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a b s t r a c t

Numerical simulation can provide valuable insights for complex microfluidic phenomena coupling
mixing and diffusion processes. Herein, a novel finite element model (FEM) has been established to
extract chemical reaction kinetics in a microfluidic flow injection analysis (micro-FIA) system using high
throughput sample introduction. To reduce the computation burden, the finite element mesh generation
is performed with different scales based on the different geometric sizes of micro-FIA. In order to study
the contribution of chemical reaction kinetics under non-equilibrium condition, a pseudo-first-order
chemical kinetics equation is adopted in the numerical simulations. The effect of reactants diffusion on
reaction products is evaluated, and the results demonstrate that the Taylor dispersion plays a deter-
mining role in the micro-FIA system. In addition, the effects of flow velocity and injection volume on the
reaction product are also simulated. The simulated results agree well with the ones from experiments.
Although gravity driven flow is used to the numerical model in the present study, the FEM model also
can be applied into the systems with other driving forces such as pressure. Therefore, the established
FEM model will facilitate the understanding of reaction mechanism in micro-FIA systems and help us to
optimize the manifold of micro-FIA systems.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Flow injection analysis (FIA) has been widely applied in analytical
chemistry since it was introduced in 1975 [1]. Contrary to the con-
ventional concept that chemical analysis relies on steady-state
reactions, FIA provides a new way to exploit both physical and che-
mical processes under non-equilibrium conditions with reproducible
operation timing. In addition, FIA can easily achieve automated
operation with inexpensive instruments, which effectively makes it
as a useful approach in practical applications. FIA has underg
one great development with three main generations including FIA
(the first generation), sequential injection analysis (SIA, the second
generation) [2] and bead-injection (BI)-lab-on-valve (LOV) [3] (the
third generation). The main driving force of these progresses is to
miniaturize the manifolds for reducing the consumption of samples
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and reagents in FIA systems. Recently, with the development of
micro-total analysis system (μTAS), an advanced generation of micro-
FIA systems has been proposed to integrate the complex chemical
manipulations and detection. In the early stage of the micro-FIA
system, continuous flow model was usually used for bio-analysis [4],
synthesis [5,6], sample purification [7] and extraction [8]. However,
these devices encountered main disadvantages of significant con-
sumption of reagents and cross-contamination. In order to overcome
these problems, zone injection model using micro-pump and micro-
valve has been proposed and soon became the main format in micro-
FIA system [9–12]. Verpoorte and her coworkers [9] fabricated a
micro-valve for sample injection and integrated both electrochemical
and photometric detectors in a silica microchip for analyzing phos-
phate ions. Because of the difficulty in micro-valve fabrication,
external pumps and injection valves instead of micro-valve fabricated
on microchip were proposed. The established micro-FIA system with
two external injection pumps was verified using numerical simula-
tions [13]. Such system could also be used to determine antioxidant
[14]. In this case, the injected sample volume is still very large, and
the zone injection cannot be effectively achieved using the external
pumps. In 1992, Manz's group [15] made a great progress in realizing
non-valve sample injection in microchips using a electroosmotic

www.sciencedirect.com/science/journal/00399140
www.elsevier.com/locate/talanta
http://dx.doi.org/10.1016/j.talanta.2015.03.051
http://dx.doi.org/10.1016/j.talanta.2015.03.051
http://dx.doi.org/10.1016/j.talanta.2015.03.051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2015.03.051&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2015.03.051&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2015.03.051&domain=pdf
mailto:xhxia@nju.edu.cn
mailto:fangqun@zju.edu.cn
http://dx.doi.org/10.1016/j.talanta.2015.03.051


Fig. 1. Photograph of the chip used in a micro-FIA system driven by the gravity (A) and the fracture of simulation domain used in the numerical model (B). The outlet channel
for controlling the difference in liquid levels is not included. The yellow and blue regions represent the sub-domains 1 and 2, respectively. These two regions are only used
for introduction of reagent and sample, respectively. The red region is the sub-domain 3, where sample and reagent get mixed and then reaction starts. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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pump. However, the long-time stability of the whole system should
be improved due to the Joule heat effect. This problem can be
overcome simply by using the gravity driving force instead of the
electroosmotic pump. We showed that gravity driven micro-FIA
system could realize the zone sample injection (Fig. 1A) [16]. In this
system, nanoliter sample injection and high-throughput analysis can
be achieved easily.

