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To address the detection limit challenges of analytical instruments at low concentrations, this study
explores the development of a concentrator, fabricated via micro-3D printing technology, relying on
solvent evaporation through micro-pores. The operating temperature can be as low as room temperature,
allowing for compatibility with biomolecules that are sensitive to high temperatures. Moreover, the device
is suitable for processing small sample volumes ranging from hundreds to tens of microliters. There are
three designs of the hydrophilic biocompatible polymer tube, each featuring micro-pores with diameters
of 30, 50 and 70 um, spaced at distances of 150, 250 and 350 um, respectively. All designs have the same
total length of 16 mm and identical contact surface area. The tube is surrounded by an outer tube for a
sweeping gas at a flow between 20 and 100 mL min™* for evaporation rate control. Theoretical calculations
and experimental data were used to quantify device's performance and capabilities. Experiments conducted
with deionized water and with aqueous glucose solutions demonstrate the device's capability to achieve
up to a 10-fold concentration increase. The study also addresses potential issues such as analyte loss and
the influence of various parameters like sweeping gas flow rates and liquid feeding rates on the
concentration process. This work demonstrates the potential of the micro-3D printed device as a reliable
and efficient method for sample concentration, critical for enhancing detection sensitivities for various
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1. Introduction

In analytical chemistry and biochemical processing,
concentrating  analytes can improve detection or
measurement sensitivity and make sample preparation easier.
Preconcentration is essential under certain circumstances to
enhance the detectability and accuracy of analytical
measurements, especially when dealing with samples that
contain very low concentrations of the target analyte." Recent
advances in microfluidic technologies have facilitated the
development of miniaturized devices that enable efficient
sample concentration. Various methods have been employed
to increase analyte concentration via evaporation, usually by
increasing the surface-to-volume ratio to enhance the
evaporation rate. Complete evaporation is one way to
concentrate analytes. Some researchers achieve this by
evaporating the liquid entirely and analyzing the dried
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applications such as bioassays and biosensors.

residue left behind. Su et al. evaporated a droplet containing
bacillus bacteria and polystyrene beads,” achieving particle
enrichment through complete evaporation based on the
coffee ring effect.” Shao et al evaporated droplets of
fluorescent material on various surfaces and demonstrated
that superhydrophobic surfaces retain less fluorescent
material after the droplets have fully evaporated, highlighting
how evaporation influences analyte deposition.* Similarly,
recent studies have shown that as droplets evaporate or
dissolve, the shrinking volume concentrates solutes,
accelerates reaction rates, and amplifies electrochemical
signals - revealing the critical role of droplet dynamics in
enhancing analytical sensitivity and reaction kinetics.””
Similar to droplet evaporation, Kachel et al. conducted open-
channel evaporation and studied the relationship between the
evaporation rate and the channel dimensions.® Additionally,
paper-based analyte concentration systems utilize complete
evaporation to achieve enrichment, and their low cost, ease of
use, and portability contribute to their popularity.”'® Since
complete evaporation removes the solvent entirely, it prevents
the wuse of analytical instruments to measure analyte
concentration in solutions. Additionally, for continuous
measurements - where the goal is to track real-time changes
in solution concentration rather than just measuring initial

Lab Chip, 2025, 25, 3141-3155 | 3141


http://crossmark.crossref.org/dialog/?doi=10.1039/d5lc00329f&domain=pdf&date_stamp=2025-06-24
http://orcid.org/0009-0008-7213-4872
http://orcid.org/0000-0001-8106-1830
https://doi.org/10.1039/d5lc00329f
https://doi.org/10.1039/d5lc00329f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00329f
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC025013

Open Access Article. Published on 20 mai 2025. Downloaded on 18.04.2026 16:02:14.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and final states — complete evaporation is not a viable option,
as it disrupts ongoing analysis and alters the analyte's
physical and chemical properties."" Therefore, alternative
methods to complete evaporation are desirable.

Centrifugation is also an efficient and widely used method
for analyte concentration, but instead of removing the solvent
completely, it concentrates analytes by leveraging density
differences.'® Centrifugation offers the ability to handle large
sample volumes. However, its efficiency depends on the
sample type, as highly diluted solutions may require
prolonged centrifugation or additional steps for effective
concentration. Moreover, centrifugation is a batch process,
making it unsuitable for applications that require continuous
monitoring of analyte concentration.

