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Section S1. Medium Throughput System 

Nanofiltration crossflow setup 
 

 
 
Fig. S1. Schematic representation of the nanofiltration crossflow setup.  

 
The membrane setup is similar to that reported in previous works [1, 2]. The nanofiltration crossflow 

setup consists of a feed tank, an HPLC pump (AZURA P 2.1 L, KNAUER) with pump head values of 250 

mL and 500 mL, six stainless steel membrane cells, a gear pump (Micropump, INC), a 40-micron 

element filter (Swagelok), a back pressure regulator (BPR) valve (Swagelok), and stainless steel 

connections (Swagelok). The system consists of six membranes in two pairs, each having an effective 

diameter of 5.02 × 10-3 m2. The membranes, which were supplied by Evonik, are DuraMem® 150, 

DuraMem® 200, and DuraMem® 300 with reported MWCO values of 150, 200, and 300, respectively. 

The corresponding membrane cells were denoted as DM150, DM200, DM300. Fig. S1 depicts a 

schematic diagram of the system, whose total volume is 220 mL. The final concentration of each 

chemical was 0.227 mol m-3. The membrane cells are connected in parallel in the system, and the 

working principle is as follows. The HPLC pump provides the inlet feed flow (9 m3 min-1) and pressure 

(10 or 20 bar) at the inlet of the first membrane cell, which contains the DM150 membrane (Fig. S1). 

The retentate stream is connected to the inlet feed of the next membrane and so on until the last 
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DM300 membrane. The last retentate stream is connected to the BPR and gear pump via a Tee 

connection. The flowrate of the gear pump, which is used to circulate the internal solution in the 

system, was set to 2.1 L min-1. Also, the gear pump does not cause measurable pressure changes across 

the system. The outlet stream after the BPR is connected to the feed tank. In the recirculation mode, 

the permeate stream is connected back to the feed tank, while in the sample-taking mode, the 

permeate stream is used to collect samples into a separate vessel. The volume of the sample (10-6 m3) 

was three orders of magnitude less than the internal volume of the system, and was considered 

insignificant, meaning that the sample-taking process did not affect the concentration of the 

compounds. To reach steady state conditions, the system was left undisturbed for conditioning for 18 

hours at 20 bar. After reaching steady state conditions, the sample-taking procedure and flux 

measurement took place. Afterward, the pressure was reduced to 10 bar. Then, we waited for 3 hours 

before taking the samples and measuring the flux. After the sample-taking process, the rig was washed 

with HPLC-MS grade methanol until a clear baseline was reached by taking a sample a measuring with 

HPLC-MS. The average flux results are summarized in Table S1. The average flux at 20 bar is slightly less 

than the double of the flux value at 10 bar. This phenomena was explained by Bye et al and has a 

thermodynamic origin.[3]  

Table S1 Flux measurement results of the OSN membranes. 

Membrane Average flux (20 bar) Std. flux deviation Average flux (10 bar) Std. flux deviation 

 (L m-2 h-1) (-) (L m-2 h-1) (-) 

DM150 A 15.3 1.2 8.8 0.8 

DM150 B 14.6 1.1 8.8 0.8 

DM200 C 16.0 1.0 9.4 0.4 

DM200 D 16.5 1.2 9.6 0.7 

DM300 E 24.7 4.7 15.6 3.8 

DM300 F 24.4 4.2 15.2 3.4 
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Analytical setup 
 
A high-performance liquid chromatographer (Ultimate 3000, Thermo Scientific) equipped with UV 

(Diode Array Detector, Thermo Scientific) and mass spectra (ISQ ME, Thermo Scientific) was used for 

the concentration measurements. The UPLC column was a Hypersil GOLD, 100 × 2.1 mm, 1.9 μ 

(Thermo Scientific) using a mobile phase consists of LCMS grade water + 0.1w% ammonium acetate 

(A): LCMS grade methanol (B). The autosampler rear wash was 2v% LCMS grade methanol in LCMS 

grade water. All the other solutions in the HPLC system used HPLC grade methanol. The total analysis 

time of a single injection was 25 minutes; the injection volume was 5 μL; the wavelengths selected for 

detection were 220, 254, 272, 320, 215, 232, and 262 nm; the detective mass range was set to 80–900 

amu; the ion polarity was set as positive; the column oven temperature was kept at 45°C; the vaporizer 

temperature of the ISQEM was set to 200°C, and the ion transfer tube temperature was 300°C. A 

hybrid isocratic gradient elution (Table S2) with a flowrate of 0.4 mL min−1 was used, and data 

integration was realized using the automated integration function of Chromeleon 7.  

