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ABSTRACT: A microfluidic system combined with substrate-integrated hollow waveguide (iHWG) vapor phase infrared spec-
troscopy has been developed for evaluating the chemical activity of volatile compounds dissolved in complex fluids. Chemical 
activity is an important yet rarely exploited parameter in process analysis and control. Access to chemical activity parameters 
enables systematic studies on phase diagrams of complex fluids, the detection of aggregation processes, etc.. The instrumental 
approach developed herein uniquely enables controlled evaporation/permeation from a sample solution into a hollow wave-
guide structure, and analyzing the partial pressures of volatile constituents. For the example of a binary system, it was shown 
that the chemical activity may be deduced from partial pressure measurements at thermodynamic equilibrium conditions. 
The combined microfluidic-iHWG mid-infrared sensor system (µFLUID-IR) allows realizing such studies in absence of any 
perturbations provoked by sampling operations, which is unavoidable using state-of-the-art analytical techniques such as 
headspace gas chromatography. For demonstration purposes, a water-ethanol mixture was investigated, and the derived data 
was cross-validated with established literature values at different mixture ratios. Next to perturbation-free measurements, a 
response time of the sensor <150 seconds (t90) at a recovery time <300 seconds (tr) has been achieved, which substantiates 
the utility of µFLUID-IR for future process analysis-and-control applications.

Industrial processes increasingly rely on complex fluid han-
dling. However, detailed understanding on such fluid be-
havior frequently remains empirical due to their many con-
stituents. In order to improve mechanistic understanding, 
new multiscale simulation packages are required. The latter 
development is especially difficult at mesoscale dimensions, 
since molecule aggregation, interface structures and system 
behavior are yet to be fully understood in most cases. How-
ever, a signature of aggregation can be found within solvent 
activity variations. Activity therefore becomes an important 
parameter, which advanced modelling packages are re-
quired to simulate.1,2 Hence, there is a definite need to reli-
ably measure and analyze chemical activity for each volatile 
component in such complex mixtures. To achieve this goal, 
the most straightforward approach is to measure partial 
pressures of all chemicals, and to follow their changes as a 
function of time and concentration. 

Surprisingly, to the best of our knowledge, following chem-
ical activities to study complex fluid behavior has yet to be 
performed and exploited routinely and in real-time. We at-
tribute the lack of reports on this highly relevant aspect to 

the technical difficulties of the associated experimental 
setup. Yet, such analyses would be a major breakthrough in 
advancing fundamental understanding and modelling of 
these fluids, as well as real-time process monitoring. In par-
ticular, chemical processes associated with any separation 
plant, controlled crystallization reactors, or purification/re-
cycling systems such as complex alcohol pertraction for 
“rectification” in distilleries, alcohol aggregation3 or water 
activity to track monoclonal antibody agglomeration (a 
$141 bn market in 2017) would benefit from such capabili-
ties. 

Direct and (near) real-time measurement of chemical 
activity of volatile components remains challenging, 
however, may be derived from the measurement of 
equilibrium partial pressures according to Raoult’s law. 
Notwithstanding, the partial pressures are correlated to the 
infrared absorbance of vapor phase constituents. A more 
precise description of the physicochemical relations 
between absorbance, partial pressures, and activities is 
given in the discussion section of this study. 

In order to measure absorbance and to relate it to partial 
pressures, optical techniques such as conventional infrared 



 

spectroscopy (IR), tunable diode laser spectroscopy (TDLS), 
laser induced breakdown spectroscopy (LIBS), etc. have 
been used.4,5 In particular, Fourier transform infrared 
spectroscopy (FTIR) is a fast and nondestructive method 
enbaling simultaneous detection of several vapor phase 
species based on their roto-vibrational absorptions. 
Moreover, the sensitivity of IR absorption spectroscopic 
and sensing techniques may be tailored via adjusting the 
absorption path length, e.g., via using commercial multi-
pass gas cells. However, such gas cell assemblies (e.g., White 
cells or Herriott cells) are bulky and require sizeable sample 
volumes up to a few liters, thereby considerably increasing 
equilibrium times and limiting their use for transient or 
real-time experiments. 5–7 

