he domain (neglecting the effect of external forces) is as follows:

∂C

∂t
+ u · ∇C = D∇2C (3)

here C is the solute concentration in the bulk, and D is the diffusion
oefficient.

For the chemical reaction at the reactive boundaries, rates of
dsorption and desorption of the solute are included in the prob-
em through a concentration flux term. The kinetic equation of the
hemical reaction is used to calculate this flux.

∂Cs

∂t
= konCwall(Cs0 − Cs) − koff Cs (4)

In this equation, Cs0 is the surface concentration of the ligand
referring to the total number of the free sites available for bind-
ng), Cs is the surface concentration of the bound reactant (referring
o the number of the occupied sites), and Cwall is the concentra-
ion of the solute adjacent to the wall. kon and koff are forward and
ackward reaction rates, respectively.

At the outlet, the convective flux is specified as

· (−D∇C) = 0 (5)

n which n is the normal vector to the boundary. All other bound-
ries are insulated or symmetry, which means

· (−D∇C + Cu) = 0 (6)

For all of the equations, the change in the physical properties
ue to temperature variation is neglected.

.3. Non-dimensional forms of the governing equations

Due to the diversity of the variables involved in the problem
f dispersion–reaction, non-dimensionalization allows for under-
tanding the impact of each term on the output. This helps to
xplain the results in a more systematic way. The dimensionless
orms of the mass transport and reaction kinetic equations are pre-
ented here [30]:

∂C∗

∂t∗ +
(

u∗ ∂C∗

∂x∗ + v∗ ∂C∗

∂y∗

)
= 1

Pe2

∂2C∗

∂x∗2
+ ∂2C∗

∂y∗2
(7)

∂C∗
s

∂t∗ = εDa[C∗
wall(1 − C∗

s ) − KDC∗
s ] (8)

here
∗ = x

hPe
, y∗ = y

h
, t∗ = Dt

h2

∗ = u

uavg
, v∗ = v

uavg
, C∗ = C

C0
, C∗

s = Cs

Cs0
ring Journal 165 (2010) 668–677

where x* and y* are the dimensionless coordinates and t* is the
dimensionless time. h is the characteristic length (the flow path
width), uavg is the average inlet velocity, Pe is Peclet number, Da
is Damkohler number, ε is the relative adsorption capacity and KD

is the equilibrium dissociation constant [30]. Thus, the four main
non-dimensional parameters governing the problem are

Pe = uavgh

D
, ε = C0h

Cs0
, Da = konCs0h

D
, KD = koff

konC0
(9)

Peclet number is the ratio of the convection and diffusion
strengths while Damkohler number is the relative strength of reac-
tion at the surface and diffusion towards it. To compare the relative
strengths of convection and reaction, konCs0l/Uh is used in which
l is the length of the reactive area [30]. These numbers will be
used later to interpret the patterns obtained from the numerical
results.

3. Model verification

The verification of the numerical model is accomplished in two
steps. In the first step, the model is verified against the exact solu-
tion of a simplified form of the mass transport equation (Graetz
problem). In the second step, the numerical data obtained for the
mass transport inside a rectangular microchannel is verified with
the experimental data obtained from the literature [17] without
considering any specific limitation or simplification.

3.1. Model verification against the exact solution

For very large Peclet numbers at the steady-state condition with
no lateral velocity in y direction, Eq. (7) reduces to the so-called
Graetz equation [30]

u∗ ∂C∗

∂x∗ = ∂2C∗

∂y∗2
(10)

This equation along with the simplified version of the bound-
ary condition for mass flux leads to a set of equations which
can be solved analytically. Here, only the final results for the
non-dimensional bulk concentration are used. The details on the
solution procedure are presented in [30]. Bulk concentration at each
section of the channel is calculated from the following formula

Cb =
∫ h

0

Cu dy (11)

Solving the Graetz problem for a rectangular microchannel with
only one reactive surface (Fig. 1(a)) gives the non-dimensional bulk
concentration as follows [30]

