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The analysis of per- and polyfluoroalkyl
substances in wastewater sludges and biosolids:
which adsorbents should be used for the cleanup
of extracts?†

Ali Can Ozelcaglayan, Wayne J. Parker* and Anh Le-Tuan Pham *

The analysis of PFAS in wastewater treatment sludges and biosolids is an evolving practice for which a

widely recognized standard method does not currently exist. While a number of analytical techniques have

been reported in the literature, individual methods were found to not be broadly applicable over a range of

sludge/biosolid matrices. This study critically examined the method employed to clean up biosolid extracts

prior to LC-MS/MS analysis, which was determined to be crucial to obtaining acceptable chromatogram

quality and recoveries of a range of PFAS and associated surrogates. When ENVI-Carb was employed alone

or in combination with WAX, as described in US EPA Draft Method 1633, precipitates were formed when

methanolic extracts were reconstituted with water, preventing direct analysis by LC-MS/MS. Centrifugation

and filtration of reconstituted extracts to remove precipitates did not sufficiently eliminate interferences to

allow PFAS quantification. The use of blends of adsorbents (ENVI-Carb, PSA, C18) with different adsorptive

properties that could remove a broader range of interfering substances was evaluated. A blend consisting

of 1000 mg ENVI-Carb, 500 mg PSA and 500 mg C18 was found to effectively eliminate background

interference while providing an optimal trade-off between chromatogram quality and PFAS recovery. When

integrated into the overall analytical method, the recoveries of PFAS were between 40% and 160% except

for some precursors when six different biosolids were analyzed. The cleanup method developed in this

study has the potential to facilitate the analysis of PFAS in a broad range of sludge and biosolid matrices.

Introduction

Owing to their widespread use in the past several decades,
per- and polyfluoroalkyl substances (PFAS) have been
detected in diverse environmental compartments, including
surface water, groundwater, sediments, and soils, as well as
in wildlife and humans.1–4 The two most common PFAS,
perfluorooctane sulfonate (PFOS) and perfluorooctanoate
(PFOA), are common groundwater and surface water
contaminants and are posing widespread risks to drinking
water resources worldwide.5,6 Given their bioaccumulative

and toxic nature,7–9 regulatory criteria for PFOS, PFOA and
other PFAS are expected to be established in the near future.
For example, Health Canada has proposed a maximum
acceptable concentration (MAC) of 600 ng L−1 for PFOS and
200 ng L−1 for PFOA in drinking water.10,11 Health Canada
has also proposed drinking water screening values between
200 and 30 000 ng L−1 for other PFAS, including
perfluorobutane sulfonate (PFBS), perfluorohexane sulfonate
(PFHxS), perfluorobutanoate (PFBA), perfluoropentanoate
(PFPeA), perfluorohexanoate (PFHxA), perfluoroheptanoate
(PFHpA), and perfluorononanoate (PFNA).12 Very recently, the
United States Environmental Protection Agency (US EPA)
issued final drinking water lifetime health advisory (LHA)
levels of 10 ng L−1 for hexafluoropropylene oxide dimer acid
(also known as GenX) and 2000 ng L−1 for PFBS.13 The US
EPA also issued interim updated drinking water LHA levels of
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The analysis of PFAS in sludges and biosolids is an evolving practice for which a widely recognized standard method does not exist. A new method was
developed to clean up biosolid extracts, which was crucial to obtaining acceptable chromatogram quality. This method has the potential to facilitate the
analysis of PFAS in a broad range of sludge and biosolid matrices.
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0.02 ng L−1 for PFOS and 0.004 ng L−1 for PFOA.13 These
levels are a few orders of magnitude lower than those issued
in 2016 (i.e., 70 ng L−1 for PFOS and PFOA, individual or
combined).14 As the regulatory requirements on these
compounds in the environment become increasingly
stringent, the need to quantify and control PFAS discharges
will grow in importance.

