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Abstract: In this work, a falling film micro reactor was 
investigated regarding its ability to continuously elimi-
nate tetrahydrofuran (THF) out of a THF-water mixture via 
nitrogen stripping. Mass transfer measurements were per-
formed at different temperatures and flow rates. The resid-
ual content of THF in the eluate was quantified with high 
precision (< 0.1%) via density measurements. Remarkably, 
complete elimination of THF could be achieved for liquid 
volume flow rates smaller than 2 ml/min and nitrogen vol-
ume flow rates larger than 400 ml/min at all three inves-
tigated temperatures (55°C, 60°C, and 65°C). In order to 
assist future design processes of such binary microstrip-
ping systems, we further developed a mass transfer model 
for this separation process extending an existing model 
for evaporation of a pure liquid. The good agreement of 
experimental data and calculations in the overall inves-
tigated parameter range ( ≤  20%, for gas flow rates below 
500 ml/min  ≤  11%) shows the potential of the model for 
the prediction of alternative operational parameter set-
tings, e.g. at different THF entrance concentrations.

Keywords: continuous flow; downstream process-
ing; falling film microreactor (FFMR); microfluidics; 
simulation.

1  Introduction
Separations are indispensable steps in nearly all chemi-
cal processes. In large-scale devices separation processes 

based on heat transfer like evaporation and distillation 
are well established. However, the research focus in the 
field of microprocess engineering has been mostly on the 
reactive processes, and the continuous downstream pro-
cessing remains particularly challenging [1].

In general, microstructured devices provide an excel-
lent option for moderate throughputs on site and on 
demand for high-value and/or dangerous chemical prod-
ucts in mini-plants [2]. One key benefit of miniaturizing 
a separation process is that the mass transfer can sig-
nificantly be improved on small scales leading to higher 
system efficiency [3–5]. These advantages result from the 
high surface to volume ratios, short transport distances, 
and high driving force gradients [3].

So far, different types of gas liquid microreactors have 
been developed and successfully tested for various chemi-
cal reactions [1, 2, 6–18]. These reactors can be classified 
according to their phase contacting principles into contin-
uous and dispersed contacting [19–21]. For the handling of 
gas/liquid reactions requiring a high heat transfer, falling 
film microstructured reactors are the best choice [22]. With 
a microstructured plate with a number of straight paral-
lel channels, a stabilized and maximized gas-liquid inter-
face can be reached [23, 24] with film thickness < 100 μm 
[25]. As a consequence, the device can be used either as a 
reactor or a contactor.

Until now there is hardly any literature on the 
subject of microstripping [3, 8, 15, 17, 18, 26–28]. Only 
two of these publications [8, 15] are devoted to the nitro-
gen stripping of a pure solvent in a falling film microre-
actor (FFMR) with experimental data and corresponding 
modeling.

In the current work, a STACK-1x-FFMR-LAB-V2 FFMR 
[29] was used for the first time to study the stripping 
of tetrahydrofuran (THF) from a THF/water mixture 
enhanced by convective nitrogen flow as a carrier gas. 
The optimization of this process is of immense industrial 
interest, for example, for the continuous (scaled-up) 
production of self-organized nanoformulations through 
salting out and nanoprecipitation approaches [30–33] or 
thermodynamically driven formulation of polymersomes 
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[34]. Moreover, the use of a FFMR for the continuous 
stripping showed a great potential for industrial appli-
cation. A first scale up could be realized by using the 
STACK-1x-FFMR-LARGE (10 times higher throughput) and 
STACK-10x-FFMR-LARGE (100 times higher throughput) 
FFMRs [29].

Here we present detailed stripping experiments per-
formed at different flow rates and heating temperatures. 
The effect of liquid flow rate and the temperatures of the 
gas and liquid phases on the evaporation rate of THF 
were investigated. The aim of this study was to find the 
process parameters both experimentally and through 
mathematical modeling to perform evaporation of THF 
in the most efficient way regarding the highest stripping 
value for THF.

Especially to be emphasized is that the evaporation 
process is performed very fast (within a few seconds 
depending on the reaction parameters) because of the 
very high ratio of surface to volume due to the thin layers 
of the falling films. This enables excellent heat and mass 
transfer. Furthermore the good isolation helps to reduce 
the heat loss and, therefore, the energy input. Because of 
the azeotropic behavior of THF, which means that a con-
current evaporation of water takes place, the use of the 
FFMR can help to save a working unit through simulta-
neous stripping of THF and concentration of the eluate. 
For green chemistry approaches this will be especially rel-
evant for the application in the continuous formation of 
nanoparticles.