Various technological solutions have been proposed to
achieve continuous, efficient evaporation-based
concentration, notably the introduction of evaporator-
concentrator.' An evaporator-concentrator is a device
designed to enhance the concentration of analytes in a liquid
via solvent evaporation process, which involves removing the
solvent, typically water, thereby increasing the concentration
of the less volatile analytes. Such ability proves particularly
valuable in applications that require high sensitivity in
chemical analysis, as concentrating the analyte can
significantly improve detection limits. Output from the
evaporator-concentrator can be effectively integrated with
sophisticated detection methods like spectrophotometric
detection to enhance analytical performance.”® This
integration proves particularly beneficial in the field where
rapid and sensitive detection of low-concentration analytes is
needed such as biomedical diagnostics and environmental
monitoring.

The typical structure of an evaporator is a ‘sandwich’
configuration where a porous membrane is positioned
between a liquid channel and a gas channel. The membrane
functions as a separator that blocks liquid solution due to
surface tension but allows vapor molecules to pass through.
The properties of this separator, such as pore size, hole
structure, and material, directly influence the efficiency of
the evaporation process. For example, devices employing
micro-pillar arrays’*™® or porous polymer membranes'® >
have proven effective in controlling the evaporation process,
thereby enabling precise management of concentration.
Some researchers model it as a series of micro-pores,** which
block liquid due to surface tension and capillary action, but
permit vapor to diffuse. Practically, many membranes have a
complex structure with multiple micro- or nano-sized holes,
rather than being simple straight channels connecting one
side to the other. This complexity makes membranes
difficult to model mathematically. Moreover, membranes
can become clogged due to the accumulation of particles or
biofilms over time, particularly when processing biological
samples or impure solutions.>® Additionally, membranes
can degrade chemically or physically over time and
potentially due to exposure to strong solvents, high
temperatures, or UV light.>*
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To overcome the abovementioned problems associated
with membranes, researchers have designed and fabricated
well defined micro-pore structures. Zhang et al. fabricated a
series of micro-holes, each 2 um in diameter and 250 nm in
thickness using silicon nitride as the separator.> However,
these tiny holes still exhibit some of the inherent
shortcomings of membranes, such as the accumulation of
unwanted material within the pores, which reduces the
efficiency and lifespan of the structure.

Micro 3D printing allows for precise and customized
fabrication of tiny microfluidic chips. High-resolution
printing techniques, including liquid-crystal display (LCD) 3D
printing, have achieved resolutions as low as 18-50 pm,
making it possible to create detailed microfluidic channels
and structures needed for applications like organ-on-a-chip
devices and biological tests.>® Micro 3D printing facilitates
rapid design iteration and prototyping, enabling researchers
to swiftly test and refine their designs, which is beneficial for
developing complex microfluidic systems for diverse
applications.”” While such high-resolution techniques are
powerful, leveraging more accessible and cost-effective
hardware remains a significant and active area of research.
Recent studies have demonstrated the feasibility of using
low-cost fused deposition modeling (FDM) 3D printers for
fabricating microscale features, expanding the accessibility of
microfabrication. For example, researchers have achieved
functional microchannels and micropores using standard
FDM systems, despite the inherent limitations in
resolution.>®?° These efforts highlight the potential of using
low-cost methods to produce functional micro-pore
evaporator-concentrators and related microfluidic chips.

In this study, we introduce a micro-pore evaporator-
concentrator fabricated via micro-3D printing using a
hydrophilic and biocompatible material. The evaporator
operates at low temperatures, which are favorable for
biomolecules, and handles micro-volume samples as small as
tens to hundreds of microliters. The design consists of an
inner tube (inner diameter 400 um, outer diameter: 1000 pm)
with micro-holes through which the solution is injected, and
an outer tube (inner diameter 1.9 mm, outer diameter 2.9
mm) through which drying gas is flown. Three types of
evaporators are designed and fabricated, each with micro-
pores of either 30, 50, or 70 um diameter positioned on the
inner tube. The theoretical evaporation rate from the
meniscus shape of a single micro-pore is calculated, and a
method employing a relative humidity sensor for estimating
total evaporation over time is demonstrated. Evaporation and
concentration experiments were conducted with deionized
water and with aqueous glucose solutions which were
analyzed using infrared spectroscopy. We achieved controlled
evaporation, attaining a concentration factor of up to 10-fold
with an accuracy of +5%, under conditions of 40 °C, a liquid
flow rate of 1 uL min~', and a nitrogen gas flow rate of 50
mL min~". Additionally, the effect of pressure on liquid
leakage through pores of each evaporator was studied and
tested. The micro-pore evaporator-concentrator has been

This journal is © The Royal Society of Chemistry 2025
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shown to enrich a water-soluble small molecule; however, its
applicability can be extended to proteins, microparticles,
bacteria and more.