Indeed, when compared to other gas sensing technologies 
such as nanosensors8,9 or nano-electro-mechanical systems 
(NEMS)10, substrate-integrated hollow waveguide (iHWG) 
based FTIR analytical technology has recently emerged as a 
capable tool for probing minute gaseous sample volumes, 
i.e., few hundreds of microliters with high molecular 
selectivity. Therefore, iHWGs are an attractive alternative to 
conventional multi-pass gas cells not only offering an 
efficient photon conduit, but also a small device footprint 
(i.e., few square centimeters).11 iHWGs are therefore 
nowadays considered as next-generation light pipe 
structures, simultaneously serving as a waveguide and a 
highly miniaturized, reliable and robust gas cell.11,12  

In the present study, we report an innovative approach for 
chemical activity measurements of individual sample 
constituents by integrating a microfluidic cartridge and a 
liquid-vapor sampling cell based on iHWG technology for 
rapid equilibration, and combination with an FTIR 
spectrometer. For demonstrating the utility of the system, 
data are recorded for ethanol/water mixtures ranging from 
0% to 100% ethanol (EtOH) content. The obtained results 
are consistent with established literature values, which 
renders the developed method the first easy-to-use tool for 
directly addressing solution activity via vapor phase 
measurements. 

 

 

Fig. 1. Schematic cross-section of the experimental setup (not 
to scale). Iin: intensity of the in-coupled radiation (emanating 
from the FTIR spectrometer). Snapshot during the acquisition 
of a single-channel sample spectrum (i.e., both solenoid valves 
closed; equilibration phase). I: out-coupled radiation intensity; 
I < Iin due to the presence of absorbing molecules within the IR 
beam path within the iHWG. 

A schematic cross-section of the sandwiched microfluidic 
card and iHWG device developed in this study is shown in 
Figure 1. During operation, the liquid under investigation is 
fed into the microfluidic channel (here, bottom layer). All 
components of the condensed phase with non-negligible 
vapor pressure then evaporate – as indicated by dotted 
arrows – via a porous membrane into an intermediate void 
layer (i.e., vapor diffusion cell), and subsequently diffuse 
through perforations into the actual vapor cell (i.e., the 
light-guiding channel of the iHWG; here, top layer) sampled 
by IR radiation. In particular, the scheme in Figure 1 shows 

 



 

a snapshot during a measurement routine with both 
solenoid valves closed, thus allowing for the establishment 
of equilibrium conditions within a fixed volume according 
to the compounds saturation vapor pressure. Also indicated 
in Figure 1 is the mid-infrared (MIR; 2 – 20 µm) radiation 
emanating from an FTIR spectrometer, which probes the 
waveguide/vapor cell, and eventually yields the intensity 
reading 𝐼(𝜆) corresponding to the transmitted fraction 
incident at the semiconductor detector. 

For absorption measurements, the likewise required 
intensity reading 𝐼0(𝜆) (cf. equation 4), i.e., the background 
or reference single-channel (RSC) is obtained while flushing 
the iHWG with nitrogen. Although evaporation through the 
membrane continues naturally, employing a sufficiently 
high N2 flow rate ensures that all analyte concentrations 
within the waveguide are kept at negligible levels 
throughout the RSC spectra acquisition. Note that analyte 
concentrations may still be higher in the vapor diffusion 
cell, as indicated in Figure S1 (supporting information). 