2  �Materials and methods
The evaporation process of a 33 volume percent THF ( ≥ 99.9%, inhib-
itor-free, Sigma-Aldrich, Standort, Germany) solution in MilliQ water 
was performed in a STACK-1x-FFMR-LAB-V2 [29] FFMR developed by 
the Institut für Mikrotechnik Mainz GmbH (IMM), Mainz, Germany 
and now available from micro4industries GmbH, Mainz, Germany. 
The influence of different reaction parameters on the THF content 
in the final eluate was investigated. For that purpose the liquid flow 
rate was varied via a Postnova PN 1610 Syringe Dosing System pump 
(Postnova Analytics GmbH, Landsberg am Lech, Germany) (1, 2, and 
4  ml/min) and calibrated at room temperature (22°C). The heating 
fluid temperature was set to different temperatures (55°C, 60°C, and 
65°C) below the boiling point of THF, which at atmospheric pressure 
is 65.81°C. Additionally, the nitrogen gas flow rate was changed gradu-
ally from zero flow rate to 1000 ml/min (0, 200, 500, 650, and 1000 ml/
min), being controlled by a mass flow controller at room temperature 
(22°C). The gas feed consists of pure nitrogen and was in counter flow 
with respect to the flow direction of the liquid. The FFMR was heated 
with a LAUDA ECO E 4 heat bath (LAUDA DR. R. WOBSER GMBH & 
CO. KG, Lauda-Königshofen, Germany) with recirculating water. Both 
liquid and gas phases were not pre-tempered and entered the reactor 
at room temperature (22°C). The eluate was collected through a tube 
which was connected to the exit point at the bottom of the FFMR. The 
residual content of THF in the eluate was quantified with high preci-
sion (2 digits, %volume fraction) via density measurements using a 
Mettler Toledo DE45 oscillating U-tube sensor (Mettler-Toledo GmbH, 
Gießen, Germany). The gross evaporation rate of water and THF was 
determined by the difference of the flow rates from inlet and exit. Over 
a specific time period the eluate was collected in a measuring cylinder 
and additionally weighed with a Kern ABJ 320-4NM scale (KERN & 
SOHN GmbH, Balingen-Frommern, Germany). The detailed flow chart 
of the experimental setup is shown in Figure 1.
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Figure 1: Flow chart of the experimental setup for the evaporation process and a photograph of the STACK-1x-FFMR-LAB-V2 with adjacent 
insulation housing.
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The functional principle of a FFMR is based on a multitude of 
thin falling films in which liquid is driven downwards by gravity. A 
number of channels are etched in a steel plate to guide this flow. In 
the case of the STACK-1x-FFMR-LAB-V2 there are 5 ( = n) 25.5 cm long 
( = l) channels with a width of 1.2 mm ( = w) and a height of 0.4 mm 
( = h). During the experiments all channels were evenly wetted with 
only a few exceptions (for more details see section 3). An investigation 
of the surface quality of the individual liquid layers was not possible 
because of experimental reasons such as lack of visionable contrast, 
and partial fogging of the viewing window.

At the bottom of the plate all channels are brought together. 
Moschou et al. [8] explained that a liquid reservoir at the bottom of 
the contactor is necessary to heat the entering gas before it reaches 
the contacting zone. So a cooling effect and subsequently an under-
performing of the reactor can be inhibited and isothermal behavior 
can be achieved.

The temperature of the microstructured steel plate can be very 
accurately controlled by a recycling water flow at its backside. Two 
temperature sensors are placed at the inlet and outlet of the recycling 
water flow to measure the temperature difference.

Between the steel plate and the glass plate in the front is the 
gas chamber with a height of 4 mm ( = b). The gas enters the reac-
tor separately from the liquid and is laterally positioned. When the 
gas enters the reactor there is an expansion of the gas chamber, from 
where the gas flow runs in counter current flow to the liquid and is 
stripping the evaporated gas. Because of the local separation of gas 
input and liquid output, the flow of the eluate becomes more regular 
and the formation of gas bubbles and foam is reduced. All inputs and 
outputs for the liquid and the gas are separated and symmetrically 
positioned. Therefore, an equal distribution is assured.