2. Microfluidic concentrator design

The concept of our design is based on maximizing the
evaporation by using micro-pores all around the outer
surface of the inner tube. This is unique compared to the
previous designs where evaporation is only in one
direction (ie. in 2D) as with membranes’® ™' or on two
sides, as with microfabricated microfluidic chips.'*"®
Fig. 1a shows the overall device with inlets for liquid
sample and for gas, an outlet for the concentrated sample
and an outlet for the humidified gas. Fig. 1b displays a
cross-section of the 3D computer-aided design (CAD)
model, showing arrows indicating evaporation in all
dimensions. To realize this multidirectional evaporation
concept, the geometry shown in Fig. 1 was optimized
within the resolution constraints of micro 3D printing to
achieve a balance between capillary liquid retention, vapor
permeability, and integration with standard fluidic
components.

It is well understood that the extent of the liquid-gas
interface area significantly influences the efficiency of the
evaporation process.”®> The total interface surface area
(where liquid is exposed to the gas) is calculated by
summing up the areas of all the micro-pores. In our
unique 3D design, the sweeping gas entirely surrounds the
liquid channel, maximizing the contact area for evaporation
via forced convection. Three different pore diameters - 30,
50, and 70 pum - were fabricated, and tested while the total
length and interface area for evaporation were kept
constant.

It is crucial to ensure that the micro-pores are neither
too large nor too small, as their size directly impacts both
liquid retention and evaporation efficiency. If the pores
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are too large, liquid leakage may occur due to insufficient
capillary pressure. Conversely, if the pores are too small,
the liquid—gas interface area may be reduced, limiting the
evaporation rate. The inner liquid tube containing the
micro-pores serves as a barrier to liquid flow as long as
the liquid pressure remains below the capillary
penetration pressure. If the liquid pressure exceeds this
threshold, the liquid will undesirably penetrate through
the pores. Smaller pores create a higher capillary pressure
barrier, preventing liquid from passing through unless
sufficient external pressure is applied. However, higher
liquid feeding rates, increased tube length, and additional
system components (e.g, analytical instruments) all
contribute to greater flow pressure, necessitating smaller
pores to prevent unintended leakage. Larger pores allow
liquid to pass through more easily, limiting the choices of
liquid flow rate and flow pressure. However, they also
provide a larger liquid-gas interface, promoting
evaporation. This creates a tradeoff: while larger pores
enhance evaporation efficiency, they also increase the risk
of liquid leakage. Therefore, optimizing pore size is
essential to balance evaporation performance with liquid
flow stability, ensuring efficient and controlled operation
of the system.

Table 1 summarizes the design parameters of the micro-
pore evaporator, including pore diameter (@), pore spacing
(d), effective length (s), total length (L), and interface area (A4).
Three designs feature increasing pore diameters of 30, 50,
and 70 um, respectively, with corresponding increases in pore
spacing from 150 to 350 um. The effective length (10 mm)
and total length (16 mm) remain constant across all designs.
As the pore diameter increases, the interface area slightly
increases from 1.238 mm® to 1.262 mm® The internal
volume of the liquid paths is the same for all devices,
measuring 1.34 pL.

The length of the segment housing the micro-pores is
termed here as ‘effective length’, represented by the letter s

low humidity gas

high humidity gas

original
sample

E : L 5
(a) /

(a) 3D computer-aided design of the micro-pore evaporator (50 um pore evaporator as example). Diameter of the micro-pores (®) = 50

Fig. 1

! concentrated
i sample

(b)

pum. Distance between adjacent micro-pores (d) = 250 um. Effective length of the porous portion (s) = 10 mm. Total length (L) = 16 mm. (b) Cross
section of the design showing arrows of evaporation through the micro-pores in all directions from the inner tube into the outer tube where a gas

is flown. Thickness of the inner liquid tube (m) = 300 pum.
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Table 1 Summary of the micro-pore evaporator design parameters
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Pore diameter @ Distance between pores d

Effective length s

Total length L Interface area A Internal volume

(um) (um) (mm) (mm) (mm?) (uL)
I 30 150 10 16 1.238 1.34
I 50 250 10 16 1.241 1.34
I 70 350 10 16 1.262 1.34

in the image. The pore diameter, the distance between
adjacent pores, and the effective length collectively
determine the total interface area. These dimensions are
influenced and constrained by the limitations of the
manufacturing process. The pore diameter and the distance
between adjacent pores are dictated by the resolution of
the micro 3D printer, which sets a limit on the minimum
achievable pore size. If the effective length s, the total
length L, or the thickness of the liquid tube m are too large
relative to the mechanical stability of the printed material,
shrinkage and bending may occur due to uneven stress
distribution and material deformation during the printing
and curing processes.

