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Abstract 

As the field of bioanalysis matures, there is a growing need for high-throughput and highly sensitive 

analysis of biomass-limited samples. Common sample preparation methods are often challenged 

in their ability for automation and handling of small-volume or highly-diluted samples, which 

compromises the full potential of state-of-the-art separation and detection techniques. In this 

study, we present a strategy to address this issue with the development of fully automated, on-line 

sample preconcentration by solvent evaporation from a pendant droplet into a (sub-)microliter 

volume. A droplet of 500 nL is formed at the distal end of a syringe needle, placed in a flow of 

nitrogen at elevated temperature. The droplet is kept at constant volume using machine-vision 

feedback to adjust the nitrogen flow, while sample solution is continuously injected into the droplet 

via the syringe. This setup was built into a robotic autosampler to fully automate the process. 

Evaporation rates of 6 µL/min were achieved from a droplet of 500 nL volume, which consisted 

of 50-80% methanol or acetonitrile in water. The evaporation parameters were optimized with the 

aid of a theoretical model. A 15-fold preconcentration was obtained in less than 3 min, visualized 

using a methylene blue dye. With the direct integration into an autosampler, our setup can be readily 

integrated into existing bioanalytical workflows. This was demonstrated by the 10-fold 

preconcentration of amino acids and direct coupling to liquid chromatograph – mass spectrometry 

analysis, which resulted in an approximately 10-fold increase in peak height. This proof of concept 

on a selected set of analytes highlights the potential impact and versatility of our approach for 

analysis of biomass-limited samples in a large diversity of bioanalytical fields where a high sensitivity 

and/or throughput are crucial, including metabolomics. 
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Introduction 

In the last decade, metabolomics, i.e., the comprehensive analysis of all – or as many as possible 

relevant – metabolites in an organism, has become an important pillar among the -omics 

approaches in clinical and drug research1–5. Indeed, gaining deeper insights into metabolic pathways 

can contribute to a better understanding of disease mechanisms, as well as the discovery of novel 

biomarkers candidates and potential drug targets1,6. Among the pool of metabolites, present in an 

organism (>215,000 compounds reported in the recent Human Metabolome Database 5.07), a large 

number is present at trace levels, requiring state-of-the-art high-sensitive analytical approaches for 

their analysis. In addition, it is common that such low-abundant metabolites need to be identified 

and quantified in biomass-limited samples8,9, which can be diluted by nature (e.g., dialysates), 

concentrated but low in volume (e.g., animal tissue samples, biopsies, organoids or selected cell 

fractions), or both diluted and low in volume (e.g., microdialysates10,11 and organ-on-a-chip 

perfusates12). Lastly, the large number of samples, including quality control samples, that typically 

need to be measured in large-scale metabolomics cohorts underlines the need for faster analysis 

methods and automation of the entire metabolomics workflow for round-the-clock operation13–15. 

Liquid chromatography – mass spectrometry (LC-MS) is considered the gold standard analytical 

approach in metabolomics, due to its high sensitivity, selectivity and reasonable throughput15,16. 

Over the last years, mass spectrometers have seen tremendous improvements to enable the 

detection of trace metabolite levels in complex matrices. Similarly, numerous improvements have 

been carried out to improve the chromatographic performance and extend the metabolome 

coverage, such as the use of sub-2-µm fully porous particles, sub-3-µm superficially porous 

particles, alternative modes such as hydrophilic interaction chromatography (HILIC), or the use of 

supercritical fluid chromatography14,16–19. However, less efforts have been put in the development 

of innovative high-throughput, automated sample preparation approaches enabling the 

preconcentration of low-abundant metabolites in biomass-limited samples. Moreover, despite the 

use of state-of-the-art chromatographic approaches in metabolomics, often a significant gap 

remains between the ideal sample composition required to reach the highest chromatographic 

performance and the actual sample composition after sample preparation. This is especially true 

for more complex chromatographic approaches, such as HILIC20 and miniaturized approaches, 

such as micro-, capillary-, and nano-LC21, where the separation efficiency is largely influenced by 

the injected volume and injection solvent. When analyzing analytes of a large polarity range, a 

balance has to be found between a good solvent and still a not too good eluent when injecting a 

reasonable sample volume onto the separation column. Thus, in general, chromatographic 
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separations benefit from injecting low-volume but high-concentration samples, among other 

reasons to ease the influence of the solvent. 

The complexity of biological samples often requires the use of selective extractions prior to the 

injection, typically liquid-liquid extraction (LLE) or solid-phase extraction (SPE). Subsequently, the 

extraction solvent is evaporated and reconstituted in an adequate injection solvent. However, this 

workflow is less suitable for low-volume samples and offers limited preconcentration potential for 

dilute samples. Miniaturized approaches, or microextractions, are designed to work with low 

sample volumes and achieve high concentration factors22–26, but still have significant challenges to 

overcome regarding automation and scalability for high-throughput workflows27–29. 

Alternatively, electrokinetic sample preparation approaches are promising in providing 

simultaneous extraction and enrichment, but are aimed only at charged analytes30–34. Fornells et al. 

presented a non-selective, inline preconcentration device by partial solvent evaporation through a 

semipermeable membrane, but this approach is time-consuming (60 min. for 30-fold 

preconcentration) and designed for continuous flow applications rather than discrete samples35. So 

far, a dedicated approach is lacking that can keep up with increasingly fast separations (a few 

minutes or faster), and can easily be automated and hyphenated to various analysis platforms.  

In this study, we present an online and fully automated method for evaporative sample 

preconcentration, that is integrated in a commercial robotic autosampler. Solvent is evaporated 

from a suspended droplet using vision-controlled feedback to concentrate the analytes. The 

concentrated droplet can then be directly coupled to standard LC-MS equipment. In a previous 

pilot study, we presented a proof-of-concept for solvent switching using machine-vision controlled 

evaporation from a hanging droplet for offline liquid chromatography – nuclear magnetic 

resonance (LC-NMR) modulation36. This setup, however, was limited in automation because of the 

syringe pump used, and transferred the samples by reconstituting the droplet in a different solvent. 

In the current study, the setup was further developed, characterized and optimized, and 

implemented in an automated workflow. A theoretical model was built and compared with 

experimental observations to derive essential parameters and predict the performance limits of the 

evaporative process. The preconcentration effect was demonstrated by 10-fold preconcentration 

of methylene blue dye with an evaporation rate of 6 µL/min. Furthermore, the evaporation 

parameters, namely, droplet size, gas temperature and solvent composition were investigated and 

optimized. Finally, the potential of this method for metabolomics applications was demonstrated 

by fully automated, online preconcentration of amino acids and direct coupling to reversed-phase 

LC-MS analysis. In addition, the hanging droplet evaporator was further characterized for the 
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analysis of esters using gas chromatography with flame ionization detection. The obtained results 

show the future possibilities of incorporating of this setup into any bioanalytical workflow, enabling 

for high-throughput and high-sensitive analysis of biomass-limited samples for metabolomics. 