Research conducted over the past decade has shown that
municipal biosolids can contain significant amounts of
PFAS.15–21 For example, analyses of biosolid samples from 32
US states revealed that PFOS and PFOA were the most
abundant PFAS (403 ± 127 and 34 ± 23 μg kg−1 of dry weight
(dw), respectively) and that other compounds such as PFHxA,
perfluorodecanoate (PFDA), and perfluorooctanesulfonamide
(PFOSA) were also present (at tens of μg kg−1).19 Similarly, a
survey of 19 wastewater treatment plans in Australia found
that the total concentration of PFAS in biosolids ranged
between 4.2 and 910 μg kg−1 dw,20 while a survey of 20
wastewater treatment plants in Canada found that the
concentration of PFOS in biosolids ranged between 2.1 and
17 000 μg kg−1 dw.21 Other perfluoroalkyl acids (PFAAs) were
also present in the Canadian biosolids.21 While PFAAs are
the PFAS that have been measured the most frequently, two
recent studies reported that PFAA precursors, such as
disubstituted polyfluorinated phosphate esters, were the
dominant PFAS in the studied biosolids.20,22 Some of these
precursors could be transformed into PFAAs. Since it is a
common practice around the world to use biosolids as
fertilizer, there have been significant concerns that biosolid-
amended agricultural fields could be potential PFAS point
sources, which could contaminate soil, crops, grazing
animals, surface water, and groundwater. Although currently
biosolids are not widely regulated with respect to PFAS,23 this
situation may change in the near future, especially in light of
the recently reported cases of PFAS contamination following
the application of contaminated biosolids to soils.24–27 In
fact, Maine recently became the first state in the US that bans
the land application of PFAS-contaminated biosolids.28

Overall, there is a growing interest in quantifying PFAS in
biosolids and assessing associated risks in order to gain
information that will help support decision-making with
respect to future biosolid management practices.

As with our quickly growing knowledge about PFAS fate
and transport, analytical methods for the quantification of
PFAS in environmental samples are also rapidly evolving.
With respect to biosolids, a standard method for the
analysis of PFAS in this matrix does not currently exist.
Thus, researchers have been devising their own analytical
methods or adopting the methods developed by others.
While there are some variations among the methods
published in the literature, all methods consist of three
main steps, which begin with extracting biosolids with an
organic solvent, followed by cleaning up the extract with an
adsorbent to remove interfering organic and inorganic
compounds that coeluted with PFAS in the extraction step,
and finally analysing PFAS in the cleaned-up extract by

liquid chromatography coupled with mass spectrometry. Of
these three steps, extract cleanup appears to be the most
variable step, with a wide variety of adsorbents having been
employed alone or in combination, including graphitized
non-porous carbon (which is more commonly known under
the trademark name ENVI-Carb), bare silica, octadecyl-
functionalized silica (C18), primary and secondary amine-
functionalized silica (PSA), weak anion exchange (WAX)
polymeric resin, and hydrophilic–lipophilic balance (HLB)
polymeric resin.20,29–44 In what appears to have been the
first study investigating the occurrence of perfluoro
carboxylates and sulfonates in digested sludges, Higgins
et al. developed a method that involved extracting sludge
samples with an acidic methanol solvent and cleaning up
the extract using a C18 solid-phase extraction (SPE)
cartridge.34 The method developed by Higgins et al. was
adopted by several other researchers,25,41–44 including
Moodie et al., who used C18 together with PSA in the
extract cleanup step.20 In contrast, while Arvaniti et al.,
Boiteaux et al., and Sinclair and Kannan also used an acidic
methanol solvent in the extraction step, they used either a
WAX or an HLB SPE cartridge instead of C18 to clean up
the extract.35–37 HLB resin was also used by Yu et al., who
further polished the extract with a silica cartridge.38 Shortly
after the publication by Higgins et al., Powley et al. reported
an investigation of the occurrence of perfluoroalkyl
carboxylates in sediments and activated sludges.39 In this
study, samples were extracted with a basic methanol
solution, and the extract was cleaned up with ENVI-Carb.
This method, which was employed in over a dozen other
studies including several recent studies,16,18,32,33,40 currently
seems to be the most popular method for the analysis of
PFAS in sludges and biosolids. Recently, the US EPA
published Draft Method 1633 and 2nd Draft Method 1633
for the analysis of PFAS in various environmental matrices
including biosolids.45,46 These methods involve extracting
biosolids with a basic methanol solution (0.3% methanolic
ammonium hydroxide), cleaning up the extract with ENVI-
Carb, concentrating the extract by evaporation and
subsequently diluting it with water, and finally cleaning up
the diluted extract with WAX resin. Draft Method 1633 and
2nd Draft Method 1633 are, in principle, similar to the
methods employed in several earlier studies.19,21,29,31,47,48