C∗
b,entrance = exp(−1.467x∗2/3) (12)

C∗
b,fully developed = exp(−2.4304x∗) (13)

Eq. (12) is valid in the entrance region while Eq. (13) is more
accurate within the fully developed region. COMSOL Multiphysics
software is used to model the mass and momentum transport (i.e.,
Eqs. (1)–(3)) inside the microchannel for Pe = 50 and Da → ∞. The
Navier-Stokes and the convection–diffusion equations are assumed
to be decoupled. This assumption applies to the dilute solutions
with no effect of the solute on the flow pattern. Thus, the Navier-
Stokes equation is first solved to obtain the steady-state velocity
profile inside the channel. Then, the convection–diffusion equation

is solved to find the concentration profile. The result is presented
in Fig. 1. The range of the non-dimensional parameters considered
here is expected to yield a solution close to the Graetz problem.
As it is shown in Fig. 1(b), the data points satisfactorily follow
the entrance-model curve for smaller values of x* and the fully
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Fig. 1. (a) Rectangular microchannel with the reactive side at the bottom. The
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tive length currently being implemented in the flow cell device
used by the authors in the laboratory). The plates are assumed to
be reactive only at the front side in the screen-plate design. The
gap between the plates in the screen-plate design and between the
cylinders in the circular-micropillar design is 10 �m, which works
hannel is 10 �m wide and 500 �m long. Part of the channel is shown here. (b) Com-
arison of the numerical results with the entrance and fully developed analytical
olutions for Pe = 50 and Da → ∞.

eveloped curve for larger values of x*. Larger values of Peclet num-
er will result in even better agreement especially in the entrance
egion. Now that the numerical model is verified, it is used to exam-
ne the performance of the three designs presented in the next
ection.

.2. Model validation against experimental results

Hybridization kinetics of DNA strands has been tested and
eported in [17] for a rectangular microchannel with a reactive spot
abelled with specific ligands. The adsorption/desorption kinetics is

onitored by fluorescence microscopy. The DNA solution (29 basis
airs of strands) is released at the inlet (shown in Fig. 2(a)). The
hannel is 10 mm × 1 mm × 10 mm, and the inlet velocity is 1 mm/s.
he flow is turned on for 50 min, then turned off for 310 min and
gain turned on for the rest of the experiment. The size of the reac-
ive spot and the ligand surface concentration are not explicitly

entioned in Ref. [17]. Here, values consistent with those used
n other examples of the same reference are applied. The spot is
onsidered to be 4 mm long, and the ligand surface concentration
ssumed to be 1 × 10−8 mol/m2. Backward reaction rate is assumed
o be negligible as mentioned in [17]. Also, the values of diffu-

ivity (D), forward reaction rate (kon) and inlet concentration (C0)
ere obtained in Reference [17] by fitting the numerical method

o the experimental data. Here, the same procedure was followed.
ig. 2(b) shows that for the set of variables obtained from the fit-
ring Journal 165 (2010) 668–677 671

ting (D = 7 × 10−11 m2/s, kon = 30 m3/mol/s, C0 = 2.9 × 10−6 mol/m3)
the numerical curve follows the experimental data very well. The
numerical values for the diffusivity and the inlet concentration are
found to be the same as those presented in [17]. However, bet-
ter fitting to the experimental data is obtained using the forward
reaction rate presented here (kon = 30 m3/mol/s) than the one men-
tioned in the reference (kon = 75 m3/mol/s). The two values are still
in the same order. The difference may exist due to the discrep-
ancies in the assumed surface concentration or reactive surface
configuration.