Materials and methods 

Chemicals and samples 

Methanol (MeOH) of LC-MS grade was purchased from Actu-All (Oss, The Netherlands). MilliQ 

water was obtained using a Millipore high-purity water dispenser (Sigma-Aldrich, Zwijndrecht, The 

Netherlands). Methylene blue dye, L-tryptophane and L-valine were purchased from Sigma-

Aldrich, and L-isoleucine was purchased from Cambridge Isotope Laboratories Inc. (Tewksbury, 

MA, USA). 

Samples of methylene blue were prepared from a stock solution of 1 mg/mL methylene blue in 

water, and diluted to the desired concentration with 50% MeOH in water. A mix of amino acid 

standards was prepared from a stock solution with analyte concentrations of 50 µg/mL in 50% 

MeOH, and further diluted in 50% MeOH to 3.125 ng/mL for analysis. 

For samples analysed with gas chromatography, esters mix including dimethyl phthalate (DMP), 

diethyl phthalate (DEP), di-n-butyl phthalate (DBP) and benzyl butyl phthalate (BBP) were 

purchased from Sigma-Aldrich, and methanol was obtained from Biosolve (Valkenswaard, The 

Netherlands). The same water system as aforementioned was used. Samples were prepared with a 

concentration of 20 µg/mL for each ester, in either 90% MeOH in water. 

Evaporation module and operation 

Figure 1A illustrates the principle of the hanging droplet evaporator principle. The concept is 

similar to the preliminary set-up developed by Schoonen et al.36. A droplet is formed at the distal 

end of a needle and is exposed to a flow of heated nitrogen gas. While fresh sample is continuously 

dispensed into the droplet, the solvent is evaporated from the droplet surface at an equal rate to 

maintain a constant droplet volume. The droplet volume is continuously measured by a camera 

and real-time image processing. A feedback control loop maintains the droplet at constant volume 

by adjusting the nitrogen flow accordingly. After a set volume of sample is dispensed and 

evaporated, and thereby the preconcentration factor reached, the process is stopped and the 

droplet is used for further analysis.  
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The process takes place in a CTC PAL3 RTC autosampler (CTC Analytics AG, Zwingen, 

Switzerland) (Figure 1B). The autosampler holds a 25 µL glass syringe with a removable, flat-point, 

1.3 mm outer and 0.2 mm inner diameter stainless steel needle (Setonic GmbH, Ilmenau, 

Germany). The integration with the autosampler works as follows. The autosampler aspirates the 

initial sample volume, including a potential rear air gap, moves to the droplet evaporation module 

and lowers the needle into the droplet evaporation module. The sample is dispensed at a constant 

rate so that a droplet is formed at the tip of the needle. While the sample is dispensed, the droplet 

volume is monitored real-time with a camera system. This value serves as input for a feedback loop 

that regulates the flow of hot nitrogen flow into the system, so that the influx of sample into the 

droplet is in equilibrium with the evaporative outflux at the droplet surface. This effectively ensures 

that the droplet remains at constant volume while the solvent evaporates and analytes are 

concentrated in the droplet. After the evaporation the remaining preconcentrated sample is drawn 

up in the syringe again and can be used for further processing or analysis. The effective 

concentration factor can be calculated as: 

 𝐶𝐹 ൌ
𝑉௜௡௜௧௜௔௟
𝑉௙௜௡௔௟

. (1) 

The heart of the evaporation module is the evaporation chamber (Figure 1C). This part is entirely 

machined out of poly-ethylene ether ketone (PEEK) for its thermal and chemical resistance. Two 

PEEK bodies mated together form the horizontal flow channel for the gas flow. Halfway this 

channel, there is a vertical entry point for the syringe needle. Moreover, two optical windows are 

embedded in the channel wall at this position to provide optical access, namely, a clear window for 

the camera and an opaque window to diffuse the backlight. The flow channel starts as circular cross 

section at the in- and outlet, and gradually and symmetrically tapers to a non-circular shape at the 

optical windows to minimize disturbances to the airflow. The droplet is imaged at 10 frames per 

second with a Basler Pulse puA1600-60uc colour CMOS camera (Basler AG, Ahrensburg, 

Germany), fitted with a 2x zoom telecentric lens (TechSpec® CompactTL™ 2x magnification, 40 

mm working distance, Edmund Optics Ltd., York, United Kingdom). The fixed magnification of 

the lens ensures a fixed pixel size of 2.25x2.25 µm. 

The nitrogen flow is firstly regulated with a Bronkhorst EL-Flow mass flow controller (Bronkhorst, 

The Netherlands) and subsequently heated with a 500 W hot-air soldering heating element 

(Eleshop BV, Eindhoven, The Netherlands) in a custom enclosure, that is positioned directly at 

the inlet of the evaporation chamber. The inlet portion of the evaporation module is equipped with 

a needle preheater, consisting of a aluminium rod with 1.4 mm diameter centre through-hole for 

the needle and a 10W Kapton® flexible heating element on the outside (Omega Engineering 
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Limited, Manchester, United Kingdom). The module is fitted with four thermocouples: an 

integrated J-type inside the gas heater element, and three K-type thermocouples at the chamber 

inlet and outlet, and the needle preheater (0.15x150 mm, Omega Engineering Limited, Manchester, 

United Kingdom) and an 8-channel thermocouple interface (ADAM 4118, Advantech Co., Ltd., 

Taipei, Taiwan).  

 

Figure 1. Schematic overview of the automated droplet evaporation preconcentration module. A) Schematic 

representation of the evaporative preconcentration principle; B) CTC PAL3 robotic autosampler with integrated 

droplet evaporation module; C) Detailed cross-sections of the evaporation chamber showing the channel cross-section 

at the droplet (left) and the lofted profile of the gas flow channel (right). 

 

Automation 

The CTC PAL3 autosampler is programmed and controlled via PAL Sample Control 2.50. The 

droplet evaporation module was programmed in the autosampler as general Injector-module with 

adjustable penetration depth. This depth was calibrated once so that the droplet was in the center 

of the camera view. The evaporation module and process are controlled with a custom LabView 

application, using the Vision Development and Control & Simulation packages (LabView 2020 

SP1, National Instruments, Austin, Texas, USA). The LabView application and PAL Sample 

Control share sample details via a common text file, and synchronize their activities using contact 

closures. Upon the needle entering the evaporation module, PSC writes sample information such 

as name, droplet volume and temperature setpoints, to the shared text file and sends a contact 

closure to the LabView application. The application, in turn, reads the sample parameters, waits 

for the temperatures to reach their setpoint, and stores a binary image of the needle without droplet. 