The design is a single part that does not require
assembly and can function directly after 3D printing. Being
a concentric-shaped cylinder with intricate structures on
the inner tube, micro-3D printing surpasses traditional
mechanical manufacturing methods. Additionally, the
integration of fine microstructures enhances the precision
and efficiency of the evaporation process. While the
concentrator device inherits the typical limitations of

additive manufacturing - such as material constraints, size
limitations, and potential deformation - the design has
been carefully designed to mitigate these challenges. The
result is a compact, high-precision device that enables

reproducibility,
3D printing

controlled  evaporation  with
demonstrating the advantages
microfluidic applications.

high

of in

()

Temperature &
humidity sensor

3. Materials and methods

3.1. Evaporator—concentrator system

The device was fabricated using a 3D printer (S230, Boston
Micro Fabrication) with a BMF MED resin,*® which is a rigid,
amber-colored, hydrophilic, and biocompatible material.
Fig. 2a shows a photograph of the device next to a ruler.
Fig. 2b shows the image of the inner tube, and the individual
micro-pores. It can be seen that the pore shapes slightly
deviate from a perfect circle.

To study the morphology of the device, a micro computed-
tomography (CT) scanner, Zeiss Xradia 620, was used. Image
of a 50 um pore evaporator is shown in Fig. 2c. The
morphology study is mainly concentrated on the pore
diameter, pore circularity, distance between pores, and the
shape of the pore channel. Table 2 summarizes the pore
geometry distribution as measured from CT images, for all
three different pore-size evaporators. Statistical analysis was
performed using Image] on the CT image data. Detailed
information on the CT image analysis, including the formula
for circularity calculation, is provided in Section S1 of the
ESL with Fig. S1 illustrating the processing steps used to
obtain the statistical measurements.

As shown in Table 2, the measured pore diameters are
close to the design values but exhibit a relatively large
variation within the 95% confidence interval. The actual
center-to-center distance between adjacent pores are slightly
smaller than the design distance but remains within an

O -2 L ®-
Gas mass flow
controller

Heater

Temperature controller '

Fig. 2

(a) Photograph of the fabricated device next to a one cent coin. (b) Photograph of the inner tube showing the micro-pores under a

microscope. (c) CT images displaying both the front (left) and cross-section (right) views of the 50 um micro-pore evaporator, highlighting the
micro-pores and the channel within. The scale bar at the top right of the front view applies to both images. (d) Schematic of the experimental

system for evaporator-concentrator testing.
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Table 2 Comparison of design and actual measurements for three evaporators, detailing the diameter and circularity of each micro-pore, as well as

the distance between adjacent micro-pores

Design diameter (um) Actual diameter (um) Design distance (um) Actual distance (um) Circularity
I 30 25.4 £11.7 150 143.7 + 4.3 0.65 £ 0.27
I 50 49.0 £ 4.4 250 242.3+7.3 0.79 £ 0.16
II1 70 72.6 £5.1 350 344.2 + 5.5 0.71 £ 0.17

acceptable tolerance for the application. The printed pores
exhibit a circularity of ranging from 0.65 to 0.79. Compared
to larger pores, the 30 pm pores show greater variability in
both measured diameter and circularity. This increased
variation in smaller pores may be attributed to limitations in
the fabrication process, such as resolution constraints during
printing. Additionally, the cross-section view (image on the
right) in Fig. 2c shows that the micro-pore channels are
straight, with no obstacles in the middle. This morphological
information of the micro-pores is crucial for mathematical
modeling and simulations of evaporation through the pores.

Fig. 2d shows the schematic of the experimental setup
used for device testing. The setup includes a syringe pump
(Pump 11 Elite, Harvard Apparatus) connected to the
evaporator, and an outlet of the evaporator leads to a sealed
collection well positioned in ice to minimize evaporation
during collection. The device's heating system comprises a
polyimide heater plate attached to the underside of the box
containing the device, along with an on-off temperature
controller (W1209). During the evaporation experiments, the
temperature inside the heating box is maintained within 0.2
degrees Celsius of the target temperature. Pure nitrogen gas
(Airgas, ultra-high purity: >99.999%) is used as the sweeping
gas, which removes vapor during evaporation. A humidity
sensor (SHT41, Sensirion) is positioned at the outlet to
continuously monitor the relative humidity of the outlet gas,
serving as a measure of the evaporation process.