Up to now, numerous mathematical models have been estab-
lished to study the mechanism of mass transport in traditional FIA
[17–24]. The “black” box method was first adopted to address mass
transport in the complicated FIA systems. The regression equations
[17–20] and artificial neural networks [21] are two typical repre-
sentations. These methods can be used to predict reactions in FIA,
however, they meet the main drawback of the requirement of a
larger number of experimental data. Therefore, this “black” box
method has been replaced by the analytical method in the recent
years. On the basis of the mathematical descriptions of the flow
pattern, mass-transport and chemical reaction kinetics, the ana-
lytical method allows deep insights into the process of FIA sys-
tems. For example, the dispersion of sample and chemical reaction
kinetics can be successfully described by using the analytical
methods [22–24].

With the development of photolithographic techniques, fabrica-
tion of microchip with smaller size has become feasible. It has been
reported that miniaturization of the FIA systems will induce com-
plicated mass transport behavior, i.e., the molecular diffusion will
become the predominant factor in determining the chemical reac-
tion kinetics as scaling down the dimension. Therefore, study of the
interactions among diffusion, convection and chemical reaction
kinetics will help us to have a comprehensive understanding of the
chemical reactions in the micro-FIA systems and design appropriate
micro-FIA system. In this work, a finite element model (FEM) is
established to extract chemical reaction kinetics in a micro-FIA
system using high throughput sample introduction. The effects of
reactants diffusion, the flow velocity and injection volume on the
reaction product have been simulated. The good agreement between
the simulated and the experimental results demonstrates the
effectiveness of the established simulation method.
2. Theory and numerical method

In the current study, the physical model for the microchip with
gravity driven flow can be established by using the following
equations. Firstly, the mass and momentum transports in the
gravity driven flow are governed by the Navier–Stokes equation.
u u u u p f( ( ) ) (1)
u
t

Tρ η ρ− ∇· ∇ + ∇ + ·∇ + ∇ =∂
∂

u 0 (2)∇· =

where, ρ is the density of fluid, η is the dynamic viscosity of fluid,
and f is the body force of fluid; u is the velocity of the fluid; p is the
pressure of fluid.

Since the inertial forces of the fluid are small compared to
viscosity forces, u uρ ·∇ can be set as zero. Furthermore, there are
no applied pressure gradients, thus, Eq. (1) can be simplified into
the Stokes equation.

u u f( ( ) ) (3)
u
t

Tρ η− ∇· ∇ + ∇ =∂
∂

where, f is the body force of fluid and set as f gρ= .
The diffusion and convection equation accounts for the mass

transport and reaction in micro-FIA system by combining with the
term of chemical reaction kinetics.

D c c u R( ) (4)
c
t i i i i
i + ∇· − ∇ + =∂

∂

where, ci and Di denote the concentration and diffusion coefficient
of species i, respectively; R denotes the reaction term, which is
formulated by

R kc c (5)1 3=

where, k is the reaction rate constant, c1 and c3 denote the con-
centrations of reaction reagent and sample, respectively. Con-
sidering that the concentration of reagent (c1) is larger than the
concentration of sample (c3), the whole chemical reaction can be
simplified into a pseudo-first-order reaction. Therefore, the reac-
tion term R can be rewritten into R k c3= ′ (where k k c1′ = * ).

Based on Eqs. (2)–(5), the FEM model for describing the micro-
FIA system is established. The whole computation domain is
divided into 3 sub-domains as shown in Fig. 1B, the yellow and
blue regions represent the sub-domains 1 and 2, respectively.
These two regions are only used for introduction of reagent and
sample. The red region is the sub-domain 3, where sample and
reagent get mixed and then reaction starts. Therefore, due to no
reaction in the sub-domains 1 and 2, the reaction term in Eq. (4) is
not considered. The boundary and initial conditions for the FEM
model are listed in Table 1.

The scales of our computation domain (Fig. 1B) are identical to
the ones in experiments reported recently [16]. The injection
volume of sample can be simulated by controlling the width of
sample plug in numerical model. Therefore, autosample system is
not necessary to be included in our numerical model.
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Since the driving force in the micro-FIA system is gravity, the
difference of liquid levels (10–60 cm) makes the FEM solving
process difficult [16]. In this study, scales of the microchip used in
our experiments are 120 μm in width and 20 μm in depth. To
attain satisfied simulation results in this multi-scale model, an
appropriate mesh must be considered. As we know, the precision
of FEM simulation results and the computation time depend on
the numbers of mesh. An appropriate mesh distribution can pro-
vide better simulations within shorter computation time, espe-
cially in the multi-scale model. Therefore, different sizes of mesh
elements are adopted in the 3 sub-domains. The mesh distribution
in this model is displayed in Fig. 2. In addition, back-mixing at the
junction of sub-domains 1 and 2 (Fig. 1B) is hardly observed dur-
ing the study of mix efficiency with different diffusion coefficients
(Fig. 3A).