After this initialization procedure, a contact closure is sent to the autosampler to start dispensing 

the sample and the LabView application starts the process of controlled evaporation. When the 

autosampler has finished dispensing the set sample volume, the droplet is retracted and a trigger 

signal is sent to the LabView application to end the process. The droplet volume is calculated real-

time with a custom algorithm (step-by-step images in Supplementary Information S1). Firstly, the 
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image is binarized based on a set threshold and connected holes within the droplet and needle 

perimeter are filled. Next, the binary image of the needle, as stored during sample initialization, is 

subtracted to obtain a binary matrix of the droplet profile. The droplet volume can then be 

calculated using disc integration along the vertical axis, using the sum of each row as the diameter 

of the disc, as presented in Eq. 2, in which 𝑑௣௫ is the known dimension of a square pixel, equal to 

2.25 µm. Since the gas flow is perpendicular to the line of sight, it is assumed that the droplet only 

deforms in the visual plane; therefore, each disc is axisymmetric. With this assumption, the droplet 

profile as a whole does not have to be axisymmetric.  

𝑉ௗ௥௢௣௟௘௧ ൌ
𝜋
4
𝑑௣௫ଷ ෍෍𝑥௜,௝

ଶ

௡

௝ୀଵ

௡

௜ୀଵ

 (2) 

The droplet volume is used as reference for the proportional-integral (PI) controller in the LabView 

application to regulate the nitrogen gas flow between 0.4 and 8 L/min, thereby adjusting the 

evaporation rate. Temperature of the nitrogen gas flow and preheater are maintained constant with 

an in-house programmed Arduino Mega 2560 (Arduino, Italy) and the Arduino PID library v1.1, 

and custom electronics to modulate the heaters. The Arduino collects the temperature readouts 

the thermocouple interface via RS-485 and passes these to the LabView application via serial 

communication. Simultaneously, the PID controller modulates the heater power using the pulse-

width modulation (PWM) outputs of the Arduino. These PWM output pins are set to operate at 

31 kHz. The preheater power is modulated with a simple optocoupler switching circuit. For the 

nitrogen heater a special circuitry was designed to operate at the high PWM frequency and thereby 

minimize feedback of high-frequency noise from the high switching load back into mains. 

Experimental evaporation rate 

The experimental mass transfer rate of water drops, at various ambient conditions, was determined 

by forming a 2.5 µL droplet inside the evaporation module and letting it evaporate under static 

conditions in the evaporation chamber. The temperature and mass flow of the gas were set and 

equilibrated before the measurement. The evaporation rate ఋ௏ 

ఋ௧
 was then calculated from the 

resulting volume-time profile at a the interval 𝑉 ൌ 500 േ  50 nL. 

Sample preconcentration 

All samples were preconcentrated at a rate of 6 µL/min using a droplet volume setpoint of 500 nL, 

preheater temperature of 50 °C, nitrogen gas temperature of 230 °C, and maximum gas flow rate 

of 8 L/min. Methylene blue samples were concentrated from 12 to 0.8 µL (CF=15), amino acid 
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standard samples were preconcentrated from 8 to 0.8 µL (CF=10). For the partial loop injection, 

the sample was bracketed by air gaps of 2 µL at the rear and 3 µL at the front, respectively, and 

injected at a flow rate of 6 µL/min. 

Liquid chromatography – mass spectrometry 

The LC-MS analysis was performed using a Waters Acquity UPLC system hyphenated via 

electrospray ionization (ESI) to a Waters Xevo TQ-MS Triple Quadrupole mass spectrometer 

(Waters, Milford, MA, USA). The separation was performed using a Kinetex C18 column (2.1 × 

50 mm, 1.7 µm, Phenomenex, Torrance, CA, USA). The mobile phase was composed of water 

with 0.1% formic acid (solvent A) and MeOH with 0.1% formic acid (solvent B). The separation 

was carried out using the following gradient: start with 0% B; 35% B at 1.5 min.; 90% B at 1.6 min; 

maintain 90% B until 3.0 min.; 0% B at 3.1 min.; maintain 0% B until 5.0 min. The ESI source was 

operating in positive mode, with the following parameters: ESI voltage, 3 kV; temperature, 150 °C; 

cone voltage, 30 V; cone gas flow rate 50 L/h; desolvation gas flow rate, 1000 L/h; and collision 

gas flow rate, 0.10 mL/min. MS data was acquired using timed multi reaction monitoring mode 

(MRM), with the following timings and transitions (window, precursor > fragment, collision 

energy): leucine, 0.35-0.56 min, 132.17 > 86.17 m/z, 10 eV; tryptophane, 0.7-3.5 min, 205.23 > 

118.29 m/z, 30 eV; valine, 0.1-0.38 min, 118.15 > 72.15 m/z, 10 eV. 

Characterization with gas chromatography – flame ionization detection (GC-FID) 

For the characterization of esters using GC-FID, the autosampler was fitted with a 25 µL glass 

syringe, having a fixed, 22s gauge needle. Evaporation was performed with a droplet volume of 

500 nL, preheater temperature of 50 °C, gas temperature of 80 °C, maximum gas flow rate of 6 

L/min. 

The samples were concentrated to a final volume of 1 µL, and the initial volumes were 1, 2, 4, 6, 8, 

10, 12, 15, 20, and 22 µL, which corresponds to expected concentration factors of 1-22. 

GC-FID analysis of the esters was performed on a Thermo Fischer TRACE 1310 with 23 gauge 

Merlin seal and flame ionization detector. The injection method was splitless with surge, with the 

following parameters: split flow: 6.0 mL/min; splitless time: 0.5 min; purge flow: 5.0 mL/min; 

temperature: 280 °C; surge pressure: 200 kPa; surge duration: 0.5 min. An Agilent J&W HP-5MS 

UI column with 30 m length, 0.25 mm diameter and 0.25 µm film was used to separate the esters. 

The separation method was as follows: 0-2 min: 50 °C; 2-7 min: 50-210 °C; 7-17.3 min: 210-280 

°C; 18 min: stop. The detector was set to 280 °C and a hydrogen flow of 45 mL/min. 
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Results and discussion 

Optimization of the automated evaporation 

The droplet evaporation module was successfully integrated in the robotic autosampler (Figure 

1B). In this configuration, the system was capable of consecutively preconcentrating series of 

samples in a fully automated fashion, whereby all sample parameters could be programmed for 

each individual sample. For optimal throughput, the software maintained the last-used gas 

temperature for up to 300 s in between samples to minimize the equilibration time for consecutive 

samples. In practice, this is ideal when the temperature difference between consecutive samples is 

minimal, which is often the case when processing batches of samples. 