The whole FFMR except for the glass window in the front is tem-
perature insulated by a case made of polyetheretherketone.

3  �Mass transfer modeling
Stripping is a physical separation process where one or 
more components are removed from a liquid stream by 
a co-current or counter-current gas stream across a gas-
liquid interface. It is described based on the mass transfer, 
which is determined according to the film model by resist-
ances of a stagnant liquid and a gas layer. At the interface, 
gas-liquid equilibrium is assumed, and outside the layers 
complete mixing of the fluids is assumed. The latter was 
approximately confirmed, as the Fourier number, defined 
as the ratio of residence to diffusion time, is greater than 
0.8 for both THF and water in the whole operating range.

At temperatures considered here (55°C−65°C) THF is 
completely soluble in water. The boiling point of THF is 
65.81°C at atmospheric pressure. Judging from the high 
vapor pressure of THF in an aqueous solution, the mass 
transfer is expected to be dominated by the resistance of 
the liquid layer. However, there are processes that might 
enhance the mass transfer reducing the influence of the 
liquid layer. Some of the processes are indicated below.

Many experiments with thin films flowing down an 
inclined or vertical plate under isothermal conditions have 
shown the development of waves on the open surface due 
to hydrodynamic instability [35]. Among others, Wasden 
and Dukler investigated the improvement of mass transfer 
by such waves [36]. If the film flows over a heated plate, 
Bénard-Marangoni convection can occur and renew the 
liquid layer. In falling films guided by longitudinal micro-
channels this is expected to be of minor importance, as the 
transversal movement of the liquid is somewhat hindered 
by the small dimensions [37]. Sobieszuk et  al. [37] could 
show that the effect was weaker for microchannels with a 
width of 0.6 mm than measured in macrosystems; within 
the cited paper no quantitative statement was made. None 
the less, in the framework of this work it is expected that 
the Bénard-Marangoni convection in falling films guided by 
longitudinal microchannels even with a widths of 1.2 mm 
is of minor importance as the transversal movement of the 
liquid is still somewhat hindered by the small dimensions.

Moschou et al. [15] studied the liquid flow during the 
evaporation of isopropanol in the STACK-1x-FFMR-Lab 
contactor by means of a microscope and made the follow-
ing observations: at a flow rate of 1 ml/min the channels 
are full of liquid when the contactor is cold and no strip-
ping gas is applied. With a heated plate and an increas-
ing gas flow rate significant evaporation takes place until 
the  channels completely dry out (gas flow rate around 
100 ml/min). At liquid flow rates of 10 ml/min the chan-
nels do not have any dry spots for any gas flow rate (up to 
700 ml/min). If the liquid flow rate is reduced from a high 
to a low level, the liquid in the middle channels appears 
to move in the opposite direction. This behavior already 
occurs at moderate liquid flow rates (3–6  ml/min). The 
channels at the side of the plate are generally filled.

These facts could be observed in a similar way in the 
frame of this work. During the experiments, the phenom-
enon that the liquid in the middle channels appears to 
move in the opposite direction has occasionally occurred 
as well under certain conditions: when the liquid flow rate 
is about 1 ml/min with temperature at least 60°C with a 
gas flow of 500 ml/min and higher. In the case of a liquid 
flow rate of 2 ml/min, it only rarely occurred at 65°C and a 
gas flow of 1000 ml/min. At a liquid flow of 4 ml/min there 
were no abnormalities of the liquid layer observed.

Flow maldistribution and channel drying can strongly 
affect the mass transfer in a negative and positive manner 
by reducing the exchange area and renewing the surface 
area, respectively. Owing to the mentioned effects the 
model is at first restricted to the resistance of the gas layer. 
Any additional effect as described earlier is then included 
via a correction factor, as introduced below.
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The derivation of model equations for stripping a 
component from a two liquid system is based on the work 
of Moschou et al. [8] for evaporation of a pure liquid and 
extended to a binary system within this work.

