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Abstract

A reactor consisting of plastic foils was developed for educational purposes. The reactor works with small volumes and can be operated
at continuous flow conditions. In practical courses for undergraduate students of engineering, the reactor was used for simple diffusion
and reaction–diffusion experiments. In the initial experiments, the diffusion coefficient of malachite green in different viscous liquids was
estimated. The dependency of the diffusion coefficient on the viscosity of the solvent by using water and 30% glycerol could be reproduced
by the students. In the subsequent experiments the generation of iron rhodanide from iron chloride was chosen as a simple test experiment
for reaction–diffusion systems. The experiments with iron rhodanide showed the dependency of the spreading fronts on flow conditions.
© 2003 Published by Elsevier B.V.
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1. Introduction

Methodical differences as well as difficulties in handling,
and in particular the low importance of chip reactoric vari-
ants in education, represent a substantial barrier for the
rapid development, maturing and use of microtechniques
in chemistry. Therefore, it is necessary to develop envi-
ronmentally compatible and resources conserving chemical
working by miniaturization[1], not only for technical devel-
opment and production but also in research and education.
In the first place, such experiments were chosen as exam-
ples that are suitable for fast experimentation. The intention
was to miniaturize and test exemplarily experiments, in
the low microliter range. While developing appropriate ex-
periments, we focused on simple feasibility rather than on
scientific originality. The intention was to get simple chem-
ical and physicochemical statements, respectively, within
a few hours. In addition, the instrumental side of microre-
action technology should be demonstrated as substantial
characteristic of miniaturized material operations and their
control. With this procedure the goal was pursued to connect
research work directly with educational activities.

For the experiments, liquid-phase reactions and physico-
chemical measuring processes were selected. Preferably, the
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reactions should be performed in small reaction vessels or
in drops stationarily or in microchannel arrangements in a
continuous flow. The procedures should run off fast enough
and be comprehensible by simple, preferably optical spec-
troscopical measurements. As a device for visual control and
optical measurements simple microscopes should be appli-
cable. In contrast to microsystem engineering, a multilayer
foil reactor was developed. This reactor was used for student
experiments.

The reactor was applied within a basic practical course
in chemistry to determine the diffusion coefficients of a
dye assigned in differently viscous liquids. In addition, the
experiments were extended on simple reaction–diffusion
systems with and without additional flow. Besides making
the students come into contact with basic principles of mi-
croreaction technology, the other educational aims were to
give them knowledge about transport phenomena by the
example of diffusion and reaction–diffusion systems with
and without convection and with different viscosities. An
additional effort in these experiments was to introduce pho-
tometric measurements and the Lambert–Beers law[2,3].

2. Experimental

The core piece of the experimental setup is the flow reac-
tor. The reactor works with a volume in the range of 100�l.
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Fig. 1. Sketch of the microflow reactor consisting of three layers.

As in microreaction engineering[4–6] the reactor was made
of multilayers (Fig. 1), actually three layers in this case. The
bottom layer is just a plastic foil (as used for overheads).
On this layer a double-faced adhesive tape (Tesa, Germany)
was fixed. This includes the structure of the reaction chan-
nel and the two influx channels. These channels were cut
with a scalpel in the adhesive tape. No master was used.
The structure was drawn simply on the protection film of
the tape with a marker. After cutting the structure into the
tape it was fixed to the bottom layer. Then the remaining
protection film was removed and the top layer fixed on it.
This layer is also just a piece of plastic foil. In this foil
holes were pierced for in- and outlet. Small parts of sili-
con tubes (inner diameter: 0.5 mm, wall thickness: 1.0 mm;
Roth, Germany) were used for stabilizing the cannulae
(outer diameter: 0.6 mm; Roth, Germany) which are glued
(Uhu® Plus Schnellfest, Germany) on to the foil over the
holes.

The widths of the channels were between 0.5 and 1 cm.
The thickness of the tape that means the depth of the chan-
nel was 0.3 mm and the length was chosen between 1 and
4 cm. Two plastic syringes (1 ml; Roth, Germany) driven
by a syringe pump (SP210iw; World Precision Instruments

Fig. 2. Sketch of the experimental setup.

Inc., USA) were used for loading the reactor with reactants
(Fig. 2). The connection between the reactor and the sy-
ringes was done by a connecting tube (polyethylene, inner
diameter: 0.4 mm, outer diameter: 0.8 mm; NeoLab, Ger-
many) or PTFE (inner diameter: 0.3 mm, outer diameter:
0.76; Novodirect, Germany) and cannulae were fixed with
two components glue (Uhu® Plus Schnellfest, Germany).
For better contrast, a filter (BG12; Linos AG, Germany) was
used (not shown in the sketch) which was laid simply on
the reactor and a blue glass filter was added in the optical
path between light source and reactor. The two filters were
not used in each experiment. The light source was placed
below the reactor and transmitted light was detected by a
video microscope (Motic DM143, Motic B1 series; VWR
International, Germany).