Tuning the PI controller parameters is essential to maintaining a stable droplet volume throughout 

the process. After careful tuning, the droplet volume stayed within ±50 nL of the setpoint volume 

of 500 nL (Supplementary Information S2). The evaporative process is an integrating process, 

meaning that at a given output of the actuator (i.e., the gas flow), the process value (i.e., the droplet 

volume) does not reach an equilibrium value. Therefore, the controller gains could not be tuned 

with classical methods for self-regulating systems, such as Ziegler-Nichols or Cohen-Coon, and 

the lambda tuning rules were used37,38. The initial gains were determined by measuring the process 

dead time from a step test in open loop mode and fine-tuned by hand, resulting in optimized 

proportional gain 𝐾௣ ൌ 16.0, integration time 𝑇௜ ൌ 1.5 s and derivative time 𝑇ௗ ൌ 0.0 s. 

Modelling of aqueous droplet evaporation 

The evaporation from drops is a long-studied phenomena; Ranz & Marshall studied already in 1952 

the evaporation of drops in a free stream and described the heat and mass transfer analogy to 

approximate this mechanism39. Here, their initial work was adapted to a hemispherical droplet in a 

free stream. An imaginary fin was added to represent the needle as a solid rod with a diameter equal 

to the droplet base diameter (Figure 2A). Since the flow is normal to the axis of the droplet and 

the cylinder, a boundary layer develops along the droplet surface and, as such, strong local 

differences exist, i.e., the mass transfer will be higher upstream than downstream40. As a reasonable 

approximation, a solution to the coupled heat and mass balance is here obtained using well-

established empirical correlations that are valid for these conditions, and are in terms of averaged 

gas concentration and temperature. For the droplet in the free stream, the correlation by Ranz & 

Marshall was used39, and the Hilpert correlation was used for the needle as cylinder in a cross flow41. 

Furthermore, the following assumptions were made for the model: the process is in steady state; 

all physical properties are constant; the temperature is uniform over the droplet surface; the 
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physical properties can be evaluated at the film temperature, which is the arithmetic mean of the 

free stream temperature (𝑇ஶ) and the droplet surface temperature (𝑇ௗ); the effect of radiative heat 

transfer is negligible; nitrogen gas leaves the mass flow controller at 293 K; and the needle is a 

cylindrical rod with a finite length of 3 mm. 

Ultimately, these conditions lead to a coupled heat and mass balance according to Equation 3, with 

𝑚ሶ  the mass transfer rate; Δ𝐻௅௏ the latent heat of evaporation; ℎௗ and ℎ௡ the convective heat transfer 

coefficients of the droplet and needle, respectively; 𝑅 the droplet radius, equal to the needle radius; 

𝐿 the needle length; 𝑇ஶ and 𝑇ௗ the temperature of the free stream and the droplet surface, 

respectively; and 𝜂௙௜௡ the fin efficiency. The solution for this non-linear problem can be found by 

iteratively solving for 𝑇ௗ, the droplet surface temperature. The full set of equations and material 

properties are described in Supplementary Information S3. 

𝑚ሶ Δ𝐻௅௏ ൌ ℎௗ2𝜋𝑅ଶሺ𝑇ஶ െ 𝑇ௗሻ ൅ ℎ௡2𝜋𝑅𝐿ሺ𝑇ஶ െ 𝑇ௗሻ𝜂௙௜௡ ሺ3ሻ 

Comparison between model prediction and experimental data 

The predicted and measured evaporation rates, illustrated in Figure 2B, exhibit a similar trend, 

namely, i) the mass transfer increases with increasing free stream temperature and velocity, and ii) 

the evaporation rate is in the range of 1-5 µL/min (1.8-7.22·10-8 kg/s). The model predictions 

deviate up to 30% from the experimental values and overall provide a good approximation of the 

evaporation rate in this setup. Although the model supports an increase in evaporation rate with 

increasing free stream temperature and velocity, practical limits to these parameters were observed. 

Firstly, free stream temperatures above 160 °C may induce vapor bubble nucleation inside the 

droplet at the contact area with the needle, as the needle rapidly heats up in the crossflow. These 

vapor bubbles result in instability of the droplet as they grow and/or disrupt the interface 

(Supplementary Information S4). Secondly, at free stream velocities above 7 m/s, the droplet 

surface deformation becomes too large, which can hinder accurate determination of the droplet 

volume, and can even lead to the contact line breaking and the droplet adhering to the outer surface 

of the needle. 
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Figure 2. A) Schematic of the hemispherical droplet on a cylindrical rod; B) Theoretical and experimental evaporation 

rates of a hemispherical water droplet with a base radius of 1.3 mm at free stream velocities of 1.4-5.6 m/s and 

temperatures of 300-393 K. 

Model considerations 

Obviously, the proposed model approximates reality and is simplified with reasonable assumptions 

to maintain a solvable set of equations. Most notably, mass transfer is determined with empirical 

correlations for a free, spherical droplet and a free cylinder in a crossflow. To the best of our 

knowledge, specific correlations for a hemispherical droplet on a cylindrical rod have not been 

reported yet. When computing mass transfer from a correlation for a spherical geometry (with the 

appropriate contact area), the presence of a contact line, where the local mass transfer is inherently 

higher, is not taken into account. Alternatively, Ganzevles & Geld provide a correlation for a 

hemispherical droplet on a plate, which includes a contact line. Their correlation only differs from 

Ranz & Marshall in the values of the coefficients, but not significantly.42 The coefficients for a 

hemispherical droplet on a rod would be between that of the free spherical droplet and the 

hemispherical droplet on a plate. Therefore, it can be reasonably assumed that either correlation 

will provide a sufficiently accurate approximation for a hemispherical droplet. If the geometry 

changes from hemispherical to a truncated sphere, the correlation of Ganzevles & Geld is more 

appropriate. 

Another limitation of the model is that these surface-averaged properties do not take into account 

the deformation of the droplet surface by the crossflow. This oscillating deformation, as shown in 

Figure 3, positively contributes to the mass transfer. In order to include this parameter, a correlation 

for oscillating surfaces would need to be found that not only relates to surface-averages, but also 

to time-averages. Alternatively, the model could be improved by empirically determining the 

average transfer coefficients for a hemispherical droplet on a cylindrical rod. However, the 

complexity of this endeavor is beyond the scope of the present work.  
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Lastly, the model assumes a solid cylinder of 3 mm length as the needle, because this is the part 

exposed to the free stream. In reality, the needle is a 55-mm hollow tube and liquid sample at 

ambient temperature is dispensed through the needle into the droplet. In addition, the remaining 

needle length that is covered by the needle heater at the chamber entry can provide additional heat 

flux to the droplet if the heater is enabled (𝑇 ൐ 𝑇௔௠௕) or may act as a heatsink otherwise. All these 

phenomena are not considered in the present model and may account for the differences found in 

Fig. 2B. 