4. Geometry

Fig. 3 shows the microchannels with three different microreac-
tor geometries considered for the analysis. The geometries are the
parallel-plates (PP) open channel, circular micropillars (CM), and
screen plates (SP). In all cases, the design criteria that the reactive
surface area and the overall channel size must be the same are met.
The length of the microchannel is 235 �m, and the height is 120 �m.
The total length of the reactive boundary is considered 470 �m for
the screen-plate and parallel-plate designs (i.e., same as the reac-
Fig. 2. Validation of the numerical model: (a) rectangular microchannel with the
reactive plate shown in red color and (b) fit of the experimental data for 29 basis
pairs of DNA strands with the numerical results.
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Fig. 3. Geometries of three microreactors: (a) parallel-plate open channel (PP) in
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Table 1
Numerical values of the parameters used for the simulations in Figs. 6–8 (taken from
[35–37]).

Parameter Value

Forward reaction rate (kon) 105 m3/(mol s)
Backward reaction rate (koff) 10−2 s−1

Ligand concentration (Cs0) 10−8 mol/m2

Diffusion coefficient (D) 10−11 m2/s
Inlet concentration (C0) 10−6 mol/m3

Average inlet velocity (uavg) 10−4 m/s

centration plots within the domain and on the reactive surfaces for
hich top and bottom surfaces are reactive, (b) circular micropillars (CM) in which
ylinder surfaces are reactive and (c) screen plates (SP) in which only front sides of
he plates are reactive.

ell for biomolecules without causing any clotting. For the circular-
icropillar design, the length of the reactive boundary is 471.2 �m

ince in this case it is not possible to have exactly the same length
s the others and keep the flow path width constant at 10 �m. Thus,
length very close to the set value (i.e., 470 �m) is selected. Com-
ared to the numerical error in the simulations, this difference is
ot expected to have significant influence.

. Results and discussion

.1. Device performance comparison

In the following sections, two different parameters, including
apture efficiency and average surface concentration adsorbed on

he reactive area, are used to carry out the comparison. Capture
fficiency is calculated based on [30]

E = 1 − C∗
b,outlet (14)
Peclet number (Pe) 100
Damkohler number (Da) 1000
Relative adsorption capacity (ε) 0.01
Equilibrium dissociation constant (KD) 0.1

where C∗
b,outlet

is the non-dimensional form of the bulk concentra-
tion at the outlet (Cb,outlet) and is defined as

C∗
b,outlet = 1

C0uavgh

∫ h

0

Coutletuoutlet dy (15)

Throughout this paper, this parameter is used to find the gain
in the adsorbed concentration whenever a design factor is changed
and the reactive area is unchanged.

It is clear that increasing the area leads to higher adsorbed
concentrations and capture efficiencies. Therefore, there must be
another criterion to scale the gain in the adsorbed solute and
include the effort made for preparing the reactive surface. To meet
this need, average surface concentration, Cs,avg, is determined. Cs,avg

is interpreted as the performance of the device and obtained from
the following formula for the unit depth of the channel

Cs,avg = 1
l

∫
reactive area

Cs dx (16)

where l is the length of the reactive surface. Cs,avg is used whenever
the reactive surface area is changed for a device.

Table 1 presents the numerical values of the chemical and
physical parameters and the corresponding non-dimensional num-
bers used for the simulations. These values are within the range
observed in common biological reactions [35–37]. COMSOL Multi-
physics software is used to solve the governing equations in two
steps. First, the Navier-Stokes equations are solved in the domain
and the steady-state velocity is obtained. Then, the transient mass
transport equation is used along with the kinetic equation to derive
the concentration profile of the solute in the bulk and on the sur-
face. Fig. 4 shows how the three geometries introduced in Section
4 are meshed. A triangular mesh is used throughout the domain
and is refined near the reactive boundaries to capture the high gra-
dients of concentration. The problem is sensitive to the mesh on
the boundaries especially around the edges where the gradients
are larger. Throughout this paper, mesh independency is investi-
gated with the margin of 1% change in the numerical results. The
buffer liquid with the solute is allowed to flow through the channel
for 5 min which is in the range of the usual sampling times. Due
to symmetry, only half of each geometry is modeled. The Reynolds
numbers investigated here lie in the range of 10−5 to 10−3 (corre-
sponding to the average velocities between 1 and 100 �m/s) which
is in the Stokes flow regime. Fig. 5 depicts the streamlines for two of
the geometries (i.e., screen plates and circular micropillars) which
are not as straight forward as the parallel-plate design. The stream-
lines show a laminar flow of solution without forming any vortices
in the vicinity of the reactive areas. Figs. 6–8 present sample con-
each design. After 5 min, the capture efficiency (CE) is 1.6%, 15.5%
and 15.7% for the parallel-plate (PP), circular-micropillar (CM) and
screen-plate (SP) designs, respectively. As it is expected, the effi-
ciency significantly improves by changing the design from the open
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the device, and D is the diffusion constant. These parameters pro-
ig. 4. View of the mesh in: (a) parallel-plate open channel, (b) circular micropillars
nd (c) screen plates.

