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Abstract
Syringe filters are used to separate solids from liquids before chromatography analysis for the removal of
particulate matter to avoid column blockage. The inappropriate selection of syringe filters may lead to the
interception of micropollutants in samples (especially aqueous phase samples) and inaccurate quantification. In
this study, mass losses of typical micropollutants - pharmaceutical and personal care products (PPCPs) - by
syringe filters were evaluated considering the material of syringe filters, the pore size of syringe filters, solvents,
and pre-rinsing. The lowest mass losses of 57 PPCPs were observed by hydrophobic- polytetrafluoroethylene
(PTFE) (median value was 10%), but for quinolone (7-37%) and macrolide antibiotics (9-52%), the mass losses
were still considerable. By changing the pore sizes of filters, the interception of quinolone and macrolide antibiotics
by hydrophobic-PTFE was not improved. In contrast, by increasing the proportion of methanol in the solvent and
discarding the first 1 mL pre-rinsing samples, the mass losses of quinolone and macrolide antibiotics by
hydrophobic-PTFE can be considerably decreased. This study provides guidance for selecting appropriate filters for
micropollutants before chromatography analysis of samples to guarantee the accuracy of the results.
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INTRODUCTION
Pharmaceutical and personal care products (PPCPs) comprise thousands of organic chemicals, including
various human and veterinary drugs, personal care products, and household chemicals commonly used in
daily life[1]. They have aroused widespread concern over the last decades[2], and they are considered
emerging contaminants because they are frequently detected in the water cycle, including surface water,
seawater, groundwater, and tap water[3-9], and may threaten the aquatic ecosystem and human health[10,11].
For instance, although concentrations of PPCPs are generally at the nanogram per liter level in surface
waters, they can induce deleterious effects, such as endocrine disruption, inhibition of primary productivity,
and other adverse effects[12]. There is an emerging interest in their fate in the environment and their removal
from the aqueous phase. Until now, various experimental works have been carried out to study their
environmental behavior and eliminate their concentrations in the water environment in laboratory studies.
Usually, liquid chromatography (LC) or coupled with mass spectrometry (LC-MS) is employed for the
analysis of PPCPs. Before being injected into the analytical instrument, samples should be filtered to avoid
column blockage.
Syringe filters are commonly used in the field and laboratory, given their ease of use and availability[13,14].
However, several studies have demonstrated the caveats to drugs filtration using the filters[15-19]. A
fundamental issue is the potential adsorption of investigated PPCPs by filters during filtration. The loss
(defined as the decreased concentration of investigated compounds after filtration in the aqueous phase) of
PPCP analytes may greatly distort the results. However, this problem may not be realized in some studies,
and details about the filters adopted are not always described[20-23].
Most microfilters are made from synthetic organic polymers, which may interact with organic chemicals.
For instance, polyvinyl chloride was shown to sorb organic chemicals such as chlorinated benzenes[24],
polyethylene sorbs trichloroethylene and atrazine[25], and poly(isobutyl methacrylate) sorbs
phenanthrene[26]. The losses of perfluoroalkyl carboxylates and perfluoroalkyl sulfonates were up to 15%[27]
and 30%[28] when 0.45 μm glass fiber filters were used, 38%[27] and 60%[28] when 0.45 μm nylon filters were
employed, and 98% when 0.45 μm polytetrafluoroethylene (PTFE) filters were adopted[27]. Thus, it is
important to select an appropriate filter, considering that various membranes used in filters have different
chemical compatibility. However, there is a lack of systematic research to investigate the mass losses of
PPCPs during syringe filtration and propose measures for reducing the losses during the filtration step.
In the present study, we evaluated the mass loss of 57 PPCPs with different physicochemical properties by
syringe filters with different filter materials and filter pore sizes in three matrix solutions. The objectives
were to quantitatively determine the mass loss of emerging contaminants in experimental studies and
provide useful suggestions on the selection of syringe filters in related experimental research.