Hydrodynamic equations (Eqs. (2) and (3)) are first solved in
stationary for acquiring the velocity profile of the micro-FIA sys-
tem. Then, the time dependent solutions for the Eq. (4) are com-
puted on the basis of velocity profile in micro-FIA system. The
established FEM model and its solving process are performed in
COMSOL Multiphysics 3.5a (Stockholm, Sweden). We check the
influence of mesh sizes on numerical solutions by comparing the
numerical solution errors at different mesh sizes. As shown in
Fig. S1 (Supplementary information), the numerical solution error
for the peak concentration of the final product simulated using
Table 1
The boundary and initial conditions for the FEM model.

Computation domain Boundary and initial condit

Inlet

Sub-domain 1 Normal stress p¼0 N/m2

c1¼2.5 mM, c2¼c3¼c4¼0

Sub-domain 2 Normal stress p¼0 N/m2

c1¼c4¼0, c2¼1 mM, c3¼0

Sub-domain 3 R kc3= k¼2500 s�1(inital condition) Continuity
Continuity

Note: ci denote the concentration of species i (1 – reagent, 2 – buffer, 3 – sample, 4 – p

Fig. 2. Mesh distribution in the computation domain (A). Partially enlarged view for me
for mesh distribution on the corner of the sub-domain 2 (C).
low, moderate and high meshed size is only 3%, demonstrating
that the designed mesh sizes are appropriate.
3. Experiment

3.1. Fabrication of microfluidic device

The chip with a design and scales (Fig. 1B) was fabricated using
Standard photolithographic and wet chemical etching techniques.
The corresponding microfluidic device was fabricated on a 1.7 mm
thick 6�9 mm2 glass plate with chromium and photoresist coat.
The whole chip was bonded by using low temperature pre-
bonding followed by high temperature bonding [25]. Scales of the
fabricated microfluidic chip are 20 μm in depth and 120 μm in
width. Detailed information on the scale of the microfluidic device
is presented in Fig. 1B.

3.2. Micro-FIA system

The micro-FIA systemwas a microfluidic device integrated with
a capillary sampling probe, reagent reservoir, and an array of
microsample vials which were fixed on a home-built autosample
platform modified from a chart recorder (LM14-164, Dahua
Instruments, Shanghai, China) holding a tray on which fixed
ions

Outlet Wall

u usubdomain1= u 0= Eq. (3)
c1¼2.5 mM, c2¼c3¼c4¼0 Insulation/symmetry Eq. (4)

u usubdomain2= u 0= Eq. (3)
.08 mM c1¼c4¼0, c2, c3 Insulation/symmetry Eq. (4)

Normal stress p¼0 N/m2 u¼0 Eq. (3)
Continuity Insulation/symmetry Eq. (4)

roduct, etc.).

sh distribution on the cross sub-domains 1, 2 and 3 (B), and partially enlarged view
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positions for 30 vials were reserved. The flow of fluid was
manipulated by varying the level of the waste reservoir in relation
to that of the reagent reservoir/sampling probe (gravity driven
flow). In experiments, series of FeSO4 standard solutions in the
range of 1–100 μM were used as sample (blue region of Fig. 1B);
the deionized water was used as the carrier; the o-phenanthroline
solution was pipetted into the reagent channel (yellow region
of Fig. 1B).
4. Results and discussion

4.1. Sample mixing and Taylor dispersion in a micro-FIA system

The sample (sample band) and reagent (continuous flow) get
mixed and then reaction starts at the junction of sample (blue
region in Fig. 1B) and reagent channel (yellow region in Fig. 1B). As
the laminar flow is predominant in microchannels, the contribu-
tion of diffusion becomes significant in the mixing. For attaining
the best mixing efficiency on the micro-FIA structure, the
numerical simulation is first used to evaluate the effect of diffusion
coefficient on mixing efficiency.