hannel to the packed-bed geometry. However, for the packed-bed
esigns, there is no significant difference (within the numerical
olution error) between the screen plates and the circular pillars.
o compare the three designs more accurately, the simulation is
onducted for four different Peclet numbers. Damkohler number
s kept constant (at 1000), so the problem is in transport-limited
egime. This is desirable since the effect of the geometry on the
mprovement of transport is of interest here. Pe is changed because
onvection and diffusion, as the two mechanisms of dispersion, are
f great importance and the corresponding trends reveal the rela-
ive importance of each term. Fig. 9 shows the capture efficiency of

hree different designs versus Pe for the reactive lengths of 470 �m.
or all the geometries, as Pe increases, CE decreases since the con-
ection time scale becomes smaller than the diffusion time scale. As
result, biomolecules are carried away by the buffer liquid before
Fig. 5. Streamlines in: (a) circular micropillars and (b) screen plates for Re = 10−3.
Edge effects are observed at the outlet far from the reactive obstacles.

they diffuse to the reactive surfaces. Conversely, for smaller Pe,
biomolecules have enough time to adsorb on the surface. Since the
time scale of reaction is short (high Da), very large capture efficiency
are gained for small Pe.

From Fig. 9, the capture efficiencies for the two packed-bed con-
figurations (i.e. the screen plates and the circular pillars) are found
to be significantly larger than the capture efficiency of the parallel
plates. This improvement is due to the significant reduction in the
diffusion path of the solute in the bulk and also the effect of con-
vection. The ratio of the capture efficiency of PP design to SP (or
CM) design monotonically increases from around 1.4 to 10 as Pe
number increases from 1 to 100. So, the relative gain seems to be
more considerable for higher Peclet numbers.

To gain a better insight into the results obtained here, two
parameters are introduced: the diffusion time (i.e., the time nec-
essary to transport a biomolecule to the reactive surface through
diffusion) and the convection time (i.e., the time within which a
biomolecule travels through the reactive domain). These two times
are defined as

td = l2
d

4D
(17)

tc = l

U
(18)

in which ld is the diffusion path which is assumed to be half of
the gap between the reactive surfaces, l is the total length that
a biomolecule is traveling close to a reactive surface inside the
reactive box, U is assumed to be the maximum flow velocity in
vide a rough estimate of the diffusion and convection times for a
biomolecule which is moving in the middle of the gap between
the reactive plates. The ratio of these two times (tc/td) determines
the relative capacity of the device to capture that biomolecule.
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Fig. 7. Concentration plots: (a) in the bulk and (b–k) on the reactive surfaces for
Pe = 100, Da = 1000, KD = 0.1 and ε = 0.01. Each reactive surface is a quarter of a circle
Fig. 6. Concentration plot: (a) in the bulk and (b) on the reactive surface.

arger values are favourable since they indicate smaller time scales
f diffusion and larger efficiencies. For instance, for Re = 10−3 and
e = 100, this ratio (tc/td) is approximately 0.02, 0.1 and 0.12 for
arallel plates, circular pillars and screen plates, respectively. Com-
aring these values demonstrates the relative superiority of the
acked-bed design with respect to the open channel.