The microfluidic cartridge (see Fig. 1) is of credit card 
dimensions (85.60 mm × 53.98 mm × 10 mm) and made of 
poly(methyl methacrylate) (PMMA). To provide the 
microfluidic channel, a groove (36 mm × 2 mm × 0.4 mm) is 
milled into the bottom part providing a volume of approx. 20 
µL. The channel is interfaced with external tubing using 
microfluidic connectors. The channel is closed off by a 
commercial oleophobic and hydrophobic porous PTFE 
membrane (thickness t = 190 μm, pore size d = 50 nm, 
porosity p ~ 70%, tortuosity τ ~ 2) acting as capillary 
barrier, indicated as yellow layer in Fig. 1. Following basic 
theory of molecular diffusion in porous media, the 
membrane non-specifically modifies vapor diffusion 
coefficients D to Deff = D p / τ ~ 0.3 D.13 This is unspecific 
regarding molecules, since water, ethanol and dinitrogen 
are far smaller than pore diameter. The top PMMA part of 
the same lateral dimensions as the bottom part is made of 3 
mm thick PMMA. It is milled to establish a vapor diffusion 
cell above the fluidic channel, as well as 0.4 mm wide 
apertures providing access to the iHWG component. 50 of 
these apertures make up for approx. 6% of total IR-exposed 
surface area on the PMMA component, and ensure rapid 
equilibrium between the liquid and the vapor phase while 
ensuring sufficient throughput of the reflected IR radiation 
(ray-tracing simulations estimated a transmission of ~ 
90%; compare Fig. S2, supporting information). The top 
part closes off the iHWG, and is therefore metallized with a 
100 nm gold coating (see Fig. 1 purple color) for maximizing 
the IR reflectivity. The microfluidic cartridge consists of 
bottom part, the membrane, and the top part assembled by 
bolts/nuts and sealed by silicone rubber ensuring liquid 
and gas tightness.  

 

 

 

 

Figure 2: iHWG: (A) solenoid valves, (B) pressure sensor, (C) 
temperature sensor, and (D) waveguiding/vapor channels. 

 
The key component of the system is the iHWG (Fig. 2), 
which constitutes the top part of the microfluidic cartridge. 
It should be noted that the assembly described herein actu-
ally comprised two iHWG channels with corresponding va-
por transfer cell, membrane, and microfluidic channel ena-
bling future simultaneous studies. However, in the present 
study only one channel was used for data acquisition.  

The polished waveguiding/vapor cell (see Fig. 2 (D)) is in-
tegrated into a 53.98 × 50 mm aluminum substrate provid-
ing an absorption path length of approx. 54 mm. Through-
out the entire spectrum acquisition period, the temperature 
of the device is monitored via a temperature sensor (SHT71, 
Sensirion AG, Switzerland) attached to the top face of the 
iHWG (compare Fig. 2 (C)). 

Furthermore, the microfluidic/iHWG used in this study al-
lows an optional pressure gauge to be mounted, which is 
only required if the ambient pressure is not constant (see 
Fig. 2 (B)). Thereby, the absolute pressure within the iHWG 
channel is directly accessible. Two miniature solenoid 
valves are installed at the gas inlet and outlet ports for purg-
ing nitrogen, and for alternatively sealing the device against 
the ambient environment. Finally, each end of the channel 
is sealed gas-tight via two IR transparent windows (BaF2; 
thickness: 0.5 mm) glued by silicon rubber.  
The waveguiding/vapor cell channel is of 2 × 2.1 mm2 cross-
section and encloses a volume of approx. 226 µL. Two cen-
tering pins are used to align the iHWG and the PMMA top 
plate, which are then glued and sealed by epoxy resin. Two 
overflow channels prevent contamination of the optical 
path with redundant epoxy resin. 

To generate different but constant and adjustable 
temperatures, the entire setup shown in Figure 3 was 
placed inside a climate chamber (IPP750 plus, Memmert, 
Germany). Throughout all experiments perfromed in the 
present study, a constant temperature of 20°C  0.1°C was 
maintained. The microfluidic IR-iHWG assembly (Fig. 3 (C)) 
was optically coupled to the FTIR spectrometer (Fig. 3 (A)) 
(Bruker Alpha OEM, Bruker Optics Inc., Ettlingen, Germany) 
using an off-axis parabolic mirror (OAPM) (Fig. 3 (B)) 
(MPD229-M01, Thorlabs GmbH, Dachau/Munich, 
Germany) with a focal length of 2″. The IR beam (red color) 