EXPERIMENTAL
Chemicals and reagents

Fifty-seven PPCPs were selected [Supplementary Table 1] based on their extensive usage and application as
well as their frequent detections in the environment[29]. These PPCPs can be classified into antibiotics
[including sulfonamides (SAs), tetracyclines (TCs), quinolones (QLs), and macrolides (MAs)] and nonantibiotics (lipid regulators, non-steroidal anti-inflammatory drugs, etc.). They have numerous functional
groups and different physicochemical properties, e.g., a broad polarity range (octanol-water partition
coefficient, log Kow values from 0 to 4.79).
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Filtration tests

Six types of 13 mm diameter syringe filters were selected [Table 1] in this study. In addition, three solutions,
i.e., Milli-Q water (Millipore, Merck, Germany), 50:50 (v/v) methanol:water, and pure HPLC-grade
methanol (Macklin, Shanghai), were tested with the purpose to reduce the PPCP mass loss by changing the
solvent phase.
In the filtration test, the matrix solution was spiked with a mixture of 57 PPCP standards and the final PPCP
concentrations were set at 100 μg/L. The prepared samples (1 mL) were then filtered by syringe filters [Table
1] and collected into 1.5 mL amber auto-injector glass vials. The syringe filters selected were produced by
the same manufacturer to eliminate errors due to the differences among manufacturers. The mass loss of
each PPCP was calculated according to the concentration differences for selected syringe filters. To ensure
the reliability of the results, triplicate samples were filtrated for each syringe type in each matrix solution.
For each condition, duplicated samples (n = 3) were tested. Positive control samples (without filtration)
spiked with PPCPs at the same concentration (n = 3) and blank samples (without the addition of target
PPCPs) were also prepared in duplicate (n = 2). The measured concentrations in the positive blanks were
used to correct the losses (e.g., sorption to container walls) before filtration[30-32], and blank samples were
used to monitor the potential contamination during the experiments.
Sample preparation and analysis

Samples were spiked with a 50 μL internal standard (IS) mixture (1000 μg/mL of each individual IS, [
Supplementary Table 2], vortexed for 1 min, and then analyzed using ultra-performance liquid
chromatography (UPLC) system coupled to a triple quadrupole mass spectrometer (MS/MS) (Shimadzu,
LCMS-8050, Japan), as described in[29]. A Shim-pack GIST-HP (G) C18 column (2.1 × 10 mm, 2 μm particle
size) was connected with the analytical column (Shim-pack GIST C18 column, 2.1 × 100 mm, 2 μm particle
size) to delay background peaks caused by solvent contamination and prevent interferences. All other
instrumental parameters can be found in Supplementary Table 3.
Calculation of mass losses for PPCPs

Losses of individual PPCPs by syringe filters were calculated by comparing PPCP concentration obtained
after filtration (Ci) with PPCP concentration without filtration (Ci, positive control) after subtracting the
blank concentration (Ci, negative blank), as shown in Equation (1).

A mass loss larger than 20% was defined as considerable and therefore unacceptable for quantitative
investigations[33]. The mass losses mentioned in this paper are median values.
Quality assurance and quality control

Quantification was based on linear regression calibration curves using an internal standard method.
Calibration curves were constructed by plotting the concentrations of each analyte versus the ratios between
the analyte peak area and the corresponding IS peak area using linear regression analysis[34]. The linearity
and range of standard calibration curves (R2 = 0.995-0.999), the limit of detection, and the limit of quantity [
Supplementary Table 4] were evaluated. In addition, statistical analysis was performed using the correlation
analysis software (IBM SPSS Statistics 23, nonparametric tests, Mann-Whitney U-test).
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Table 1. Specifications of the selected filters

Membrane type

Abbreviation

Properties

Pore size (μm)