3.2. Evaporator functionality: water evaporation and glucose
concentration

To obtain a preliminary understanding of the evaporation
rate of this device, deionized water was used in evaporation
experiments. By continuously injecting 1000 pL of water at a
constant rate and measuring the weight of the remaining
liquid after evaporation, the evaporated volume can be
determined. The water evaporation experiment is also used
to calculate the evaporation ratio and concentration factor
under specific system parameters. In this section, the dry
nitrogen flow rate ranges from 20 to 100 mL min ", liquid
flow rate ranges from 1 to 10 pL min™', and temperature
ranges from 20 to 40 °C.

Following initial tests with water, the next phase focuses
on analyzing glucose concentration increase after
evaporation. Various concentrations of glucose solutions are
produced through serial dilution. Glucose is first weighed
and dissolved in deionized water to prepare a 100 mmol L™"
solution. This glucose solution is then diluted to

This journal is © The Royal Society of Chemistry 2025

concentrations of 10, 20, and 40 mmol L™ by mixing with
deionized water, which are subsequently used for calibration.
10 mmol L™ glucose solution was used at the inlet of the
concentrator.

The evaporation process of aqueous glucose solution
follows the same protocol as that of deionized water. Glucose
concentration was measured using a Fourier transform
infrared (FTIR) spectrometer (iS50, ThermoFisher) in
transmittance mode using a liquid flow cell with a fixed path
length of 50 pm. Each recorded spectrum, ranging from 650
to 4000 cm™, is an average of 256 individual scans, obtained
at a resolution of 0.482 em™'. The flow cell is rinsed with
deionized water for 1 minute after each use to prevent cross
contamination between measurements. Spectra are collected
in a single-beam mode. Calculations of absorbance values are
subsequently performed. The concentration of glucose
samples can be calculated from absorbance at specific peaks
compared to a calibration curve, given that the peak height is
a linear function of concentration.*

3.3. Leakage pressure measurement

The pressure at which liquid begins to leak through the pores
was measured using a pressure sensor (uPS0800-T116,
LabSmith, USA). The pressure was generated by continuously
injecting liquid at a constant flow rate into a fused silica
capillary tubing with a 75.5 um inner diameter (1068160775,
Polymicro Technologies, USA). The experimental setup
involved connecting the syringe pump, pressure sensor,
evaporator, and capillary tubing in sequence, with the liquid
flow rate set to a constant 1 pL min .

4. Theoretical analysis of the
evaporator-concentrator

The control of the evaporation rate is important to the
operation of the evaporator-concentrator to achieve a desired
concentration of solutes in aqueous solutions. The
evaporation rate is influenced by factors such as the diffusion
coefficient of water vapor, liquid-gas interface area, and the
vapor pressure gradient between the liquid surface and the
surrounding gas. This gradient is typically driven by the
humidity of the sweeping gas. In this study, dry nitrogen is
used as the sweeping gas therefore humidity gradient is
present. Instead, the gradient is influenced by the flow rate
of the gas, which affects the transport of water vapor away
from the liquid surface. The aim of the theoretical
calculations is to provide insights into the relationship

Lab Chip, 2025, 25, 3141-3155 | 3145
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Fig. 3 (a) Schematic of capillary-driven liquid retention in a single hydrophilic micro-pore. @ represents the diameter of the micro-pore, and 6

represents the contact angle. (b) General schematic of a micro-pore evaporator.

between the evaporation rate and key system parameters,
enabling control of the evaporation.

Fig. 3 presents a schematic of the micro-pore evaporator,
illustrating both liquid retention in a single hydrophilic pore
and the overall evaporation process, where water escapes
through micro-pores while the non-volatile analytes are
concentrated.

The inner channel with micro-pores prevents liquid
passage while permitting vapor diffusion through the pores.
The water mass rate balance of the evaporator is represented

by eqn (1):
min = mout + mevp (1)

where m;, and n,,, denote the rates of liquid water in and
out, respectively, and ., represents the evaporated water
vapor.

Fig. 3a shows a schematic of a cross-section of a
hydrophilic single micro-pore. The surface area increases due
to the meniscus, compared to a flat liquid—gas interface, and
the meniscus evaporation is governed by the Kelvin
equation:**3?