The mixing efficiency with varied Peclet number (Pe) is eval-
uated at the same Reynolds number (Re). The Peclet number is
defined by Eq. (6),
Pe
ud
D (6)=

where, d is the hydraulic diameter of the channel, u is the mean
downstream velocity of a fluid with diffusion coefficient D. The
Reynolds number of Re¼2.6 is calculated as the ratio of the inertial
to viscous forces in flow (Re¼ρud/μ, here, ρ and μ denote the
density and viscosity of liquid, respectively). As shown in Fig. 3A,
the reagent is diluted by carrier to 66% of its initial concentration
at Pe¼2.6�103 (D¼1�10�9 m2 s�1) (Fig. 3, A1). However, when
the Pe number increases from 2.6�104 to 2.6�105, namely the
diffusion coefficient becomes lower (Fig. 3A2 and A3), the reagent
will be diluted to 84% and 90% of the initial concentration,
respectively. As expected, the mixing efficiency drops with the
decrease of diffusion coefficient. Therefore, the structure of such
microchips is only suitable for small molecules mixing since
macromolecules usually have smaller diffusion coefficients.

With the scaling down of the FIA systems, the relationship
between Pe and the reduced time (τ) moves from the numerical
solution region into the Taylor dispersion region [26]. The reduced
time (τ) is defined by Eq. (7):

t D

d

4
(7)

v

2
τ =

where, d is the hydraulic diameter of the channel and tv is the
residence time of the sample. In this region, peak becomes more
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symmetric. Therefore, several groups have established theoretical
models based on this Taylor dispersion to improve the predict-
ability of FIA performance [26]. In the present work, Taylor's
analysis of dispersion is used to characterize the micro-FIA system.
The numerical solutions for dispersion at different velocities can
be described by two dimensionless parameters of the Peclet
number (Pe) and the reduced time (τ) [27], and the results are
shown in Fig. 3B (red solid cycles). The Pe and τ in the range of
different velocities (induced by the difference in liquid level from
10 to 80 cm) are then calculated. All the results (red solid cycles in
Fig. 3B) are located in the Taylor region (Pe4100 and τ41) in all
the used velocities, and show a linear relationship. These results
clearly demonstrate that the flow conditions move from the
numerical solution region to Taylor dispersion region with scaling
down the FIA systems. However, it can also be observed that the
flow conditions will move to the Aris–Taylor region if the flow
velocity becomes lower, namely, the difference in liquid level
becomes lower than 10 cm. In this case, the peak shape of the
sample band will be distorted. Therefore, the calculated results are
helpful in determining the experimental conditions of chemical
reactions in micro-FIA systems.

Since sample dispersion is mainly caused by the convection and
molecular diffusion, symmetrical Gaussian shape peak is devel-
oped in the micro-FIA system. The peak variance ( peak

2σ ) can be
described as [16]

d
D

t
96 (8)peak v

2
2

σ =

This equation shows that the band-broadening of the Taylor
flow increases proportionally with the residence time. Since the
residence time is reciprocal to the difference in liquid level, the
liquid levels in the range of 50–80 cm are used in our measure-
ments for obtaining good band shape.

4.2. Effect of sample flow velocity and injection volume

In our measurements, the micro-FIA reaction system was
composed of a reaction microchip with a capillary sampling probe,
reagent reservoir, and an array of microsample vials fixed on a
home-built autosampler platform as we reported previously [16].
The coordination reaction of o-phenanthroline with Fe(II) was
chosen as a model system. The sample plugs of Fe(II) standard
solutions (injected from the right channel in Fig. 1B) merged with
the reagent (o-phenanthroline, injected from the left channel in
Fig. 1B) at the reaction channel of the chip driven by gravity [16].
The amount of sample loaded could be changed by adjusting the
different liquid level. Therefore, for reflecting the real state of
experiment, the diffusion coefficients of o-phenanthroline
(1�10�9 m2 s�1) and Fe(II) (7.19�10�9 m2 s�1) [28] were used
in the numerical model.

The flow velocity of 10 cm liquid level difference in a FEM
model is first calculated. For reducing the burden of computation,
we adopt this model to simulate the other micro-FIA systems with
higher differences in liquid level by multiplying the corresponding
coefficients to the velocity of 10 cm differences in liquid level
(channel of sample injection as reference zero point). Therefore,
the same FEM model can be used for simulations by introducing
different body forces into Eq. (3). The concentration profiles of
chemical reaction product are obtained by averaging the con-
centrations over the cross section of channel as a function of flow
velocities (Fig. 4).