The comparison between the capture efficiencies of SP and CM
esigns shows that their performances are almost indistinguish-
ble (see Fig. 9). Considering the numerical error in the simulation,
t is concluded that there is no significant gain in changing the
esign from the screen plates to the circular micropillars. Fabri-
ation process may be the same in terms of difficulty for SP and
M designs. However, screen plates greatly facilitate the process
f the immobilization of the antibodies and also the detection of
he deposited biomolecules on the reactive surfaces. Considering
he good performance and ease of implementation, screen-plate
esign is a favourable option to use in the biomolecule separation
rocess in the laboratory. In the next section, this configuration is
nalyzed in terms of the effect of the design parameters.

.2. Analysis of the screen-plate design

This section investigates the influence of the physiochemical
esign parameters and the geometric design parameters (including

he number of the plates and reactive side preference) on the output
f the biomolecule separation process for the screen-plate reac-
or selected in the previous section. The effects of physiochemical
arameters are analyzed in terms of the non-dimensional factors
resented in Section 2.3.

numbered in Fig. 4(a).
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obtained by adding the plates. Fig. 11 presents the non-dimensional
average surface concentration, C∗

s,avg , versus the number of units.
Each reactive unit consists of two screen plates positioned consec-
utively. This is shown in the top right part of the figure. Changing
ig. 8. Concentration plots: (a) in the bulk and (b–f) on the reactive surfaces for
e = 100, Da = 1000, KD = 0.1 and ε = 0.01. Only front sides are reactive.

.2.1. Physiochemical parameters
Biomolecules differ in their affinity to bind to each other.

ifferent types of ligands result in different values of the for-
ard and backward reaction rates [36–38]. Also, they may have
ifferent diffusivities in different solutions used for in vitro exper-

ments. For instance, the diffusion coefficient for protein A33 used
n immunoassay study is around 10−10 m2/s while it is around
× 10−11 m2/s for DNA [30]. All the physiochemical parameters
re combined in the four non-dimensional numbers introduced in
ection 2.3 to simplify the analysis. Among these four numbers,
amkohler and Peclet numbers are of great importance as they rep-

esent the relative strengths of reaction, convection and diffusion
nce the type of reactants, the ligand surface density and the inlet
oncentration is known. Fig. 10 depicts the trend of the capture
fficiency (CE) versus Damkohler number for three different val-
es of Peclet number (keeping ε and KD constant) for the time that

ulk concentration has reached its steady state. It is shown that,
or any specific Pe, the capture efficiency generally increases as Da
ncreases. However, the rate of increase is less for larger Da since
he process has shifted to the transport-limited regime (Da → ∞)
Fig. 9. Capture efficiency versus Peclet number for different designs with reactive
length = 470 �m, Da = 1000, KD = 0.1 and ε = 0.01.

and higher strength of reaction (with constant diffusivity) does not
improve the efficiency very much. This explains the plateau on the
right part of the plots. In addition, Fig. 10 shows that for any specific
Da, decreasing Pe augments the efficiency. This behaviour was also
observed in the previous section where different designs were com-
pared for Da = 1000 (Fig. 7). It is worth mentioning that in all the
plots throughout the paper, whenever the efficiency approaches
to very small values (lower than 1%), the results are not accurate
because of the numerical error margin considered.

5.2.2. Number of reactive units
An interesting geometric study in the screen-plate design can be

the investigation of the effect of the number of reactive plates on the
performance of the device. Since the reactive area is changed in this
case, the average surface concentration is plotted to scale the gain
Fig. 10. Capture efficiency of screen plates versus Da number for different Pe num-
bers (KD = 0.1 and ε = 0.01).
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ig. 11. Non-dimensional average surface concentration versus number of reactive
nits for Pe = 100, Da = 1000, KD = 0.1 and ε = 0.01. The single unit shown on the top
ight part of the plot includes two plates reactive on the front side.