Py 4yVy, cos(0)
Pp  ORT

In (2)

where Py, is the equilibrium vapor pressure over the
meniscus curved surface, Pr is the equilibrium vapor
pressure over a flat surface of the same liquid, y is the surface
tension of the liquid (in this case, 72.8 x 10 N m™), V,, is
the molar volume of the liquid (pure water V,, = 18 cm’
mol™), @ is the contact angle, approximately 50 degrees
between water and the material, @ is the diameter of the
pore, R is the ideal gas constant, and T is the temperature in
Kelvin. To estimate the contact angle, a small drop of water
was placed on the surface of the material, and a photograph
was taken. The contact angle was then measured from the
image. This data was also verified by the manufacturer's
datasheet.’® Using these values, it has been calculated that
Py = 1.00003P5.

A simplified version of the meniscus evaporation rate 7y
equation can be related to the diffusion coefficient J, the total
area of the micro-pores A, and the water vapor pressure
difference from the meniscus surface to the sweeping gas, as
defined in eqn (3),>* which is derived from Fick's first law.

3146 | Lab Chip, 2025, 25, 3141-3155
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When dry gas (such as dry nitrogen) is used as the
sweeping gas, there is no water vapor in the gas, so the
ambient pressure of water vapor, P, is approximately 0.
Therefore, the meniscus evaporation rate 1, can be related
to the flat surface evaporation mp?® For the detailed
derivation process, please refer to Section S2 in the ESL}

The vapor pressure difference between the meniscus and
flat surface calculated using the Kelvin equation is minimal
in this case. However, based on eqn (2), the difference
becomes more noticeable as the pore size decreases. For
nano sized pores, the vapor pressure over the curved
meniscus surface can be several percent higher than that
over a flat surface. For example, when the pore diameter is
50 nm, the meniscus vapor pressure is 3% higher than that
of a flat surface. Additionally, decreasing the contact angle,
using a liquid with higher surface tension and molar volume,
or operating at a lower temperature will further amplify the
vapor pressure difference.

A higher vapor pressure difference enhances the
evaporation rate by increasing the driving force for mass
transfer, which is beneficial for rapid preconcentration.
However, excessively high vapor pressure differences may
lead to instability at the meniscus, potential pore drying, or
inconsistent evaporation rates. Conversely, a lower vapor
pressure difference results in more stable and controlled
evaporation but may limit the overall efficiency of the
process. The optimal balance depends on the desired
evaporation rate, system stability, and the ability to maintain
a continuous liquid supply to the meniscus.

A relative humidity sensor can be used to estimate
evaporation over time. By monitoring the relative humidity
level at the outlet of the evaporator, we can estimate the total
evaporation. The mass of water evaporated from the micro-
pores is equal to the mass of water vapor carried away by the
sweeping gas at the outlet, based on the water vapor mass
balance. Therefore, we first calibrate the water vapor mass
flow rate using different sweeping gas flow rates, then
calculate the evaporation ratio (ER). The evaporation ratio is
defined as the amount of liquid evaporated relative to the

. m
total amount of liquid injected, i.e. %.
in
The theoretical evaporation ratio can be calculated from
relative humidity calibration curve using eqn (4):*®

This journal is © The Royal Society of Chemistry 2025
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My P m
ER = CXRH x — V- WSAT TG 4)
Mg Pg mg

where C is a constant empirical correction factor, RH is the
relative humidity increase from inlet to outlet of the
sweeping gas, My and Mg are the molar masses of water
vapor and sweeping gas, respectively, Py sar and Pg are the
saturation pressures of water vapor at a specific
temperature and pressure of the sweeping gas, mg and g
are the mass flow rates of sweeping gas and liquid
solution, calculated from volumetric flow rates and their
respective densities.

The correction factor C is set to 0.75 and is determined
experimentally by calibrating the system at a controlled flow
rate of 10 uL min™'. At this high flow rate, the total
experimental duration is shorter under a fixed total volume
condition. This reduces the exposure time to environmental
fluctuations, making the system less susceptible to external
influences such as ambient humidity changes or temperature
variations. This makes it easier to isolate the inherent
discrepancies  between  theoretical  predictions and
experimental results, which stem from factors like sensor
inaccuracies, non-ideal airflow, and experimental setup
limitations. The humidity sensor may introduce response
delays, leading to overestimated relative humidity and
consequently a higher calculated evaporation coefficient.
Additionally, the theoretical model assumes uniform airflow
and complete mixing, whereas experimental conditions may
involve localized variations in vapor concentration and flow
distribution.  Furthermore, deviations in micro-pore
geometry, partial clogging, or contamination could reduce
the effective evaporation rate, contributing to the discrepancy
between theoretical and experimental values.