3. Results

3.1. Diffusion of malachite green

The diffusion coefficient of malachite green in water
and in 30% glycerol solution, respectively, was determined.
Malachite green in solvent (1 mg/1 ml water or 30% glyc-
erol) was taken in one syringe and distilled water or 30%
glycerol in water in the other syringe. The liquids were
pumped into the reactor in order to introduce a step profile.
After building up this profile, pumping was stopped and
the reactor closed at the outlet with a clamp. The diffusing
front of the dye was observed (Fig. 3). In this experiment
we used the video binocular of Motic B1; a blue glass filter
was added in the optical path between light source and re-
actor but no additional filter between reactor and detector.
The measured variable is the transmittanceT. To get a fac-
tor which is proportional to the concentration we calculated
the absorbanceE with E = −logT . T was calculated from
the images according to the following equation:

T = ID

I0
= In − Imin

Imax − Imin
(1)

where In is the value of the intensity measured with the
CCD camera of the microscope andImin and Imax the
minimum and maximum values of intensity in the image,
respectively.
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Fig. 3. Diffusing front of malachite green in water. The four images are examples of the time series which shows the spreading diffusion front. The
numbers represent the time in seconds.

For evaluation rectangles of the images of the reactor
channel are cut (Paintshop Pro, Jasc, USA), whose height
corresponds to the channel width and whose width should be
maximum. This depends on the initial profile. These rectan-
gles were divided again into smaller rectangles. The widths
of these rectangles were the same as in the bigger rectangles.
The height would be ideally one pixel in the images. The
students cut the rectangles to about 10 pieces. The average
intensity of each of these smaller rectangles was calculated
using the histogram function of the software. The averaged
intensity is correlated to a space dimensionx. The intensities
were corrected with the maximum and minimum intensity of
the image (Eq. (1)). The values of transmittance were con-
verted to the absorbance and plotted against the distance of
the rectangles. This gives the intensity profiles inFigs. 4, 7
and 9. To calculate the diffusion coefficientD of this profiles,
the Einstein–Smoluchowski equation,D = �x2/2t [7], was
used. Therebyx represents the distance of diffusion andt the
time. x and t are determined by averaged absorbance pro-
files of the images. As shown inFig. 4, the distance�x was
obtained by tangents on the inflection points of the curves.

Diffusion of malachit green
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Fig. 4. Absorbance profiles of the images inFig. 3.

The students transformed about 10 images of a time series
into intensity profiles. The differences of the intersection of
these tangents to the space axisx of two tangents represent
in each case the distance of diffusion. To each of the profile
a time is associated. With the time differences and the dif-
fusion distances for about 10 couples of profiles, a constant
D was calculated using the Einstein–Smoluchowski equa-
tion. The average value was taken as diffusion coefficient.
With these distances and the corresponding time, we ob-
tained for the images inFig. 2a diffusion coefficient ofD ≈
2.6× 10−4 cm2/s. Twelve groups of undergraduate students
carried out the experiments with malachite green solution in
water and in 30% glycerol. The mean values of the diffusion
coefficient found by the students areD = 4×10–4 cm2/s for
water andD = 6×10−5 cm2/s for 30% glycerol. The values
vary in water betweenD = 1.6×10−3 and 5.3×10−5 cm2/s
with a standard deviation of 6× 10−4 cm2/s. In glycerol a
standard deviation of 1×10−4 cm2/s with values which vary
between 3×10−4 and 6×10−7 cm2/s. Despite the high dif-
ferences in individual values, all groups found higherD in
solutions of lower viscosity, as expected.
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Fig. 5. Diffusion of iron rhodanide in water. The four images are examples of the time series. The numbers represent the time in seconds. In this
experiment no filters were applied.

3.2. Diffusion of iron rhodanide

To determine the diffusion coefficient of iron rhodanide,
the solution was premixed by adding 0.1 M NH4SCN and
0.1 M FeCl3 into a reaction vessel. This results in an in-
tense red-colored solution. The intense red color is due
to different complexes of iron rhodanide with water[8].
This solution was pumped through one channel and distilled
water through the other. For detection, a video stereomi-
croscope (Motic, DM143) was used (Fig. 5). Besides this,
the experiment was performed as described inSection 3.1.
The diffusion coefficient was determined again with the
Einstein–Smoluchovsky equation for this series of images
to beD = 4.2 × 10−5 cm2/s.