The molar flow rate of the liquid phase (L) is given 
by the sum of the two components THF (T) and water (W) 
with (x) as the liquid molar fraction:

	 .L LT LW T L W LF F F x F x F= + = + � (1)

The gas phase (G) additionally contains nitrogen (N) 
as stripping gas, where (y) is the gas molar fraction:
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leads to
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The change of the molar flow rate on gas side along 
the z coordinate can be expressed by the total derivative
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It is connected with the change of the molar flow rate 
on the liquid side:
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The flux of component K ( = T or W ) transferred through 
the gas-liquid interface with the area Ai is calculated by mass 
balance where N is the molar flux and ρm the molar density:
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where kGK denotes the mass transfer coefficient on the gas 
side. The molar density is determined by the ideal gas law:

	
m .p

RT
ρ =

�
(7)

Further it is assumed that the molar fraction i
Ky  of 

component K at the interface can be derived from the 
vapor-liquid equilibrium and depends on the molar frac-
tion xK of the liquid bulk flow:

	 VLE( ).i
K Ky f x= � (8)

Due to the effective heat transfer between the recircu-
lating water and the falling film isothermal operation of the 
FFMR at the heat bath temperature was assumed. Mouschou 
et al. [8] have found that a liquid reservoir at the bottom of 
the contactor heats the entering gas before it reaches the 
contacting zone. So a cooling effect and subsequently an 
underperforming of the reactor can be inhibited and iso-
thermal behavior can be achieved. Moreover, to assume 
isothermal behavior the difference in temperature between 
the inlet and the outlet of the recycling heating water flow 
at the backside of the microstructured steel plate should be 
smaller than 2°C. Therefore, this difference was measured 
for all settings and was found to be 0.48°C ± 0.19°C. The 
molar vapor fractions i

Ky of THF and water at the gas-liquid 
interface are calculated at 55°C, 60°C, and 65°C by means 
of Aspen Plus™ (Aspen Technology, Inc., Cambridge, MA, 
USA) using the NRTL activity model. In order to validate 
our choice of the Aspen model, the calculated data were 
compared to experimental values listed in the Dortmund 
Data Bank [38] and satisfactory agreement was found over 
a large temperature range. The calculated results of i

Ky  are 
plotted in Figure 2, where it shows up that the evaporation 
of THF is strongly preferred to water nearly over the whole 
range of the occuring molar liquid fractions.

Combining equations (4) and (6) and replacing dAi 
with nwdz where n is the liquid channel number and W 
is the liquid channel width yields the final set of dif-
ferential equations for the molar fractions of the gas 
phase:
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The boundary conditions of the whole system are

Figure 2: THF and water fraction in the gas at the gas-liquid 
interface.
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The formula for kGK is taken from Male et al. [39], who 
studied heat and mass transfer in a square microchannel 
that is heated from one side. They developed a correlation 
for the Sherwood number (Sh) as a function of the Graetz 
number (Gz) for laminar flow and plug flow conditions:
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The Graetz number itself depends on the Reynolds 
(Re) and Schmidt number (Sc):
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where hG is the height and dh the hydraulic diameter of the 
gas channel, μ the dynamic viscosity, and u the average 
velocity.

Mouschou et  al. [8] showed [for an evaporation 
process for pure solvents (isopropyl alcohol, toluene) at 
a liquid feed of 0.0001–10  ml/min and a gasfeed of 50–
1000 ml/min] that the formulas can be used to describe 
the mass transfer between the surface of a falling film and 
the bulk flow of a gas. The range of investigated param-
eters is comparable to this work. The additional correction 
factor (corr) considers overall impacts on mass trans-
fer concerning the liquid flow as flow maldistribution, 
channel drying, and surface area renewal by Marangoni 
effect and formation of surface waves.

4  �Results and discussion
In Figure  3 the experimental results are summarized 
(symbols). In the left column of the figure the volume frac-
tion of THF is shown for varying liquid flow rates. These 
measurements have been performed at three different 
temperatures (55°C, 60°C, and 65°C) and three differ-
ent liquid flow rates in each case (about 1, 2, and 4 ml/
min; based on the total liquid flow feed rate which is 
split across all channels in the microreactor). At the right 
column in Figure 3 the results for the volume flow rate of 
the eluate are shown.