The concentration factor (CF) represents the ratio of the
analyte’'s concentration after evaporation to its original
concentration. The concentration factor can be calculated
from the evaporation ratio using eqn (5), assuming the

Relative humidity
o o
o ~

=
[$)]
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04 T T T T T
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solution's density does not vary significantly before and after
the evaporation process.

__ Final Concentration 1
" Initial Concentration  1-ER

(5)

5. Results and discussion

5.1. Evaporation calculation based on measured relative
humidity

Fig. 4 illustrates the relative humidity and minimum liquid
feeding rate at different dry nitrogen gas flow rates of 20 to
100 mL min™ at 30 °C using the 50 um micro-pore
evaporator. The liquid flow rate is 2 uL min'. The
evaporation process can be modeled as a mixture process:
dry nitrogen gas and evaporated water vapor are mixed in the
micro-3D printed channel, and the mixture is expelled by the
continuous gas flow. The error bars for relative humidity
calibration in Fig. 4a are based on three measurements and
fall within a consistent range, primarily due to the humidity
in the surrounding environment. This indicates that the
method is highly repeatable and reliable for theoretical
evaporation calculations.

As observed in Fig. 4a, the relative humidity increases as
the dry nitrogen gas flow rate decreases. This can be
explained by the fact that with a slower gas flow rate, more
water evaporates within a fixed amount of time and volume,
resulting in the sweeping gas carrying more water vapor. As a
result, the relative humidity is higher. Conversely, with a
faster gas flow rate, less water has time to evaporate, so the
gas carries less water vapor, and the mixture exhibits
characteristics closer to dry nitrogen, leading to lower relative
humidity.

The minimum liquid flow rate represents the lowest
volumetric flow rate of the liquid solution at a specific
temperature and sweeping gas flow rate. Since the
evaporation rate is influenced by the sweeping gas flow rate,
each gas flow rate has a corresponding minimum liquid flow
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Fig. 4 Experimentally determined (a) relative humidity and (b) liquid flow rate for various dry nitrogen gas flow rates range from 20 to 100 mL

mint at 30 °C. The liquid flow rate is 2 pL min.
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rate. Intuitively, a higher gas flow rate results in a higher
evaporation ratio, which also sets the minimum liquid flow
rate. Fig. 4b illustrates the minimum liquid flow rate for each
dry nitrogen gas flow rate at 30 °C. The usable range is above
the curve, while the area below indicating complete
evaporation. For instance, at 30 °C with a dry nitrogen gas
flow rate set to 60 mL min~', the minimum liquid flow rate is
0.99 uL min™". If the liquid flow rate is set less than 0.99 pL
min, the injected liquid will completely evaporate before
reaching the outlet. To prevent the analyte from drying out
completely during the concentration process, the infusion
flow rate must be higher than the minimum liquid flow rate.

5.2. Impact of experimental variables on evaporation: liquid
flow, gas flow, and temperature

In a fixed-dimension evaporator, three critical independent
variables are the liquid sample flow rate, sweeping gas flow
rate, and temperature, while the relative humidity is
consistently recorded. Fig. 5 illustrates how liquid flow rates,
temperature and sweeping gas flow rate influence the
evaporation process. Increasing the liquid flow rate decreases
the residence time of liquid in the evaporation area, thus
reducing evaporation. Moreover, an increase in temperature
raises the saturation pressure of water vapor, thereby
enhancing the pressure gradient between the sweeping gas
and the liquid-gas interface, ultimately resulting in faster
evaporation. Furthermore, a higher sweeping gas flow rate
enhances vapor removal, thereby increasing the vapor
pressure difference between the gas channel and the liquid
surface, which in turn accelerates evaporation. The highest
evaporation ratio in Fig. 5a is 0.899, occurring at a 1.0 pL
min~" liquid flow rate, 40 °C, and at a gas flow rate of 50 mL
min~', where the corresponding concentration factor is 9.9
calculated using eqn (5). Under these conditions, the
residence time of the solution within the evaporation section
is approximately 7 minutes.
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In this work, the evaporation variables are varied between
specific ranges. Temperatures up to 40 °C because the
evaporation process accelerates at higher temperatures, and
this temperature will not damage certain analytes, such as
most proteins, from denaturation.’® The liquid flow rate
ranges from 1 to 10 uL, min™" to balance efficient evaporation
without risking excessive pressure that could cause leaks.
Higher flow rates can lead to increased pressure within the
system, potentially causing unintended leakage. The gas flow
rate ranges from 20 to 100 mL min ", which is well-suited for
achieving a concentration factor between 1 and 10-fold or
higher. This range allows for adjustments based on specific
requirements, given the limited liquid flow rates and
experimental temperatures.