3.3. Formation and diffusion of iron rhodanide

The reactant solutions were pumped into a foil reactor
with a Y-shaped channel. The reaction proceeds in the in-
terdiffusion zone of the two liquids (Fig. 6). The spreading
of the reaction–diffusion fronts was observed with a video
microscope (Motic, DM143), in subject to the flow rate. Dif-
ferent concentrations and flow rates were investigated. The
red color of the product was observed.

Absorbance profiles of this time series were calculated ad-
ditionally to the student’s analysis (Fig. 7). The profiles were
obtained by using the blue channel of the RGB image. This
channel was converted into a list of numbers (Mathematica,
Wolfram Research, USA). Lateral to the diffusion front the
array was averaged. The obtained absorbance–distance plot
was smoothed with a Savitzky–Golay filter of fourth order.
In the experiment described above (Figs. 6 and 7) the diffu-

Fig. 6. Example images of the time series of in situ forming iron rhodanide. The numbers represent the time in seconds. The reaction proceeds at the
interface of the two liquids.

sion coefficient was estimated to beD = 3.3× 10−5 cm2/s.
In Fig. 7 a small asymmetry is evident. This should be due
to an additional convection. This convection is very small
and probably due to incompletely clamped in- and outflow.

3.4. Reaction and diffusion of iron rhodanide with flow

To investigate the influence of additional flow on the sys-
tem, the students investigated two different flow rates.

For these experiments some student groups used the
stereomicroscope (Motic, DM143) and others the binocu-
lar (Motic, B1 series). In most experiments the blue filter
(BG 12) between the reactor and the detector was used.
The example image was taken with this filter and the stere-
omicroscope. The absorbance profiles were determined as
described above (Fig. 9).

At a flow rate of 10�l/min the students still detected a
spreading front (Figs. 8 and 9). Since the flow is lateral
to the spreading reaction–diffusion front the contribution of
reaction and diffusion is still higher than that of convection.
The experiment with a flow rate of 50�l/min (Fig. 10) was
done in the same way and with the same equipment. These
experiments clearly show that the flux is high enough to lead
to a stationary state after a short time. The reaction was kept
in a small region of the interdiffusion of the two solutions
NH4Cl and FeCl3.

4. Results and discussion

By diffusion one understands about the migration of par-
ticles toward a density gradient. It is described by Fick’s
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Fig. 7. Absorbance profiles of the example images of the time series inFig. 6.

Fig. 8. Example images of a time series with in situ forming iron rhodanide at a flow rate of 10�l/min. The numbers represents the time in seconds.
The reaction proceeds at the interface of the two liquids. The spreading of the reaction–diffusion fronts was observed with a video microscope.
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Fig. 9. The absorbance profiles were calculated as inFig. 7. The profiles additionally show the image after 270 s.
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Fig. 10. Example images of a time series with in situ forming iron rhodanide at a flow rate of 50�l/min. The numbers represent the time in seconds.
The reaction proceeds at the interface of the two liquids. The front is not spreading.

laws. The first Fick’s law of diffusion means that the particle
stream is proportional to the density gradient:

J = −D
dN

dx
(2)

The flowJ corresponds to the number of molecules per sur-
face and time unit,N is the particle density at the regarded
place andx indicates the direction. The constantD, the dif-
fusion coefficient, is a characteristic size of the diffusing
substance, the medium and its characteristics (e.g. tempera-
ture).

If we consider changes of concentration within an inho-
mogenous range, we have to use the diffusion equation (sec-
ond Fick’s law):

∂N

∂t
= D

∂2N

∂x2
(3)

This law describes the changes of particle densities (or con-
centrations) in an infinitesimal volume element by diffusion
in and out to this volume element. This is a second-order
differential equation, whose solution depends on the special
experimental conditions. A detailed discussion with bound-
ary conditions suitable to the experiments in this article is
given for example in Ref.[9]. One solution ofEq. (3) for
special boundary conditions (att = 0 all particlesN0 are in
theyz-plane (with the surface A) withx = 0, the concentra-
tion is everywhere finite and allN0 particles are present at
all time) is

N =
[

N0

A(πDt)1/2

]
e−x2/4Dt (4)

Thus, the concentration of the particles at any point can be
computed. The root mean square distance traveled by diffus-
ing particles in a certain time under the applied conditions is

x̄ =
[∫ ∞

0

x2NA

N0
dx

]1/2

= (2Dt)1/2 (5)

The diffusion coefficientD is represented byD = x2/2t.
In fact this equation was used for determining the diffusion
constant. If one considers diffusion from statistic view as
a process being based on random particle movements and
thereby overcomes a particle in timet at distancex, then

one receives the Einstein–Smoluchowski equation (see, for
example, Ref.[3])

D = x2

2t
(6)

This equation is the link between the microscopic details
of the particle movement and the macroscopic parameters
of diffusion. Strictly speaking, in the statistic viewx is not
identical to thex above (Eq. (5)). Here it represents the step
length of the jump of an individual particle andt is here the
rate at which the jump occurs. The connection of the micro-
scopic basic principle of diffusion, the Brownian molecular
movement and thus the statistic view with the Einstein–Smo-
luchowski equation, to the macroscopic diffusion equation
was explained to the students. However, with the students
in the basic course this topic was not continued to deepen.