One can see that, as expected, the volume fraction of 
THF decreases for increasing nitrogen flow rates as well 
as for decreasing liquid flow rates. Furthermore, the slope 
of the decreasing course of THF volume fraction with 

nitrogen flow rate is the steeper the higher the tempera-
ture is. In other words, in order to increase the THF strip-
ping efficiency low liquid and high nitrogen flow rates 
should be chosen, as well as sufficiently high tempera-
ture. Most strikingly, from a technological point of view, 
even complete evaporation of THF could be achieved at 
all three temperatures for liquid volume flow rates smaller 
than 2 ml/min and nitrogen volume flow rates larger than 
400 ml/min. The evaporation of THF further manifests in 
a slight decreasing course of the volume flow rates of the 
eluate with increasing nitrogen flow rate and decreasing 
liquid flow rate (right column in Figure 3). In summary, the 
experimental results clearly demonstrate the feasibility 
and controllability of THF stripping using a microreactor.

In the following, the experimental results are compared 
to model calculations in order to judge the models predic-
tive power regarding operational parameter variations. The 
calculation results are plotted in Figure 3 as solid lines. The 
overall agreement of experiments and calculations is sat-
isfactory, whereas the modest overestimation of the eluate 
volume flow rates at high nitrogen flow rates is probably 
due to liquid entrainment into the gas stream as mentioned 
earlier. At this point, we still need to comment on the fitting 
procedure. The overall evaluation is performed in two steps. 
Firstly, the set of differential equations (9) is integrated 
along the coordinate z and the solutions are fitted to the 
measured data by varying the correction factor. Figure 4 rep-
resents corr for eight of the nine considered combinations 
of liquid flow rates and temperatures. The case QL=0.96 ml/
min and T = 65°C could not be evaluated unambiguously. It 
is found that the correction factor extends between 0.4 and 
1.2 and depends only on the liquid volume flow rate (QL). In 
detail, corr linearly increases with QL as

	 Lcorr 0.27891 (ml/min) 0.15264.Q= +⋅ � (13)

In the second step of the evaluation, the integration of 
(9) is repeated for all cases applying the correction factors 
from the linear fit. FL and FG are determined by integration 
of (4) and (5). In conclusion, once the fit of the correction 
factor is determined for a given reactor geometry, the model 
can predict the trends of the stripping behavior for different 
operating parameters (e.g. temperatures, THF entrance con-
centrations, etc.). However, exact quantitative predictions 
will critically depend on the material parameters. Hence, for 
different material systems the model must be adapted.

Here, we further use the model to determine the 
number of transfer units of the microreactor. The number 
of transfer units (NTU) is defined by the expression

	
0

equil

| |
NTU ,

| |
T z L T z

T z L T

y y
y y

= =

=

−
=

−
    

  �
(14)



408      S. von Bomhard et al.: Selective solvent evaporation from binary mixtures using a falling film microreactor

where yT|equil is calculated by means of a two-phase  
flash using Aspen Plus™. The results are shown in 
Figure 5.

It can be stated that NTU is about 1 and increases 
slightly with the nitrogen volume flow rate. This demon-
strates the capability and the potential for continuous 

Figure 3: Liquid volume fraction of THF (left) and volume flow rate of the eluate (right), both depending on the volume flow rate of nitrogen 
at incoming liquid flow rates of ca. 1 ml/min, 2 ml/min and 4 ml/min and temperatures of 55°C, 60°C, and 65°C. The symbols represent the 
experimental data whereas the curves visualize the fitted model simulations.



S. von Bomhard et al.: Selective solvent evaporation from binary mixtures using a falling film microreactor      409

measurements were performed for nitrogen stripping at 
different reaction parameters [temperature (55°C, 60°C, 
65°C), liquid (1, 2, 4  ml/min) and gas flow rate (200, 
500, 650, 1000 ml/min)]. A complete elimination of THF 
did take place for liquid volume flow rates smaller than 
2  ml/min and nitrogen volume flow rates larger than 
400 ml/min at all three investigated temperatures (55°C, 
60°C, and 65°C).

Additionally, a mass transfer model for description 
of the separation in the stripping process was established 
starting from the work of Moschou et al. [8], which dealt 
with the evaporation of a pure liquid.

The overall agreement of experiments and cal-
culations within the tested parameter range ( ≤   20%, 
for gas flow rates below 500 ml/min  ≤   11%) indicates 
that the model can be applied for the future prediction 
of operational parameter setting for THF stripping in 
STACK-1x-FFMR-LABV2  micro reactor. Therefore, this 
promising approach will help to eliminate THF very 
fast by the smallest necessary input of energy and 
stripping gas.

The ultimate goal would be the recovery not only 
of the stripping gas but also of the THF and water and 
thereby making the whole downstream processing 
greener (Figure 6).
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