 

provided by the spectrometer was focused via the OAPM 
into the microfluidic IR-iHWG assembly. After propagating 
through the iHWG channel, IR radiation emanating at the 
distal end was guided to a liquid nitrogen cooled mercury-
cadmium-telluride (MCT) detector (Fig. 3 (D)) (FTIR-16-
2.00, Infrared Associates, USA). A syringe pump (New Era 
NE1010, New Era Pump Systems Inc., USA) provides a 
constant sample flow of 50 µL/min. Mixtures of absolute 
ethanol and MilliQ water are prepared beforehand using 
standard volumetric laboratory pipets. 

During the measurements reported in the following, the 
EtOH and water concentration of different water/EtOH 
mixtures was investigated in the vapor phase at constant 
temperature of 20°C. For this purpose, different liquid 
mixtures are injected into the microfluidic channel using a 
syringe pump, and the vapor phase IR measurements were 
initiated.  

Absorption bands in the EtOH molecule are classified in 
relation to O-H, C-H, C-O and C-C vibrations. For the 
evaluation of the present data, the C-H stretch vibration of 
the terminal CH3- and of the CH2 group is used.14 After a 
baseline correction, the corresponding peak was integrated 
using integration boundaries from 3077-2567 cm-1.  All IR 
spectra were recorded in the spectral window of 4000 to 
800 cm-1 at a spectral resolution of 2 cm-1 averaging 16 
spectra per measurement resulting in a time resolution of 
approx. 20 s. 

Figure 3: Schematic of the experimental setup comprising (A) 
FTIR spectrometer, (B) off-axis parabolic mirror, (C) microflu-
idic IR-iHWG assembly and (D) MCT detector. The red color in-
dicates the IR beam and green arrows the gas stream. 

 

In a first series of experiments, the microfluidic IR-iHWG 
assembly is characterized. The time period required for 
reaching vapor-liquid equilibrium is determined in order to 
estimate the achievable time resolution at present 
measurement conditions.  

The microfluidic liquid channel is filled with pure EtOH, and 
then the iHWG is purged with N2 for 10 min. After recording 
a background sample, four IR spectra are recorded within 
the N2 stream. Then, IR spectra are continuously recorded 
after turning off the nitrogen gas stream (i.e., closed 

solenoid valves). After 2000 scans, the EtOH in 
themicrofluidic channel is exchanged with pure water, and 
the IR measurements are continued. For a precise 
evaluation of the residence time within the microfluidic IR-
iHWG assembly, the number of averaged spectra is selected 
as 16 (i.e., one spectrum every 22.5 s). 

 

With the determined minimum evaporation and purging 
times, a six step protocol was developed for the 
measurement of different EtOH/water mixtures ranging 
from 0-100% EtOH in water in 10% increments. Table 1 
summarizes the measurement procedure. During step 1, the 
channel of the iHWG is purged with nitrogen at a constant 
flow for 5 min ensuring complete gas exchange with 
nitrogen. In step 2, while the iHWG is still purged with N2, a 
single channel background spectrum is recorded and later 
used as reference spectrum during sample measurements. 
During the sample injection phase (step 3), the liquid 
mixture is fed into the microfluidic channel. Step 4 
corresponds to the measurement of four control spectra 
while purging the waveguide, yet, with sample already 
present within the microfluidic channel. Then, the purging 
gas stream is turned off during step 5, and IR measurements 
of sample vapors are initiated at step 6 while still perfusing 
the sample at 50 µL/min flow rate of.  

In total, eleven EtOH-water-mixtures are investigated (cf. 
Figure S3 in the supporting information), and each mixture 
is analyzed three times. With increasing EtOH ratios in 
water, the vapor pressure of EtOH increases, which is 
detected in the vapor phase via the microfluidic IR-iHWG 
assembly. 

 

Table 1. Measurement protocol: time consumption and description of vapor 

cell content. 