Diffusion by substances in combination to reactions is
described in the three-dimensional case by the following
reaction–diffusion equation:

∂⇀c

∂t
= f(

⇀
c ) + D

(
∂2c

∂x2
+ ∂2c

∂y2
+ ∂2c

∂z2

)
(7)

whereby⇀c is the vector of the concentrations andf(⇀c )

corresponds to the reaction part.
In the experiments in this article the equation can be

simplified to one-space dimension. If also convection has
to be considered the equation reads

∂⇀c

∂t
= f(

⇀
c ) + D

(
∂2c

∂x2
+ ∂2c

∂y2
+ ∂2c

∂z2

)

− V

(
∂c

∂x
+ ∂c

∂y
+ ∂c

∂z

)
(8)

For the student, experimentEq. (6) was used in all cases
for evaluation. It was explained to the students that in all
cases this evaluation represents a rough approximation. In
the case of the reaction–diffusion experiments the evalu-
ation was conducted as in the case of no reaction. Thus
all students got a weakly higher diffusion coefficient. It is
clear that one cannot take the termf(⇀c ) simply into the
constantD. Nevertheless, such a measurement gives an in-
dication for the propagation speed of the front. In principle
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one can make some conclusions here on kinetics. Compari-
son to an autocatalytical reaction would be very instructive
for example. For reaction–diffusion with flux no coeffi-
cients were indicated. The students should simply become
acquainted with the possibility of controlling the spread-
ing front by adjusting the flux. A detailed evaluation and
discussion would blow up the possibilities within a basic
course.

For comparing the diffusion coefficient of malachite
green in different viscous liquid, the students had about 1.5 h
for accomplishing the experiment including first part of the
analysis. Twelve groups of undergraduate students could
reproduce the higher diffusion coefficient in lower-viscous
solutions. Comparing the results for higher and lower vis-
cosity there was a high standard deviation in both cases, but
the results were in the expected range and differed not more
than one order of magnitude. The influence of the viscosity
on the diffusion coefficient was evident in all experiments.
Due to the Stokes–Einstein equation,D = kT/6πηr, with η

as viscosity the diffusion coefficient was in the liquid with
higher viscosity (30% glycerol) lower than in water. If we
knew the viscosity of the liquid, we could calculate the
hydrodynamic radius of the ions by measuring the diffusion
coefficient. This was not done in our experiments, but it
might be possible for future experiments.

In a second practical course 20 groups of students ac-
complished the experiments. These students estimated the
diffusion coefficient of iron rhodanide and investigated the
formation of iron rhodanide of the two educts of ammo-
nium rhodanide and iron trichloride with and without flow.
Four of the groups had well-evaluable results. That means
no air bubbles in the reactor and well-defined basic con-
ditions, like exactly measured distances and no additional
artefacts in the images which are due to non-designed
convection. These groups obtained a diffusion coefficient
of D = 3.5 × 10−5 cm2/s with a standard deviation of
9.6 × 10−6 cm2/s or about 28%. Considering the results
of all groups the mean value of the diffusion coefficient
is D = 2.8 × 10−5 cm2/s with a standard deviation of
2.7 × 10−5 cm2/s. The experiment with in situ arising
rhodanide without flow gives for all groups an averaged
mean value ofD = 6.3 × 10−5 cm2/s and for the four
groups with best experimentsD = 9.4 × 10−5 cm2/s,
with standard deviations of 9× 10−5 and 1× 10−4 cm2/s,
respectively.

5. Conclusion

The above described experiments were conducted in a ba-
sic course for undergraduate students. All groups obtained
values in the expected range. The students could perform the
experiments after short instruction autonomously. The fo-
cused teaching aim was accomplished. The students learned
experimentally how the diffusion coefficient depends on vis-
cosity and how the flow rate can be used as a parameter for
influencing spatial behavior of reactants. The low-priced foil
reactor was used in the same environment as real microre-
actors. In this way students can get the first experience of
microreaction technology without using expensive microre-
actors.
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