Sample preconcentration by evaporation 

Based on the model predictions, evaporation rates of 4-5 µL/min are to be expected for aqueous 

drops. However, the robotic autosampler has a minimum dispensing rate of 6 µL/min. In order 

for the droplet evaporation process to work, the rate of evaporation from the droplet surface has 

to match the constant influx of sample as dispensed by the autosampler. In many analytical 

applications, the solvent is composed of a mixture of water and organic solvent. Most commonly-

used organic solvents in LC, such as methanol and acetonitrile, have a higher vapour pressure than 

water and therefore increase the evaporation rate. Thus, the addition of volatile organic solvents 

to the sample solvent can aid in achieving the required evaporation rate of 6 µL/min. 

The effect of automated analyte preconcentration by solvent evaporation from a hanging droplet 

was demonstrated with preconcentrating methylene blue dye in a solution of 50% MeOH in water 

from a droplet volume of 500 nL and a liquid dispensing rate of 6 µL/min. Methylene blue is an 

ionic and non-volatile molecule; therefore, it is ideally suited for visualization purposes. Figure 3 

shows a selection of captured frames of the process, highlighting the increase of the dye 

concentration in the droplet over time as the sample is continuously fed into the droplet while the 

solvent is evaporated from the droplet surface at an equal rate.  

This method of preconcentrating analytes is ideally suited for thermolabile metabolites, many of 

which have shown to degrade at temperatures above 100 °C43. Due to evaporative cooling from 

the droplet surface, the surface temperature remains below the wet-bulb temperature, i.e. the 

temperature of the gas saturated with vapor, which is much lower than the boiling point39,44,45. 

According to the model predictions the surface temperature of the droplet does not exceed 60 °C 

under the circumstances used here, which should have little influence on metabolites according to 

Fang et al.43. 
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Figure 3. Fifteen-fold preconcentration (from 12 to 0.8 µL) of methylene blue in water:MeOH 1:1 (v:v) solution with 

an initial concentration of 5 µg/mL in ca. 3 min. 

It is worth mentioning that the presence of non-volatile solutes, such as salts and enzymes – which 

are typically expected in biological samples – can cause an elevation of the boiling point46. The 

concentration of methylene blue used here is low enough not to cause any noteworthy influence. 

For biological applications however, the samples would require sample preparation, for example 

dilution, protein precipitation, or a selective extraction, prior to the evaporation step to the extent 

that analytes that interfere with, or can precipitate during the evaporation process are sufficiently 

removed. In any application where large differences in analyte concentrations remain even after 

initial sample preparation, care should be taken not to preconcentrate any of the target analytes 

above their solubility limit and cause precipitation of the analyte, or above the saturation limit of 

the detection method, as this will disturb the metabolites ratio for biological interpretation of the 

data. The camera system would also allow to detect precipitation by means of particle detection 

algorithm that can be added, and the software could signal this event, if there is a reasonable risk 

of precipitation of analytes. The risk of exceeding the detector saturation limits has to be assessed 

for each specific bioanalytical application. 

The work of Schoonen et al. demonstrated that there is little differentiation of the analytes based 

on their volatility; even volatile organic acids were recovered with about 100% recovery after the 

evaporation process36. However, this effect should also be carefully assessed for each application, 

as this differentiation can also alter the metabolite ratio and hence the biological interpretation. 
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Optimization of the evaporation parameters. 

In order to maximize the evaporation rate from the droplet surface, four parameters can be 

adjusted according to Eq. 3, namely: i) higher free stream temperature, ii) higher free stream velocity 

iii) larger droplet surface (𝜋𝑅ଶ), and iv) lower the enthalpy of evaporation, for example by adding 

volatile organic solvent. As aforementioned, for aqueous drops the free stream temperature should 

be below 160 °C to prevent vapor bubble formation. Furthermore, the free stream velocity is 

limited to 7 m/s to maintain a stable droplet surface. 

Trying to enlarge the droplet surface area creates a cascade of complications. To enlarge the surface 

of the hemispherical droplet, the droplet base radius, which is determined by the needle radius, has 

to be increased. The current 1.3 mm diameter needle is the maximum diameter that is compatible 

with standard modules in the autosampler ecosystem, such as the needle washing station and 

injection valves. Alternatively, the hemispherical droplet geometry can be abandoned for a 

truncated sphere of larger volume. Yet, the surface of this droplet geometry is prone to breaking 

from the gas flow, causing the sample to adhere to the needle outer surface and flow upwards on 

the needle. Additionally, increasing the droplet volume decreases the achievable concentration 

factor with the current 25 µL syringe (Eq. 1). This can be compensated for with a larger capacity 

syringe, but this in turn compromises the accuracy of handling low-microliter volumes that is 

necessary for the evaporation process and the transfer of the droplet thereafter.  

Finally, by adding volatile organic solvent to the sample solution, the enthalpy of evaporation is 

reduced and the mass transfer is increased. At the same time, this increases the solubility of less 

polar analytes. In the example of methylene blue, the addition of methanol in the sample solution 

increased the evaporation rate of the solution above the minimum dispensing rate of the 

autosampler. However, the addition of volatile organic solvent also leads to a trade-off. The higher 

vapor pressure restricts the maximum free stream temperature, to prevent vapor bubble formation. 

Moreover, the surface tension decreases by adding organic solvent, which impairs the surface 

stability and therefore limits the maximum gas velocity48,49. Furthermore, in the case of a 

water:MeOH mixture, the final sample diluent becomes more aqueous, as methanol evaporates 

faster than water. Though this effect is expected to be limited because of the continuous influx of 

sample solution into the droplet, it should be carefully considered when dealing with less polar 

analytes close to the solubility limit. Several organic solvents, such as acetonitrile, ethanol, 2-

propanol and n-butanol, can form an azeotrope in a binary mixture with water, i.e., a mixture with 

a constant boiling point whose composition remains unchanged when evaporated50. These binary 

azeotropes, however, typically occur at percentages of organic solvent at which the droplet stability 
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for the evaporation process is compromised. Ternary azeotropes are unsuitable in this application, 

as these mostly occur at even lower fraction thereof. 