 

Step Time Vapor cell content 

1. Purging N2 5 min N2 

2. Background  40 s N2 

3. Sample 
injection 

- N2 

4. Control spectra 4 x 22.5 s N2 

5. Stop purging N2 - N2 

6. Measuring 12 x 25.5s Sample vapor 



 

 

The overall response time of the system is determined as 
described in the experimental section. The temporal evolu-
tion of the EtOH integrated peak area is illustrated in Fig. 
4A. Between 0 and 751 min, the evaporation of EtOH is con-
tinuously monitored. After 751 min, the liquid inside the mi-
crofluidic channel is exchanged with pure water. From 751-
1500 min, spectra during the liquid exchange (from pure 
EtOH to 0% EtOH) are recorded. 
The evaporation/diffusion kinetics are derived from the 
time required to completely fill or empty the iHWG channel 
with EtOH vapor. 
First, the time needed for EtOH to reach a liquid/ 
vapor equilibrium is determined. Once flushing the iHWG 
with nitrogen is stopped (i.e., after 4 control spectra), EtOH 
starts to evaporate and diffuses into the iHWG channel. 
Then, the EtOH integrated peak area exponentially with a 
response time of t90 = 134 s (Fig. 4B). Another important as-
pect is the time needed to completely exchange the volume 
within the iHWG channel by vapor from the exchanged liq-
uid sample (i.e., here, water). The recovery time is evaluated 
as 269 s (tr, Fig. 4C). 
 

Figure 5 (A) shows a comparison of the IR spectra of a 0% 
EtOH solution (red) and pure EtOH solution (black) in the 
spectral region between 3100-2700 cm-1. In the red 
spectrum (0% EtOH), no absorptions are observed in the 
EtOH region of interest, while the black spectrum shows the 
typical absorption signature of a pure EtOH solution. Fig. 5 
(B) illustrates the integrated peak area values for the 
various investigated solutions (black squares), and a 
comparison of the calculated activity values derived from 
these experiments with literature data (white circles).15 In 
addition, the experimentally obtained data points are 
displayed with error bars, which were calculated as the 
standard deviation of the mean values (σ). For better 
readability, the error bars are magnified 5-fold, and are 
displayed with ±5σ.  

Statistical variations within the experiments may be 
attributed to several factors including operational 
parameters (e.g., flow rate variations during background 
acquisition, not synchronized valve operations, etc.), 
pressure variations, temperature variations < 0.1°C, 
residual analyte vapor in the iHWG channel during RSC 
measurement, and condensation effects. Indeed, during our 
studies traces of condensation can be found on the FTIR 
spectra at high water concentration that will be dealt with 
in future generation of the device. 

The correlation between absorbance and activity of the 
investigated EtOH solutions was obtained by dividing the 
observed peak areas by a constant which is calculated after 
equating the peak area of the 100% EtOH solution to one. 
Additionally, the literature values of a pure EtOH solution 
are set to one (i.e., activity of a pure solution is one). For this 

reason, the values determined in the present study appear 
slightly higher than the previously reported activity values 
derived from literature11, but remain in excellent 
agreement. 

 

  



 

 

A 

 

B 

 

C 

 

Fig 4. Liquid exchange experiments: (A) continuous online monitoring of EtOH concentrations in real-time during the liquid ex-
change of pure EtOH vs. pure water in the microfluidic channel represented by the integrated peak areas; (B) response time calcu-
lation, i.e., t90 (evaporation time); (C) recovery time calculation, i.e., tr (purging time). 
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At thermodynamic equilibrium between a liquid (l) and a 
vapor (v) phase at given pressure p, and temperature T, 
Gibbs energy G, is at a local minimum regarding mass trans-
fer at the l/v interface, 

 (d𝐺/d𝑥𝑖)𝑝,𝑇 = 0, 

Equation 1 

where 𝑥𝑖 denotes the mole fraction of compound i. At this 
condition, the chemical potential µ is equal in both phases, 

µ
𝑣,𝑖

= µ
𝑙,𝑖

. 