From the results in Fig. 4, it is clear that the peak height of the
reaction product increases with the increase of fluids flow rate,
while the elution time decreases accordingly. The increase in peak
height is due to the proportional increase in sample volume with
the increase of sample loading flow rate during a fixed sampling
period. The reduction in elution time is due to the proportional
increase in total flow rate including those of the sample, reagent,
and carrier. The simulated results demonstrate that the differences
in liquid level of 60–80 cm could result in good optimal con-
centration profile of the reaction product (shape) in the present
micro-FIA system, which is in good agreement with the observa-
tion in our previous report [16].

The effect of injected sample volume on the product peak is
evaluated by using numerical simulations. The results in Fig. 5
show a typical behavior similar to that in conventional FIA systems
[29]. The peak height of product increases with volume rather
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rapidly when the injection volume is small. As the injection
volume increases to 30 folds of the initial injection volume, the
peak height of the product reaches a plateau. This result is similar
to that obtained previously (the plateau was reached at 20 folds of
the initial injection volume) [16]. This small difference could be
due to the lower velocity simulated (0.13 cm/s) than the experi-
mental one for each liquid level difference (0.7–0.9 cm/s), thus,
more reaction products are formed because of the longer time for
mixing and reaction in the numerical simulations.

Based on the experimental and simulated results, the kinetic of
pseudo-first-order reaction is plotted in Fig. 6. Based on the first-
order reaction law, if logarithmic scale of absorbance (ln Ap) in
product is plotted against time (t), a straight line will be obtained.
However, as shown in Fig. 6A, the logarithmic scales in product
absorbance (ln Ap) have a nonlinear relationship with time. While
results in higher differences in liquid level (30–80 cm) have a good
linear relation with time (inset in Fig. 6A). Similar phenomena can
be also observed from the simulated results in Fig. 6B. Experi-
mental results can be explained if the radial diffusion is considered
in microchannel at low velocities. Due to the coupling effect of
radial and axial diffusions, the change in probability of collision
between the sample and reagent induces a variation of the reac-
tion apparent rate constant. Therefore, the nonlinear kinetic rela-
tionship of reaction can be attributed to coupling effect of diffusion
and convection at low velocities. Especially, at low velocities, the
diffusion and convection induced by the chemical reaction in the
shorter channel cannot be neglected. Therefore, these two para-
meters alter the concentration profiles within the plug and con-
centration boundaries (Fig. 6C). Due to the confluence of reagents
and samples, the diffusive fluxes of samples towards wall and flow
direction of the fluid are larger than the ones towards interface of
reagents and samples (Fig. 6C1). However, we find that with
increasing the sample velocity to 40 cm difference in liquid levels,
the diffusive fluxes of samples towards interface of reagents and
samples apparently increase (Fig. 6C2). These results demonstrate
that differences in diffusive fluxes of samples will affect the col-
lision frequency and in turn the chemical reaction in experiments,
changing the concentration of reagents and samples at the inter-
face of confluence in the simulations. The coupling of these pro-
cesses thus results in appearance of nonlinear kinetic relationship.
5. Conclusion

In summary, the interaction of mass transfer and reaction
kinetics in a micro-FIA system has been investigated by using the
FEM method. In the micro-FIA system, diffusion becomes the main
driving force to mass transfer. The hydrodynamic behavior of
micro-FIA system is still located in the Taylor diffusion region for
the gravity driving forces used in this work. The concentration
profiles of reaction product with different sample velocities and
injection volumes are evaluated with the numerical model, which
in well agreement with the results in our previous report [16].
Comparing with the conventional FIA systems, the pseudo-first-
order reaction of micro-FIA displays a non-linear kinetic relation-
ship, which may be mainly caused by the variation of apparent
reaction rate and concentration at the interface of confluence flow
at the induced by the co-effect of diffusion and convection. The
real reason is yet to be demonstrated by further theoretical
simulations and experiments. Nevertheless, the present micro-FIA
system can be driven by various forces, such as gravity, electro-
kinetic and pressure. Therefore, various flow models can be
applied into the present system for DNA analysis [30], amino acids
separation [31], enzyme catalyzed reaction [32] and rapid mix
[33]. The work in this manuscript provides theoretical basis for the
mentioned applications.
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