 
Table S2. HPLC-MS method description.  

Time Flow (mL min−1) B% 

0.00 0.4 1 
3.00 0.4 95 

21.00 0.4 95 
21.01 0.4 1 
25.00 0.4 1 
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Medium throughput procedure 
 

 
 
Fig. S2. Flow chart type schematic representation of the MTS procedure. 

 

Step 1. Premeasurements 
 

a) Single sample preparation. A solution of approximately 0.1 mg mL−1 of the selected chemicals 

was prepared and measured using the HPLC-MS. Only those chemicals passed this stage when 

the solution was clear, indicating the good solubility of the compound.  

b) HPLC data collection method. The measurement method lasted for 25 min. Afterward, the 

measured single chemical was evaluated. The retention time (Rt) of the peak in the UV or MS 

channel was recorded, and the mass spectra M/Z value was noted down when the compound 



 

S6 
 

ionized. The detected contaminants, small fragments of the compounds, were highlighted, and 

the corresponding chemical was discarded from the measuring list.  

c) Batch creation. The measured chemicals were selected and mixed into batches (mixtures of 

chemicals), which were then submitted into the same HPLC using the method described in 

Table S2. to investigate the reactivity, detectability, and separability of all the chemicals. The 

batching system was realized by hand based on the retention time, peak width, and chemical 

compatibility. Approximately 10–15 compounds could be measured in one batch although the 

theoretical number could even be higher. In our tests, 10–15 compounds provided a reliable 

and stable sweet spot between the HPLC separation and total number of measurements.  

 

Step 2. Rig measurements 
 

a) Final check. Before submitting each batch (mixture of chemicals) into the nanofiltration rig, a 

double check was performed. 20 µL of each compound from the samples (Step 1a) were mixed 

together and then measured again in the HPLC. This way, we made sure of complete baseline 

separation and chemical compatibility. This was the last stage, where the composition of each 

batch could be modified. 

b) Submission to the OSN system. Each chemical (0.05 mol) in the batches was measured into a 

small glass container, followed by the addition approximately 30 mL of methanol. The mixture 

was ultrasonicated for 5 min to ensure full dissolution. Then, it was left at room temperature 

for 30 min to ensure stability (no precipitate, no non-dissolving particles). The mixture in the 

container was then transferred to a 50-mL cylinder (feeding tank). The feeding tubes were 

placed at the bottom of the cylinder, while the final retentate tube and all 6 permeate tubes 
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were placed on the top. Hence, turbulence was created to ensure the full mixing of the feeding 

solution throughout the nanofiltration process. A piece of parafilm was used to fix the tubes 

and seal the feeding tank as well as prevent the evaporation of the methanol. The 

nanofiltration system was first set to 20 bar by adjusting the high-pressure relief valve, and the 

system was left running overnight to ensure that the nanofiltration process reached the 

equilibrium stage (18 hours).  

c) Sample taking and flux measurement. Samples were taken 2 times at 20 bar with a 30-min 

internal time gap. The samples were added to a 2-mL small glass vail and then diluted to 10 

folds lower concentration using an IKA 20–200 µL micropipette and a Gilson 100–1000 µL 

micropipette. At the same time, the flowrates of the permeateates under 20 bar were 

measured in a fixed period of time. The corresponding flux could be calculated according to Eq. 

S1, where F is the flowrate measured during the process (L s−1), and A denotes the effective 

area of the membrane (m2).  

𝑄 =
𝐹

𝐴
   Eq. S1 

The flux measurements and rejection samples were taken within 10 minutes. The pressure of 

the system was then adjusted to 10 bar and stabilized for 3 hour. The samples under 10 bar 

were also taken and then diluted using the same procedure described in the previous 

paragraph. The permeate flowrate measurement was performed once under 20 bar and 10 bar, 

respectively. The flowrate of each membrane was measured using a cylinder in a fixed time, 

and the effective nanofiltration membrane area was 0.00502 m2.  