The results can be used to optimize the operating
conditions for maximum efficiency allowing one to
determine the optimal combination of temperature and flow
rates that yields the desired evaporation ratio. For instance,
to concentrate a sample that can tolerate a maximum
temperature of 40 °C, requiring an evaporation ratio of at
least 0.2, Fig. 5a suggests using conditions of 30 °C, a 2.5 pL
min " liquid flow rate, and a 50 mL min" gas flow rate.

5.3. Theoretical and experimental evaporation results
comparison

Fig. 6 presents both theoretical and experimental values of
the evaporation ratio and concentration factor from the
deionized water evaporation experiment. The theoretical
evaporation ratio and concentration factor are calculated
using eqn (4) and (5), respectively.

The experimental evaporation ratios and concentration
factors closely match theoretical calculations, particularly at
higher liquid flow rates. This confirms the theory's close
approximation of the actual evaporation process. The
theoretical calculations were based on eqn (4), which
considers factors such as the saturation pressure of water
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(a) Evaporation ratio and concentration factor as a function of temperature for various liquid flow rates, with a constant sweeping gas flow

rate of 50 mL min2. (b) Evaporation ratio and concentration factor for different sweeping gas flow rates, with a constant temperature of 30 °C and

liquid flow rate of 1.0 pL min™.
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Fig. 6 Deionized water evaporation and corresponding concentration factors under experimental conditions of 30 °C temperature and a 50 mL
min~t dry nitrogen gas flow rate. (a) Evaporation ratio versus liquid flow rate from 1 to 10 uL min™. (b) Concentration factor versus liquid flow rate

from 1 to 10 pL min™%,

vapor and mass flow rates. Key assumptions made include
constant liquid and gas flow rates and uniform temperature
distribution throughout the microfluidic chip during the
evaporation process.

The shapes of Fig. 6a and b are similar, except at lower
liquid flow rates, where the concentration factor changes
more rapidly than the evaporation ratio. This difference is
evident through the derivative of eqn (5), which shows that
as the evaporation ratio increases, the concentration factor
experiences a faster rate of change. At lower flow rates,
larger error bars in the experimental data, as well as a
greater discrepancy between the experimental results and
theoretical predictions, are observed. This is primarily
because at lower flow rates, a longer time is required to
pass the same total volume of liquid, potentially increasing
uncertainties during evaporation. Additionally,
approximations in experimental values may accumulate,
leading to greater errors over time.

5.4. Effect of micro-pore diameter on evaporation
performance

In order to determine the effect of the pore size, the
evaporation ratio was measured for the three micro-pore
diameters of 30, 50 and 70 um. Fig. 7 shows evaporation ratio
as a function of liquid flow rate for the three diameters. It
can be seen that the micro-pore diameters have little to no
influence on evaporation performance in the evaporators, for
which the total effective evaporation length and total
interface area are kept constant. As shown in eqn (3), the
mass flow rate of the evaporation process is a function of the
diffusion coefficient and total area. Since these parameters
are kept constant for all three evaporators, it is reasonable
that they exhibit similar evaporation performance. This
suggests that the variation in micro-pore diameter has little
impact on the evaporation ratio under the tested conditions.

This journal is © The Royal Society of Chemistry 2025

Detailed calculations for the diffusion coefficient can be
found in Section S3 in the ESL}

5.5. Example: increasing the concentration of an aqueous
glucose solution

Fig. 8 presents the FTIR results for four known aqueous
glucose calibration solutions at different concentrations and
three unknown aqueous glucose samples. Fig. 8a shows
distinct peaks at specific wavenumbers (1036, 1080, 1108,
and 1152 cm™"). These peaks, characteristic of glucose, are
used to quantify its concentration. Peak height is calculated
by subtracting a baseline from the maximum near the
specific wavenumber. Baseline is selected to be the average
absorbance around 1190 cm™', where most spectra are flat

0.8+ Temperature = 