In the aforementioned studies, the rationale for
adsorbent selection was not described. However, the role
that adsorbents play in the cleanup step has been discussed
extensively by researchers who analyzed other organic
contaminants in complex sample matrices such as fruits,
vegetables, milk, eggs, and meats. Specifically, C18, which is
a widely used adsorbent in reversed-phase chromatography,
is highly effective at removing lipids and other lipophilic
compounds from extracts.49–51 Somewhat similar to C18,
ENVI-Carb adsorbs non-polar organic compounds,
particularly those with a planar structure such as sterols
and natural pigments.49–51 In contrast, PSA possesses
greater affinity towards hydrophilic compounds such as
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organic acids including fatty acids as well as sugar and
anthocyanin pigments.49–51 WAX and HLB have been widely
used for the analysis of aqueous samples in order to
preconcentrate PFAS.52 Whereas WAX selectively retains
anionic organic compounds, HLB is a less selective
adsorbent since it can retain both ionic (positive and
negative) and neutral compounds.

To date, only one study has evaluated different extract
cleanup strategies for the analysis of PFAS in sludges and
biosolids. Specifically, Semerád et al.53 compared the
performance of ENVI-Carb, HLB, Captiva EMR lipid (i.e., a
type of adsorbent that preferentially retains lipids), and
ENVI-Florisil (i.e., magnesium silicate, which adsorbs
hydrophilic compounds). They also studied the analysis of
PFAS in sludges and biosolids by QuEChERS, which is an
extraction method widely used for the analysis of trace
contaminants in food. QuEChERS consists of a cleanup kit
with various adsorbent formulations that, depending on the
sample nature, may consist of anhydrous MgSO4, PSA, C18,
and ENVI-Carb. It is noted that the exact adsorbent
composition employed by Semerád et al. was not described
in their paper. Semerád et al. reported that only ENVI-Carb
provided an adequate cleanup of extract.53 As mentioned
above, however, HLB and other types of adsorbents were
successfully used by other researchers. These conflicting
reports could be due to the varying types and quantities of
interfering compounds in the extracts among studies. It can
be expected that the characteristics of biosolids (e.g., pH,
nutrient, fatty acid, lipid, protein, and organic matter
content) will be influenced by the sewershed (i.e. residential
versus industrial dischargers), wastewater treatment process
type, and sludge handling process type (e.g., anaerobic versus
aerobic digestion, composting, alkaline treatment).54 Thus, a
“one-size-fits-all” method for the analysis of PFAS in biosolids
may not exist, and additional research is needed to compare
and contrast extract cleanup strategies.

The objective of this study was to further evaluate the
performance of the existing methods of PFAS analysis in
sludges and biosolids, focusing specifically on assessing the
cleanup of extracts by four commonly used adsorbents,
namely ENVI-Carb, PSA, C18 and WAX. As will be presented
in the Results and discussion section, none of the existing
methods was capable of adequately cleaning up the extracts
generated from the biosolids investigated in this study. This
observation motivated us to devise a cleanup method
consisting of a combination of ENVI-Carb, PSA and C18. The
selection of this adsorbent combination was inspired by the
one employed in the study by Yu et al., which investigated
the presence of PFAS in dietary milk.55 The performance of
our method was evaluated based on extract physical
appearance, chromatogram baseline noise, and analyte
recovery. This method was then used to analyze PFAS in six
biosolid samples, including three dewatered anaerobically
digested sludges, two alkaline-stabilized digested sludges,
and a composted dewatered biosolid. The results of this
investigation suggest that the method developed in this study

may be suited for the analysis of a wide variety of sludge and
biosolid samples.