The trade-off between the evaporation rate and analyte solubility on one hand and the stability of 

the droplet surface during evaporation on the other hand, is specific for each solvent mixture. For 

example, acetonitrile and water form an azeotrope at 80% acetonitrile. In experiments with 

mixtures of 50, 70, 80 and 90% acetonitrile, the solution with 50% acetonitrile was found not 

volatile enough to achieve the minimum evaporation rate of 6 µL/min. At 70 and 80% acetonitrile, 

the solution was sufficiently volatile, but at 80% acetonitrile the solution was prone to vapor bubble 

formation and the droplet surface breaking. Finally, at 90% acetonitrile, above the azeotropic point, 

the process was regularly disturbed by vapor bubble formation and the surface was unstable due 

to the reduced surface tension. These findings demonstrate that there is an optimum range for the 

fraction of organic for a given solvent, and this range needs to be determined experimentally for 

each application and matrix composition. 

Integrated LC-MS analysis 

A proof-of-concept of the preconcentration procedure with online coupling to LC-MS was 

demonstrated. A standard mixture of three amino acids was preconcentrated from an initial volume 

of 8 µL to a volume of 0.8 µL and directly injected in the LC-MS equipment, and compared to a 

control of 0.8 µL of the original standard mixture. The extracted ion chromatograms (Figure 4) 

show a drastic increase of 8- to 13-fold in peak height for the three amino acids after 

preconcentration, which supports the effect of analyte preconcentration from the hanging droplet. 

Where valine and tryptophane were hardly above the detection limit in the control sample, a clear 

peak is observed after preconcentration. 
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Figure 4. Extracted ion chromatograms of valine, leucine and tryptophane in control samples (dotted line) and after 

evaporation from 8 to 0.8 µL (solid line). 

These results indicate that the droplet evaporation method allows for the concentrations of samples 

by controlled solvent evaporation. This step is important for chromatographic applications, as it is 

often beneficial to samples in lower volume but higher concentration51,52. In reverse-phase 

chromatography, the early eluting analytes especially benefit from injecting a smaller but more 

concentrated samples. Relatively polar analytes, such as amino acids, have little retention on 

reverse-phase columns and do not benefit from on-column focusing as less polar analytes do, and 

are therefore prone to peak broadening or peak shape distortion53. When injecting the same analyte 

mass but in a smaller volume, the diluent mixes more easily with the mobile phase and the peak 

shape of the polar analytes is improved. The same principle holds for HILIC, where the sample 

diluent is even more critical for the quality of the chromatography. Ruta et al. demonstrated that 

in a typical HILIC application using 95% acetonitrile as mobile phase, the peak shape rapidly 

deteriorates above 10% water in the sample diluent20. As aforementioned, a percentage of 90% 

acetonitrile would be too high for the droplet evaporation method. However, Ruta et al. also 

showed that good peak shape can still be achieved with lower percentage acetonitrile in the diluent 

if the injection volume is below 1% of the column volume20.  

The benefit of preconcentration prior to injection becomes perhaps even more so apparent in 

miniaturized chromatography. As miniaturized columns are susceptible to column overloading, the 

tolerable injection volumes are low, typically in the order of low-µL for micro-LC and low-nL for 
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nano-LC, respectively21,54–56. By preconcentrating the sample into a suitable sub-microliter volume, 

more analyte mass can be injected to optimally profit from the separation efficiency and sensitivity 

of miniaturized separations – keeping in mind of course the limits for mass overloading. 

Droplet injection to LC-MS 

These examples demonstrate the sweet spot for the hanging droplet evaporation method, i.e., 

reducing the sample to a highly-concentrated, sub-microliter volume, which can be directly coupled 

to LC-MS. This can improve the chromatographic quality and ease the restrictions on the sample 

diluent, aiding the interfacing between sample preparation and subsequent chromatography. 

Nevertheless, transferring the droplet to the analytical system remains challenging, as the entire 

preconcentrated sample should be injected on the column to maximize the preconcentration 

potential, and this process should be repeatable. The autosampler is capable of two commonly used 

modes of injection with a switching valve, namely, full loop and partial loop injection. While full 

loop injection offers the best repeatability, the required loop overfill means a (large) part of the 

sample is still discarded57–59. Partial loop injection allows to position the entire sample inside the 

loop by using a loop volume several times that of the sample volume and bracketing the sample 

between air bubbles. When the sample is dispensed from the syringe into the sample loop, the 

sample plug elongates due to the inherent parabolic flow profile52,60. Therefore, as a rule of thumb, 

the injected volume should be no more than 50% of the loop volume to ensure acceptable 

repeatability, i.e., lower than 5%54,60.  

Here, we employed partial loop injections to be able to maintain the full droplet volume after 

sample reconcentration. Preliminary results of the injection repeatability, whereby 0.8 µL of amino 

acid standards was loaded in a conventional 5 µL stainless steel loop, showed a relative standard 

deviation (RSD) of the peak area of >10% (data not included). This is significantly higher than 1-

2% RSD that is achievable in similar setups61,62, and therefore impedes further characterization of 

the droplet evaporation process. 

The high RSD of injection can be attributed to the combination of small injection volume and the 

loop used, with an inner diameter of 25 µm (0.001”). Partial loop injections are sensitive to accurate 

and precise positioning of the sample in the loop. With small volumes and small inner diameter 

loops, the effect of the parabolic flow profile is more pronounced and this is amplified by any 

variation in cross section along the length of the loop60,63. A possible solution for this would be to 

replace the drawn stainless steel loop with a loop specialized for small-volume injections, such as 

fused-silica that has better defined and more constant cross section. Once the injection repeatability 

is brought down to an acceptable level, the performance of the droplet evaporation method, in 

combination with subsequent analysis, can be further quantified. 
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Characterization by GC-FID 

Finally, the droplet evaporation method was coupled to GC-FID as alternate injection technique 

and to further quantify the evaporative preconcentration process. The signal response correlates 

with the initial volumes with good linearity for all of the esters (Figure 5). Most importantly, the 

increase in peak area reflects the relative increase in initial volume (and thereby concentration 

factor). In other words, increasing the initial volume by a given factor resulted an equal increase in 

peak area. For example, when comparing 2 and 10 µL initial volume (CF=2 and CF=10, 

respectively), the peak area increased by a factor of 5. Similarly, when comparing 10 and 20 µL 

initial volume (CF=10 and CF=20, respectively), the peak area increased by a factor of 2. This 

indicates that the hanging droplet evaporator indeed achieves linear concentration of the analytes, 

with the expected concentration factor. 

Figure 5. Peak area response of esters measured on GC-FID after droplet evaporation preconcentration into 1 µL 

from various starting volumes. The response shows good linearity to the concentration factor. 