Step 3. Data process and results evaluation 
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a) Sample measurement. The samples taken at Step 2c were submitted using the same HPLC 

method of Step 1b. This resulted in a queue of around 12–14 hours of HPLC-MS measurements 

in a row. Using two rigs at the same time could build up a significant queue on the HPLC, which 

forced us to delay some measurements.  

b) HPLC results evaluation. The results were evaluated using Chromeleon 7, and the built-in 

integration method was used wherever possible. The area under the curve (AUC) was 

registered for each chemical and exported to a database, and the rejection was calculated 

according to Eq. S2.  

𝑅 = 1 −
𝐴𝑈𝐶𝑃

𝐴𝑈𝐶𝐹
  Eq. S2 

 
where 𝐴𝑈𝐶𝑃 is the area under the curve for the permeate, and 𝐴𝑈𝐶𝐹 is the area under the 

curve of the feed.  

c) Error correction. Upon encountering any human or machine errors, the integration or database 

was double checked. The dataset was also randomly double checked using both repeated 

experiments and the MS/UV crossover integration method. 

 

Membrane swelling test 
 
The DM150, DM200, DM300 membranes were cut into 5 × 5 mm square pieces. The porosity 

preserving agent was washed off with HPLC MS grade methanol until the washing solvent did not show 

discoloration. The washed membrane pieces were put under vacuum and dried overnight (18 h). After 

drying, the thickness (dry thickness) and weight (dry weight) were measured three times for each piece 

of membrane. After this measurement, the membrane pieces were placed into HPLC MS grade 

methanol (1 mL), and subsequently into a small screw-cap vial, and left to soak overnight at room 
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temperature (23 °C). Then, the wet weight and the wet thickness were recorded. The results of the 

measurements are summarized in Tables S3 and S4. The average difference between the dry and wet 

measurement are 0.028, 0.016, 0.035 mm for DM150, DM200, and DM300, respectively. The weight 

measurements averages for the swelling % are 3.0, 3.6, and 3.2 for DM150, DM200 and DM300 

respectively.  

Table S3. Thickness (mm) measurement before and after soaking in methanol. 

Sample 
1 2 3 

Dry Wet Dry Wet Dry Wet 

DM150A 0.24 0.234 0.242 0.241 0.244 0.235 

DM150B 0.233 0.218 0.238 0.216 0.241 0.218 

DM150C 0.277 0.212 0.278 0.224 0.279 0.223 

       

DM200A 0.237 0.207 0.222 0.207 0.208 0.2 

DM200B 0.21 0.193 0.198 0.196 0.215 0.194 

DM200C 0.207 0.198 0.213 0.195 0.222 0.199 

       

DM300A 0.233 0.18 0.239 0.184 0.234 0.181 

DM300B 0.195 0.188 0.2 0.193 0.203 0.19 

DM300C 0.265 0.202 0.192 0.193 0.27 0.201 

 

Table S4 Weight measurement (mg) before and after soaking in methanol. 

Sample 
1 Swelling 2 Swelling 3 Swelling 

Dry Wet % Dry Wet % Dry Wet % 

DM150A 35.851 37.3 4.042 35.869 37.077 3.368 35.871 36.801 2.593 

DM150B 28.846 29.521 2.340 28.844 29.451 2.104 28.849 29.392 1.882 

DM150C 33.279 34.549 3.816 33.286 34.454 3.509 33.294 34.39 3.292 
          

DM200A 32.851 33.925 3.269 32.865 33.835 2.951 32.875 33.767 2.713 

DM200B 31.586 32.947 4.309 31.575 32.744 3.702 31.577 32.597 3.230 

DM200C 29.464 30.806 4.555 29.49 30.648 3.927 29.483 30.546 3.605 
          

DM300A 25.754 26.598 3.277 25.752 26.529 3.017 25.75 26.481 2.839 

DM300B 25.01 25.897 3.547 25.013 25.836 3.290 25.022 25.755 2.929 

DM300C 27.986 28.92 3.337 27.978 28.863 3.163 27.98 28.811 2.970 
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Section S2. Assumptions, bias, and error consideration  