Materials and methods
Chemicals and materials

Native and isotopically labeled PFAS standards were
purchased from Wellington Laboratories (Guelph, Canada).
The native PFAS mixture standard (PFAC-24PAR) consists of
11 perfluoroalkyl acids (C4–C14), 7 perfluoroalkyl sulfonates
(C4–C10), 3 fluorotelomer sulfonates (4 : 2 FTS, 6 : 2 FTS, 8 : 2
FTS), 1 sulfonamide (FOSA – perfluorooctane sulfonamide),
and 2 sulfonamido acetic acids (MeFOSAA – 2-N-methyl
perfluorooctane sulfonamido acetic acid, EtFOSAA – N-ethyl
perfluorooctane sulfonamido acetic acid). These 24
compounds are the analytes of interest in this study. See
Table S1 in the ESI† for the full list of native PFAS. The
isotopically labeled PFAS mixture standard (PFAC-19ES)
consists of 19 compounds. The list of these compounds is
presented in Table S1 in the ESI.† Graphitized carbon (ENVI-
Carb), C18 reversed-phase silica gel, and primary secondary
amine (PSA) silica gel were purchased from Sigma Aldrich.
All other chemicals, purchased from Fisher Scientific, were
either LCMS grade or ACS grade.

Biosolid samples

This study involved six biosolid samples, which are denoted
from this point forward as biosolids 1–6. Biosolids 1–3 were
dewatered anaerobically digested sludges collected from
three different wastewater treatment facilities. Biosolids 4
and 5 were generated from the alkaline treatment (at pH 9
and 70 °C for 20 minutes) of biosolids 1 and 2, respectively.
Biosolid 6 was collected from an aerobic composting facility
that processes dewatered municipal biosolids. The samples
were collected into high-density polyethylene bottles and
shipped on ice. The samples were stored at −20 °C upon
arrival. The frozen samples were then freeze-dried,
homogenized using a mortar and pestle, and sieved through
a 2 mm stainless steel mesh. The homogenized and sieved
samples were stored at 2–4 °C until extraction.

Extraction procedure

The extraction procedure consisted of five steps (Fig. 1). In
step 1, isotopically labeled PFAS surrogates (2 ng each) were
spiked into 0.5 g of the sieved biosolid sample. The spiked
sample was then extracted three times with 7 mL 99/1 (v/v)
methanol/30% ammonium hydroxide aqueous solution (i.e.,
0.3% methanolic ammonium hydroxide). In each extraction
round, the sample and the methanolic ammonium hydroxide
solution were mixed on a vortex for 1 min and sonicated at
35 °C for 30 min, and the solids were separated by
centrifugation at 1613 RCF for 30 min. The supernatants
from the three extraction rounds (20 mL in total) were
collected in a 50 mL polypropylene test tube. In step 2,
various quantities of ENVI-Carb (0–1000 mg), C18 (0–500
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mg), and PSA (0–500 mg) were added to the combined
extract. Subsequently, this mixture was vortexed for 1 min,
and the adsorbents were separated by centrifugation at 3100
RCF for 30 min. In step 3, the supernatant was then
transferred to a new 50 mL polypropylene test tube,
evaporated to dryness, and reconstituted with 0.5 mL 99/1 (v/
v) methanol/glacial acetic acid solution. In step 4, 0.4 mL of
this reconstituted sample was transferred to a 2 mL
polypropylene microcentrifuge tube and was mixed with 0.4
mL water, resulting in a liquid sample of 50/50 (v/v) water/
methanol. In all cases, it was observed that precipitates were
formed in this mixing step. The reason for precipitate
formation will be discussed in the Results and discussion
section. To separate these precipitates, in step 5 the 2 mL
microcentrifuge tube was centrifuged at 24 000 RCF for 10
min, and the supernatant was filtered through a 0.2 μm
alumina membrane filter (Whatman Anotop). The filtrate was
collected into a 1.5 mL polypropylene vial and subjected to
LC/MS/MS analysis.