he number of units from 1 to 2 enhances the average adsorbed
oncentration. However, C∗

s,avg drops continuously afterwards. It
eans that despite the gain in the adsorbed surface concentration,

he scaled performance of the device (i.e., surface concentration
er area) decreases for higher surface areas. Close look at the front
ide of the first reactive plate in the first unit demonstrates its low
apacity to capture biomolecules (for example, see Fig. 8(b)). This
apacity significantly improves from this side to the front side of
he first reactive plate in the second unit and changes less signif-
cantly from the second unit to the third one and so on (compare
he areas under the curves in Fig. 8(b), (d) and (f)). In other words,
he small increase in the surface concentration because of adding
ownstream units (after the second unit) does not compensate the

ncrease in the reactive area. Hence, the ratio, which is the average
urface concentration, decreases. This explains why the perfor-

ance is higher for two units than one unit, and is successively

ower for larger unit numbers.

ig. 12. Capture efficiency versus length of the reactive surface for the single-
ided and double-sided devices for different Peclet numbers (Da = 1000, KD = 0.1 and
= 0.01).
ring Journal 165 (2010) 668–677

5.2.3. Double-sided reactive surfaces
While fabricating the device, either side or both sides of the

plates can be labelled depending on the experimental conditions.
Although the double-sided reactive plates have the advantage of
providing the same reactive area within a smaller device, the cap-
ture efficiency is the main criterion to select the configuration. In
this paper, alternative configurations have been studied to find the
one which has the highest capture efficiency for the same reac-
tive area. Fig. 12 shows the capture efficiency for single-sided (SS)
and double-sided (DS) devices with different reactive lengths at
three Peclet numbers. This figure reveals the fact that for all the
range of reactive areas investigated here, the double-sided design
has lower capture efficiency compared to the single-sided design.
For lower Peclet numbers (smaller diffusion time scale), the effi-
ciencies are very close since the dominant mechanism (diffusion)
works equally for both designs. As Peclet number increases, the dif-
ference between efficiencies is more significant. Thus, convection is
more influential when the reactive areas are fabricated single-sided
against the flow.

6. Conclusions

Microfluidic devices with flow-through channels and mass
transport to reactive surfaces have drawn attentions in recent
chemical and biological studies. Since the biomolecular reactions
take place at the surfaces, finding the optimal device configuration
to capture as many biomolecules as possible on the surface is a
crucial step in the design process. The determination of the opti-
mal configuration as well as the best range of working condition is
very complicated due to the large number of the parameters gov-
erning the physics of the problem. The numerical model introduced
in this paper enables the researcher to compare the performance
of alternative assemblies of the same reactive area inside a fixed
volume. Packed-bed designs (including screen plates and circular
micropillars) were proved to enhance significantly the reaction per-
formance over the conventional open-channel reactors. This is a
direct result of reducing the diffusion path and using convection
in biomolecule transport. The increase in the capture efficiency is
more significant when the Peclet number is larger. The only small
drawback is the larger pressure drop across the channel. For exam-
ple, for Re = 10−3, the pressure drops are around 0.054, 1.8 and 22 Pa
for parallel plates, circular pillars and screen plates, respectively.
This is expected due to the fact that the screen plates are bluff bod-
ies. The numerical model presented here also allows the thorough
examination of the effect of design parameters on the device effi-
ciency. The screen-plate design was selected in this paper to do
the parametric study due to good performance and ease of fabri-
cation. It was shown that adding to the number of reactive plates
does not generally increase the scaled performance (average sur-
face concentration) of the device. In addition, labelling reactive
surfaces on both sides was found to decrease the capture efficiency
of the device compared to the single-sided reactive surfaces. This
decrease is more considerable for larger Peclet numbers. Differ-
ent regimes (such as transport-limited regime and reaction-limited
regime) were also observed when physiochemical parameters were
changed over their usual ranges in biochemical reactions. Recog-
nizing these regions can be useful to find out where the experiment
conditions lie and how to adjust them since some changes to the
parameters do not significantly contribute to the output and are
worth neither the effort nor the cost.
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