Polytetrafluoroethylene

PTFE

Hydrophilic

0.22
0.45

Hydrophobic

0.22
0.45

Nylon

NYL

Hydrophobic

0.22
0.45

RESULTS AND DISCUSSION
Impact of filter material

To investigate the performance of filters with different materials, Milli-Q water was employed as the solvent,
considering that most studies about PPCP removal were conducted in Milli-Q water. The pore size of the
filter was 0.22 μm, which is preferred for instrumental analyses, especially UPLC/MS/MS[35].
Figure 1 presents the mass losses of 57 PPCPs by filters with different materials in Milli-Q water. The mass
losses between hydrophilic-PTFE filter and nylon filter were significantly different (nonparametric tests,
Mann-Whitney U-test, P < 0.05). Although the median mass losses showed no significant differences, the
mass losses by hydrophobic-PTFE filter were mainly in the range of 0-20%, while the ones by hydrophilicPTFE filter and nylon filter were mainly concentrated in 0-20% and 90-100%, suggesting that the
hydrophobic-PTFE filter was more suitable for the filtration of PPCPs in Milli-Q water. Hydrophobic-PTFE
filters are commonly used in the field of chemical industry, textile industry, and water treatment due to
several advantages, e.g., low analyte binding, good chemical compatibility, and solvent resistance[36]. The
properties of low analyte binding may be related to the lower mass losses of most PPCPs by the
hydrophobic-PTFE filter in our study.
The mass loss performance of three filters varied for individual PPCPs [Figure 2A-C]. Note that the
abbreviations of PPCPs are reported in Supplementary Table 1. For most SA and TC antibiotics, there was
no obvious difference (i.e., mass loss of < 20%) by three filters [Figure 2A]. However, for QL and MA
antibiotics, unexpectedly large mass losses were observed [Figure 2B]. Their mass losses followed the trend:
hydrophilic-PTFE filter (up to 100%) > nylon filter (-6% to 98%) > hydrophobic-PTFE filter (7-52%). The
authors of[37] investigated the interaction between filters and 43 widely detected basic, neutral, and acidic
organic micropollutants in an aqueous solution, and found the majority of the compounds with higher log
Kow values showed significant mass loss (up to 100%) to the tested materials. MA antibiotics in the present
study were mainly hydrophobic (log Kow > 2) [Supplementary Table 1], and the mass losses of MA
antibiotics by hydrophilic-PTFE filter could be related to the hydrophobic interactions. QL antibiotics
investigated were hydrophilic (log Kow < 2), and the mass losses of QL antibiotics by the hydrophilic-PTFE
filter were likely the result of hydrophilic modification. PTFE membranes without modification exhibited
poor wettability due to hydrophobicity (internal chemical structure [-(-CF2-CF2-)n-])[38] and low surface
energy. To facilitate the treatment of aqueous solutions, hydrophilic agents including amino, hydroxyl,
carboxyl, and sulfonic acid groups were synthesized via hydrolytic polycondensation and free radical
polymerization and steadily adhered to the surface of hydrophobic-PTFE membrane by a facile physical
entanglement method[39]. These hydrophilic groups can generate hydrogen bonds in water, which were
found to contribute to the retention and adsorption of endocrine-disrupting chemicals by membranes[40].
Therefore, the retention of QL antibiotics caused by the hydrogen bonds may be one of the reasons for their
mass loss by a hydrophilic-PTFE filter. In addition, MA antibiotics contain hydroxyl or phenolic hydroxyl
groups, which could be considered as an ideal proton donor for hydrogen bonds, promoting the formation
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Figure 1. Mass losses (%) of PPCPs in Milli-Q water after filtration using syringe filters made of three different materials. **Indicates
that mass losses in the two types of syringe filters are significantly different by U-test at the 0.05 level; *indicates that the difference is
not significant under the same condition. PPCP: Pharmaceutical and personal care products.

of hydrogen bonds[40] and leading to enhanced adsorption of chemicals on a hydrophilic-PTFE filter.
Therefore, the mass loss of MA antibiotics may be the result of the combined effect of hydrogen bonds and
hydrophobicity. It should be mentioned that some PPCPs have a negative value of a mass loss, i.e., increased
concentration after filtration. The concentration difference within ± 10% was probably due to the analytical
errors. Only a few PPCPs exhibited a negative mass loss of > 10%, and the apparent higher concentration of
analytes after filtration may be related to the co-elutes from the filters[35], which has an impact on the signal
of PPCPs and their quantification.
For the investigated non-antibiotics, the mass losses of most compounds (i.e., GLI, TOL, CF, CRO, BF,
CBZ, WAR, THP, ACE, DF, and DEET) did not show a significant difference in three types of filters (within
± 20%) [Figure 2C]. However, for other non-antibiotics (i.e., SAL, SP, FBZ, ABZ, FLU, and GLY), larger
mass losses were observed when hydrophilic-PTFE and nylon filters (87-100% and -3% to 100%,
respectively) were used, while the hydrophobic-PTFE filter showed low adsorption (1-19%), except for FLU
(34 %) and GLY (48%).
Impact of filter pore size