The repeatability of the process was evaluated at low, medium and high concentration factors for 

all analytes and showed good RSD of below 20% (Table 1). The RSD is highest at the low 
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concentration factor, which can most likely be attributed to the low initial and final volumes, and 

the small ratio between the two. At these low volumes and ratio, small deviations in the initial or 

final volume, that can occur in aspirating the sample and in the evaporation process, respectively, 

propagate more strongly in the concentration factor and therefore the repeatability. This is 

supported by the declining trend in the RSD with increased initial volume for all analytes. Only 

DBP deviates from this trend, for which a probable cause can be found in its lower solubility 

compared to the other analytes. 

In all, the RSDs could be improved by employing an internal standard, which was not done here. 

This will especially benefit the repeatability at low concentration factors. 

In all, these GC-FID results demonstrate the capability of the droplet evaporation 

preconcentration technique. At the same time, it exemplifies the necessity of a good transfer 

method in order to exploit its full potential. 

Table 1. Relative standard deviation (RSD) of esters DMP, DEP, DBP and BBP at concentration factor of 2, 10 and 

20. 

Concentration 

Factor 

RSD 

DMP DEP DBP BBP

2 13.2% 9.5% 11.2% 18.1% 

10 6.6% 9.0% 4.9% 6.3%

20 4.6% 2.4% 16.8% 3.6%

Conclusion 

In this work, we present a method for fully automated sample preconcentration into a (sub-

)microliter droplet, directly coupled to a state-of-the-art LC-MS setup. The preconcentration is 

performed by controlled evaporation of the sample solvent from a hanging droplet, that is 

maintained at a constant volume of 500 nL using machine-vision feedback to match the 

evaporation rate with the sample inflow rate. Using a theoretical model of the droplet evaporation, 

performance limits were predicted. The model showed good correspondence with experimental 

data, and aided in optimization of the evaporation parameters. With mixtures of 50-80% methanol 

or acetonitrile in water, stable droplet evaporation at a rate of 6 µL/min was achieved. At higher 

percentage of organic solvent the droplet interface became unstable with loss of the sample as 
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result due to the decrease in surface tension of the sample. The principle of preconcentration into 

a droplet was then visualized by 15-fold preconcentrating, from 12 to 0.8 µL, of methylene blue 

dye in under 3 min. A clear increase in dye concentration was visible while the droplet volume 

remained around the preset volume throughout the process. LC-MS coupling was demonstrated 

as proof-of-concept by directly injecting a droplet of 10-fold preconcentrated sample of a set of 

amino acids, showing a significant increase in peak intensity for the preconcentrated sample. 

Finally, the performance of the hanging droplet evaporator was characterized for 1- to 22-fold 

preconcentration of a mixture of esters, which resulted in a linear and equal increase of the signal, 

with RSDs below 20%. 

The current setup thus is capable of delivering highly concentrated, sub-microliter samples. With 

the correct transfer method to LC-MS injection, it can aid in sample solvent matching, peak 

broadening for early eluting compounds, or volume loading in (complex) chromatography 

applications. The transfer set-up for LC injection is currently further developed. The coupling to 

GC-FID showcases the versatility of this technique. This setup, being fully automated in a device-

agnostic autosampler, can be readily integrated into existing metabolomics-based methods for the 

analysis of biomass-limited samples. 
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Supplementary Information 

Figure S1. Image processing steps for the droplet volume calculation algorithm, in order: A) background image 

of the needle; B) binarized needle image; C) original droplet image; D) binarization with threshold; E) hole-filling; F) 

particle filter to remove unconnected pixels; G) needle subtraction; H) particle filter to remove unconnected pixels. 

Figure S2. Droplet volume and (gas) temperatures recorded during the solvent evaporation from a 500 nL 

droplet of methylene blue in 50% MeOH at a rate of 6 µL/min.. The gas temperatures as well as the droplet 

volume show a mild oscillation as response to the fluctuating gas flow rate, regulated by the PI feedback control loop. 

The droplet volume remains stable within 50 nL of the setpoint value throughout the process. 
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Supplementary S3: Evaporation model 

This model describes evaporation of a hemispherical droplet suspended from a stainless-steel 

needle in a free gas stream (Figure S2). An order-of-magnitude analysis showed that the heat 

transfer from the needle, acting as a fin in the free stream, cannot be neglected and it will therefore 

be taken into account. Without loss of generality, the droplet is considered a perfectly hemispherical 

cap with a base radius equal to the needle radius. 

Figure S3. Hemispherical droplet suspended from a solid stainless steel needle, in a free stream of gas. 

The model is obtained by setting up the coupled mass and energy balance for the system comprising 

both the droplet and the needle stem, seen as a fin of the droplet (Eq. 1). It states that the heat flux 

into the droplet is equal to the sum of the heat convected to the droplet, 𝑄ௗ௥௢௣ (Eq. 2), and the 

heat convected to the fin, 𝑄௡௘௘ௗ௟௘ (Eq. 3), minus the evaporation heat flux by mass transfer away 

from the droplet, 𝑚ሶ Δ𝐻௩௔௣. A pseudo-steady process condition is considered in which the 

temperature of the droplet does not change.  

𝑄ௗ௥௢௣ ൅ 𝑄௡௘௘ௗ௟௘ െ 𝑚ሶ Δ𝐻௩௔௣ ൌ 0  (1) 

𝑄ௗ௥௢௣ ൌ ℎௗ2𝜋𝑅ଶሺ𝑇ஶ െ 𝑇ௗሻ  (2) 

𝑄௡௘௘ௗ௟௘ ൌ ℎ௡2𝜋𝑅𝐿ሺ𝑇ஶ
െ 𝑇ௗሻ𝜂௙௜௡ 

(3) 

𝑚ሶ ൌ 𝜋𝑅𝔻ሺ𝑐௦ െ 𝑐ஶሻ𝑆ℎ  (4) 

This set of equations can be iteratively solved for the droplet temperature, 𝑇ௗ. In these equations 

the symbols are used: 𝑄 for heat flux, 𝑚ሶ  for mass transfer, Δ𝐻௩௔௣ for latent heat of vaporization, ℎ 

for the average convective heat transfer coefficient, 𝑇 for temperature, 𝑅 the radius, 𝐿 the needle 

length, 𝜂௙௜௡ the fin efficiency parameter, 𝔻 the diffusion coefficient, 𝑐 the vapor concentration, 
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and 𝑆ℎ the Sherwood number. The subscripts denote: d for droplet, n for needle, g for gas, ∞ for 

free stream inflow conditions, and s saturation conditions. To solve this, firstly the dimensionless 

numbers Reynolds (Eq. 5), Sherwood (Eq. 6), and Schmidt (Eq. 7) are calculated, in which: 𝜌௚ is 

the gas density, 𝑢௚ is the average freestream velocity, 𝐷௡ the needle diameter, and 𝜇௚ the gas 

dynamic viscosity. 