Equation 2 

For non-ideal liquid mixtures in equilibrium with their va-
por phase, the modified Raoult’s law states that the com-
pound activities 𝑎𝑖(𝑥𝑖) = 𝛾𝑖𝑥𝑖  are linked to mole fractions 𝑥𝑖 
in the liquid phase, and 𝑦𝑖 in the vapor phase:  

𝛾𝑖𝑥𝑖/𝑝 =  𝜑𝑖𝑦𝑖/𝑝𝑖
sat(𝑇), 

Equation 3 

with the activity coefficient 𝛾𝑖 the temperature-dependent 
saturation vapor pressure 𝑝𝑖

sat(𝑇) and the fugacity coeffi-
cient 𝜑𝑖 , which is equal to unity by assumption of ideal va-
pors. Furthermore, the Beer-Lambert law relates absorb-
ance at a specific wavelength 𝐴𝜆 to compound concentration 
𝑦𝑖 as: 

𝐴𝜆(𝑦𝑖) = − log (
𝐼(𝜆)

𝐼0(𝜆)
) = 𝜖𝜆𝑙𝑦𝑖 , 

Equation 4 

Equation 5 

The results presented herein demonstrate for the first time 
that a novel approach based on a microfluidic IR-iHWG 
assembly in combination with IR spectroscopy enables the 
determination of solution activities within different 
EtOH/water mixtures via vapor phase IR absorbance 
measurements. Furthermore, it is shown that iHWG 
structures readily combine with microfluidic technologies 
providing an integrated liquid phase sampling accessory for 
vapor phase studies. Based on the present results, the 
versatility of iHWGs previously demonstrated for the 
detection of environmentally/industrially relevant gases 17–

20 and (bio)medically interesting analytes21,22 may now be 
expanded towards vapor phase studies of liquids. 

 

A 

 

B 

Fig 5. (A) Comparison of IR spectra of 0% (red) and pure EtOH (black) in the spectral region between 3100-2700 cm-1, (B) Multi Y-
Axis diagram with (black squares) the acquired integrated peak area values for the investigated data set (0-100% EtOH), and com-
parison of  the experimentally obtained data with literature values15,16 after conversion into activity values (white circles). Error 
bars are magnified 5-fold. 

with 𝜖𝜆 as the molar attenuation coefficient, and 𝑙 as the 
optical path length. Combining equations 3 and 4 yields: 

𝑎𝑖(𝑥𝑖) = 𝛾𝑖𝑥𝑖 = 𝐴𝜆(𝑦𝑖)𝜑𝑖 ∙
𝑝

𝜖𝜆𝑙𝑝𝑖
sat(𝑇)

= 𝐴𝜆(𝑦𝑖)𝜑𝑖 ∙ 𝐾. 

As indicated, the remaining parameters may be combined 
into an instrumental and environmental factor K, which is 
constant if p and T are constant. Moreover, for a pure 
compound, activity is equal to one, 𝑎 = 1, which is used for 
data calibration in the present study. 

In consequence, as long as Beer’s law holds true, equation 5 
may be used to calculate the activity of any substance i, and 
alternatively, at a known mole fraction 𝑥𝑖 . The activity 
coefficient of a compound may be derived via measuring its 
corresponding vapor phase absorbance at equilibrium 
conditions. 



 

Following this conceptual demonstration, it is anticipated 
that microfluidic IR-iHWG assemblies establish an innova-
tive approach for the evaluation of thermodynamic and ki-
netic data in more complex fluids encountered during vari-
ous industrially relevant scenarios including but not limited 
to extraction, refining, distillation, agglomeration, etc. 

Furthermore, using microfluidic IR-iHWG studies aids in 
better understanding the timely problem of mesoscale 
structuration and inhomogeneity in complex fluids, and po-
tentially occurring supramolecular species (a.k.a., supra-
mers)23. 

Last but not least, this analytical approach may enable to 
swiftly study processes based on complex fluids, thereby ac-
celerating the development of sustainable processes and 
advanced process analysis/control technologies. 

 
The Supporting Information (PDF) is available free of charge on 
the ACS Publications website. 
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