Normally, HPLC analysis requires sample filtration through filters with pore sizes of 0.45 or 0.22 μm before
sample injection[35], and the impact of filter pore size on the losses of PPCPs in Milli-Q water was
investigated.
Overall, the mass loss of PPCPs by nylon filters was barely affected by filter pore sizes. However, the
adsorption of PPCPs by PTFE filters (especially hydrophilic ones) was sensitive to filter pore sizes
(nonparametric tests, Mann-Whitney U-test, P < 0.05)-mass losses of PPCPs by the 0.22 μm filter were
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Figure 2. Mass losses of PPCPs in Milli-Q water after filtration using three different types of syringe filters(A: TC and SA antibiotics; B:
QLand MA antibiotics;

significantly higher than those by the 0.45 μm ones [Figure 3]. Multiple interactions, such as hydrogen
bonding, electrostatic interactions, and hydrophobic interactions, are responsible for binding the analyte to
the membrane surface[35]. Generally, microfiltration processes are primarily based on the principle of size
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Figure 3. Mass losses (%) of PPCPs in Milli-Q water after filtration using different pore sizes of syringe filters. **Indicates that mass
losses in the two types of syringe filters are significantly different by U-test at the 0.05 level; *indicates that the difference is not
significant under the same condition. PPCP: Pharmaceutical and personal care products.

exclusion, and solid removal is largely dependent on filter pore sizes[41]. However, as the molecular width
and size of PPCPs were much smaller than the membrane pore sizes[42], the higher PPCP adsorption by the
0.22 μm PTFE filter might be the result of enhanced physical adsorption and/or enhanced electrostatic
interaction, not size exclusion.
For individual PPCPs, the filter pore size has different influences. SAs and TCs still showed low PPCP mass
loss (within ± 20%) by three filters and were barely affected by pore sizes (nonparametric tests, MannWhitney U-test, P > 0.05) [Figure 4A and B]. For QL antibiotics and non-antibiotics, the mass losses by the
hydrophobic-PTFE and nylon filter were low (within ± 20%) and not sensitive to filter pore sizes [Figure 4C
and D], while, for a hydrophilic-PTFE filter, the mass losses of QL antibiotics (nonparametric tests, MannWhitney U-test, P < 0.05) and non-antibiotics decreased (from 100% to 11% and from 8% to 4%,
respectively) with the increasing of filter pore size. As the majority of these PPCPs were hydrophilic
compounds, when they were dissolved in the aqueous phase, the interaction between PPCPs and
hydrophilic-PTFE filter resulted in the building up of a “refuse layer”[43, 44] on membrane filters, leading to
the greater interception of analytes. However, the increase in filter pore size cannot eliminate the mass
losses of MA antibiotics regardless of the material of the filters [Figure 4E]. This result also supports the
assumption that hydrophobic interaction and hydrogen bonding (not size exclusion) resulted in the mass
losses of MA antibiotics by the hydrophilic-PTFE filter (as discussed in Section 3.1). Therefore, for MA
antibiotics, further optimization should be conducted to reduce their loss during filtration.
Impact of matrix

Although a hydrophobic-PTFE filter with a pore size of 0.45 μm can realize a significant decrease in PPCP
interception, it may also be inappropriate under certain conditions. For example, in many cases, UPLC (or
UPLC-MS/MS) has been adopted to analyze PPCPs because it is more sensitive and faster than HPLC (or
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Figure 4. Mass losses (%) of different PPCPs in Milli-Q water after filtration using syringe filters with different materials and pore sizes
(A: TC antibiotics; B: SA antibiotics; C: QL antibiotics; D: non-antibiotics; E: MA antibiotics). **Indicates that mass losses in the two
types of syringe filters are significantly different by U-test at the 0.05 level; *indicates that the difference is not significant under the
same condition. PPCP: Pharmaceutical and personal care products.

HPLC-MS/MS). However, the higher speed and higher peak capacity of UPLC also pose more stringent
requirements on sample quality, e.g., the content of fine particles. Fine particles, which can go through the
0.45 μm filters, may result in column blockage. Thus, for UPLC-based analysis, it is recommended to use
0.22 μm filters. Therefore, tests were conducted to find whether the mass loss of PPCPs could be eliminated
by changing the matrix solvent when 0.22 μm filters had to be employed.
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A significant decrease in mass losses was observed for all three types of filters when the proportion of
methanol in the solvent increased (nonparametric tests, Mann-Whitney U-test, P < 0.05) [Figure 5]. For the
hydrophilic-PTFE filter, the median mass loss of PPCPs decreased from 11% (Milli-Q water) to 3% (50%
methanol:water) and 3% (methanol), but for QL and MA antibiotics and non-antibiotics, the mass losses
were still high (> 20%) [Supplementary Figure 1]. For the nylon filter, the mass losses of target PPCPs
significantly decreased, and in methanol, the mass losses were the lowest for all the PPCPs except TCs. For
the hydrophobic-PTFE filter, the increased proportion of methanol led to a further decrease in PPCP mass
losses. The presence of organic solvents facilitates the partitioning of PPCPs in the solution phase with a
simultaneous reduction of adsorption on filter membranes[41]. Therefore, a low loss (or in some cases no
loss) of PPCPs can be achieved using hydrophobic-PTFE in pure methanol.
Impact of filter pre-rinsing