There were two main assumptions regarding the filtration measurements. First, we assumed that 

the separation properties of the membranes did not change in the two consequent experiments under 

identical conditions while using different solutes. Slight fluctuations were considered acceptable due to 

the different concentration polarization effects and errors during the solid weight measurements. The 

second assumption was that the effect of solute-solute interactions can be neglected. The latter 

assumption must be taken with strict precautions. For example, having an acid and a base-type 

molecule in a dataset can lead to ion-pair formation, possibly completely changing the solute-

membrane affinity, and consequently, the rejection. Even though this can lead to potential errors, 

these pairs were not removed, imitating real case scenarios, such as a mixture of amino acids or other 

amphoteric molecules. Note that the design of the experiments was not focused on optimizing the 

performance of separation. 

The dataset was processed, and the final table and rejection plots were summarized after all the 

experiments were finished to eliminate confirmation bias. Every effort was put into diversifying the 

available chemical library. During the sample-taking process, human error plays an important role. 
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Section S3 Chemical Space Exploration 

In total, 27 0D molecular descriptors were calculated, namely: molecular weight, SlogP, topological 

surface area, hydrogen bond acceptor, spherocity index, hydrogen bond donor, number of aromatic 

atom, number of atoms, number of a heavy atom, radius of gyration, number of heteroatom, ABC 

descriptor, number of O and N atoms, Crippen molar LogP, eccentricity, Crippen molar refractivity, 

BalabanJ descriptor, maximum partial charge, molar volume, normal principal moments of inertia 1 

(NPR1), normal principal moments of inertia 2 (NPR2), inertial shape factor, asphericity, principal 

moments of inertia 1 (PMI1), principal moments of inertia 2 (PMI2), principal moments of inertia 3 

(PMI3).  

 

Table 5. Detailed descriptor from Fig.4 of the molecules I-VII from Fig. 5. The descriptors are calculated using the Mordred package.[4] 

Descriptor 

 

 

   
  

Molecular Weight 286.10 329.84 325.13 273.10 231.05 204.19 179.93 

LogP 4.1 2.9 3.0 2.3 1.2 5.0 3.6 

N, O count 2 0 5 5 5 0 0 

TPSA 34.14 0 63.68 63.68 63.68 0 0 

Volume 273 133 291 250 198 236 124 

LogS -5.2 -3.7 -3.2 -2.6 -1.8 -4.4 -3.8 
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Fig. S3. Rejection analysis of DM150 at 10 bar. 
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Fig. S4. Rejection analysis of DM200 at 10 bar. 

 



 

S14 
 

 
Fig. S5. Rejection analysis of DM200 at 10 bar. 
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Fig. S6. Rejection analysis of DM150 at 20 bar. 
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Fig. S7. Rejection analysis of DM200 at 20 bar. 
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Fig. S8. Rejection analysis of DM300 at 20 bar. 
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Fig. S9. MWCO and rejection error with respect to the rejection of DM150 at 10 bar. The deep blue color depicts a low rejection error, 
while the bright yellow color depicts a high rejection error. 

 

Fig. S10. MWCO and rejection error with respect to the rejection of DM200 at 10 bar. The deep blue color depicts a low rejection error, 
while the bright yellow color depicts a high rejection error. 
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Fig. S11. MWCO and rejection error with respect to the rejection of DM300 at 10 bar. The deep blue color depicts a low rejection error, 
while the bright yellow color depicts a high rejection error. 

 
Fig. S12. MWCO and rejection error with respect to the rejection of DM150 at 20 bar. The deep blue color depicts a low rejection error, 
while the bright yellow color depicts a high rejection error. 
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Fig. S13. MWCO and rejection error with respect to the rejection of DM200 at 20 bar. The deep blue color depicts a low rejection error, 
while the bright yellow color depicts a high rejection error. 

 
Fig. S14. MWCO and rejection error with respect to the rejection of DM300 at 20 bar. The deep blue color depicts a low rejection error, 
while the bright yellow color depicts a high rejection error. 
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