𝑅𝑒஽ ൌ
𝜌௚𝑢௚𝐷௡
𝜇௚

(5) 

𝑆ℎ ൌ 2 ൅ 0.6 ⋅ 𝑅𝑒
ଵ
ଶ ⋅ 𝑆𝑐

ଵ
ଷ

(6) 

𝑆𝑐 ൌ
𝜇௚
𝜌௚𝔻

(7) 

With these dimensionless numbers, the conductive and convective heat transfer coefficients for 

the droplet are described by Eq. 8-11, with 𝑘ௗ the conductive heat transfer coefficient, ℎௗ the 

convective heat transfer coefficient, 𝑁𝑢 the Nusselt number, 𝑃𝑟 the Prandtl number, 𝑐௣,௚ the 

specific heat of the gas, and 𝜆௚ the thermal conductivity coefficient of the gas. The correlation for 

the Sherwood and Nusselt number of the droplet follows from Ranz & Marshall1. 

𝑘ௗ ൌ 𝑆ℎ ⋅
𝔻
2𝑅

(8) 

ℎௗ ൌ 𝑁𝑢ௗ ⋅
𝜆

2𝑅
(9) 

𝑁𝑢ௗ ൌ 2 ൅ 0.6𝑅𝑒
ଵ
ଶ𝑃𝑟

ଵ
ଷ

(10) 

𝑃𝑟 ൌ
𝑐௣,௚𝜇௚
𝜆௚

(11) 

The convective heat transfer coefficient of needle is given by Eq. 12-13 using the Hilpert 

correlation for a cylinder in crossflow2. The fin parameter and fin efficiency are given by Eq. 14 

and 15, respectively, where the fin is assumed to be a finite cylinder in an infinite free stream. The 

thermal conductivity coefficient of the needle, 𝜆௡, is considered to be a constant at the value of 

13.4 W/m/K for stainless steel 316 at 300K3. 

ℎ௡ ൌ 𝑁𝑢௡ ⋅
𝜆௚
2𝑅

(12) 

𝑁𝑢௡ ൌ 0.683 ⋅ 𝑅𝑒଴.ସ଺଺𝑃𝑟
ଵ
ଷ

(13) 

𝑚 ൌ ඨ
2ℎ௡
𝜆௡𝑅

(14)
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𝜂௙௜௡ ൌ
tanhሺ𝑚𝐿ሻ

𝑚𝐿
(15) 

The empirical correlations used hold for a film model. As such the physical properties in the 

boundary layer are evaluated at the film temperature, 𝑇௙, the mean of the free stream and the droplet 

surface temperature (Eq. 16). The subscript f from here on denotes film conditions. The gas density 

and velocity at the film temperature can be calculated from the free stream conditions using the 

ideal gas law for an isobaric expansion (Eq. 17-18). It is assumed that the gas leaves the mass flow 

controller at a temperature of 293 K, before being heated to the freestream temperature. The gas 

velocity after the mass flow controller is calculated according to Eq. 19 with 𝑞ሶ  the volumetric gas 

flow rate and 𝐴 cross-sectional area of 23.678 ⋅ 10ି଺ m. The nitrogen gas properties 𝑐௣,௚, 𝜆௚ and 

𝜇௚, the latent heat of evaporation for water, Δ𝐻௩௔௣, and the diffusion coefficient of water in 

nitrogen, 𝔻, are estimated by interpolating from the values in Table S1.  

𝑇௙ ൌ
𝑇ௗ ൅ 𝑇ஶ

2
(16) 

𝜌௚ ൌ 𝜌்ೝ೐೑
𝑇
𝑇௥௘௙

ൌ 1.16
𝑇ஶ

293
(17) 

𝑢௚ ൌ 𝑢଴
𝑇௙
𝑇௥௘௙

ൌ 𝑢଴
𝑇௙

293
(18) 

𝑢଴ ൌ
𝑞ሶ
𝐴

(19) 

The vapor saturation properties are evaluated at the droplet temperature, 𝑇ௗ. The saturation 

pressure is calculated using the Antoine equation5 and converted from mmHg to Pa with the factor 

ଵ଴ఱ

଺ହ଴
 (Eq. 20). The saturation concentration is calculated from this using the Ideal Gas Law with the 

molecular weight for nitrogen, 𝑀௪ ൌ 0.018 kg/mol, and the universal gas constant 𝑅௚ ൌ 8.314 

J/mol/K (Eq. 21). It is assumed that the heated inflowing gas is dry, 𝑐ஶ ൌ 0.  

𝑃௦௔௧ ൌ 10஺ି
஻

஼ା் ൌ 10
଼.଴଻ଵଷଵି

ଵ଻ଷ଴.଺ଷ
ଶଷଷ.ସଶ଺ା்೏ିଶ଻ଷ.ଵହ ⋅

10ହ

650

(20) 

𝑐௦௔௧ ൌ 𝑃௦௔௧,்
𝑀௪

𝑅௚𝑇ௗ

(21)



Chapter 5 

129 

Table S1. Physical properties for nitrogen gas and water at various temperatures and p=1.0 bar. 

T 

(K) 

𝒄𝒑,𝒈 

(J/kg/K)a 

𝝀𝒈 ⋅ 𝟏𝟎𝟑 

(W/m/K)a 

𝝁𝒈 ⋅ 𝟏𝟎𝟕 

(Pa.s)a 

T  

(K) 

𝚫𝑯𝒗𝒂𝒑 

(kJ/kg)a 

T 

(K) 

𝔻 ⋅ 𝟏𝟎𝟓 

(m2/s)b 

250 1042 22.2 154.9 273.15 2502 282 2.21 

300 1041 25.9 178.2 275 2497 298 2.53 

350 1042 29.3 200.0 295 2449 327.5 3.05 

400 1045 32.7 220.4 305 2426 353 3.60 

450 1050 35.8 239.6 315 2402 373 3.96 

325 2378 

335 2354 

345 2329 

355 2304 

365 2278 

373.15 2257 

375 2252 

a Incropera & DeWitt, Introduction to Heat Transfer, 5th edition3 

b O’Connell et al. 19694 
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Figure S4. Formation of a vapor bubbles inside the evaporating droplet. Stills from the preconcentration of 8.0 to 0.8 

µL of 5.0 µg/mL methylene blue in 30:70 water:acetonitrile, with a gas inflow temperature of 150-165 °C and an 

evaporation rate of 6 µL/min. 
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