According to the section on the impact of a matrix, increasing the proportion of methanol can eliminate the
mass losses of PPCPs to an acceptable level (within 20%). Nevertheless, most studies about PPCP removal
are conducted in the aqueous phase. If the proportion of methanol in the samples needs to be increased
before the analysis, the sample will be diluted, and the detection limits will be much higher, which is a big
challenge for the experiments conducted at environmentally relevant concentration levels. Therefore, we
conducted experiments to find out whether the interception of PPCPs in Milli-Q water could be eliminated
by filter pre-rinsing when a hydrophobic-PTFE filter was employed [Figure 6].
By discarding the first 1 mL pre-rinsing samples, decreased mass losses for target PPCPs were observed. Of
these, the mass losses of TC and SA antibiotics and non-antibiotics [Figure 6] hardly affected
(nonparametric tests, Mann-Whitney U-test, P > 0.05) by hydrophobic-PTFE filters can be eliminated to
acceptable levels (within 20%) whether or not the first 1 mL of the filtered sample was discarded. After
filtering a few milliliters of sample solution, the available active sites on the membrane for adsorption were
occupied, and the amount of adsorbed PPCPs in the samples collected could be reduced. This is in
agreement with previous studies[45]. For example, the authors of Ref.[37] indicated that, for loratadine
compounds that are strongly affected by filter materials such as cellulose acetate, regenerated cellulose
acetate, and polycarbonate, discarding a large amount of liquid (≥ 25 mL) before actual sampling can
eliminate significant losses during filtration.
Conversely, although decreased mass losses for some QLs (from 7% to 6%) and MAs (31% to 19%)
(nonparametric tests, Mann-Whitney U-test, P < 0.05) were observed on the hydrophobic-PTFE filter by
pre-rinsing, individual compounds still showed considerable mass losses in Milli-Q water [Figure 6]. As a
consequence, this method of pre-rinsing is not applied to all PPCPs. Future studies can be conducted to
investigate the influence of discarded solution volume and to find out whether the performance could be
improved by increasing the discarded solution volume. Nevertheless, if the amount of sample to be
measured is not sufficient, then pre-rinsing is not an optimal choice.

CONCLUSIONS
The suitability of syringe filters for PPCP analysis in aqueous samples was evaluated considering the
material of syringe filters, the pore size of syringe filters, solvents, and pre-rinsing. The results show that, for
Milli-Q water samples, the lowest mass losses were observed by the hydrophobic-PTFE; however, the mass
losses of quinolone and macrolide antibiotics were still considerably large (7-52%). By changing the pore
sizes of filters, the interception of quinolone and macrolide antibiotics by hydrophobic-PTFE filter was not
improved, while, by increasing the proportion of methanol in the solvent and discarding the first 1 mL prerinsing samples, the mass losses of quinolone and macrolide antibiotics by the hydrophobic-PTFE filter can
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Figure 5. Mass losses (%) of PPCPs after filtration in different matrix systems. **Indicates that mass losses in the two types of syringe
filters are significantly different by U-test at the 0.05 level; *indicates that the difference is not significant under the same condition.
PPCP: Pharmaceutical and personal care products.

Figure 6. Mass losses (%) of PPCPs in Milli-Q water on the hydrophobic-PTFE filter by pre-rinsing. **Indicates that mass losses in the
two types of syringe filters are significantly different by U-test at the 0.05 level; *indicates that the difference is not significant under
the same condition.
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be significantly decreased.
According to the obtained results, we recommend using a 0.22 μm hydrophobic-PTFE filter (with prerising) to filter a broad range of target PPCPs in most cases. If the target PPCPs are tetracyclines,
sulfonamides, and non-antibiotics, i.e., GLI, TOL, CF, CRO, BF, CBZ, WAR, THP, ACE, DF, and DEET,
0.22 μm hydrophilic-PTFE, nylon, and hydrophobic-PTFE filter can be used. If macrolide antibiotics should
be accurately determined, we recommend using a 0.22 μm hydrophobic-PTFE or nylon filter (with prerising), and the proportion of methanol in the solvent during the filtration should be increased. In addition,
it should be mentioned that, for real water samples with different constituents from Milli-Q water, more
efforts should be made to select suitable filters.
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