To confirm that all materials and reagents were PFAS-free,
0.5 g of Ottawa sand was extracted via the procedure described
above (i.e., method blank). Also, seven Ottawa sand samples
(0.5 g per sample) were spiked with native PFAS (2 ng each)
and isotopically labeled PFAS (1 ng each), and the spiked
samples were extracted and analyzed. The standard deviation
(SD) of the analyzed PFAS concentrations was calculated based
on these 7 samples, and the limit of quantitation (LOQ) for
each PFAS was calculated as LOQ = 10 × SD.

To compare the cleanup of extracts by the adsorbents
tested in this study and those used in the Draft Method 1633
(i.e., ENVI-Carb and WAX), 0.5 g of biosolid 1 was spiked with

isotopically labeled PFAS surrogates (2 ng each) and extracted
three times with 7 mL 0.3% methanolic ammonium
hydroxide. Subsequently, the extracts were combined into a
50 mL polypropylene tube that contained 10 mg ENVI-Carb.
The mixture was then vortexed, and ENVI-Carb was separated
by centrifugation. The supernatant was evaporated to 1 mL
and reconstituted with 49 mL of water, resulting in a solution
that contained less than 20% methanol as per the 2nd Draft
Method 1633.46 The resulting solution was subjected to solid-
phase extraction with a preconditioned WAX cartridge. The
WAX cartridge was then eluted with 5 mL of 1% methanolic
ammonium hydroxide. In the final step, the eluent was
neutralized with 25 μL glacial acetic acid and mixed with
water, resulting in a 50/50 (v/v) methanol/water sample that
was subjected to LC/MS/MS analysis. The workflow described
above is presented in Fig. 2.

In both methods described above, the combined extract
was cleaned with ENVI-Carb prior to evaporation. In several
studies, these steps were conducted in reverse; that is, the
extract was first evaporated to dryness, and the reconstituted
methanolic sample was then cleaned with ENVI-
Carb.16,18,32,33,40 To compare these two different approaches,
a separate experiment was conducted wherein the extract of
biosolid 1 was evaporated to dryness, reconstituted to 625 μL
with 99/1 (v/v) methanol/glacial acetic acid, and cleaned with
40 mg ENVI-Carb. In the final step, 400 μL of the cleaned
extract was mixed with 400 μL of 0.003% ammonium
hydroxide in water. This sample was then centrifuged,
filtered, and subjected to LC/MS/MS analysis.

The analytes of interest in this study were the 24 PFAS
mentioned in the Chemicals and materials section. However,

Fig. 1 The analytical workflow employed in this study for the quantification of PFAS in biosolids. Various adsorbent types and quantities were
assessed in step 2 to clean up the extract generated in step 1. Photo A presents the physical appearance of the biosolid 1 extract (50/50 (v/v)
methanol/water) cleaned with ENVI-Carb. The yellow precipitates in this extract could be removed by centrifugation, followed by filtration (Photo
B). (A) presents the chromatogram of a PFOS standard. (B and C) and (D and E) present the chromatograms of PFOS in the extracts of biosolid 1
and biosolid 2, respectively; these extracts were cleaned with either 40 mg or 1000 mg ENVI-Carb.
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only 14 compounds were detected in the five biosolids
employed in this study. To investigate how the different
cleanup methods described above affected the chromatogram
quality of the other 10 compounds, an additional set of
experiments was conducted wherein the cleaned-up extracts
of biosolid 1 were spiked with a mixture of 24 native PFAS
prior to LC/MS/MS analysis.

PFAS analysis and recovery calculation

Samples were analyzed using a Shimadzu 8030 LC/MS/MS
instrument. Details about the instrument operating
conditions and other relevant information can be found in
Table S1 of the ESI.† The instrument was calibrated using 12
external calibration standards containing 0.05–20 μg L−1 of
each native PFAS analyte and 2 μg L−1 of each isotopically
labeled PFAS surrogate. These standards were prepared by
spiking various amounts of native and isotopically labeled
PFAS into a methanol/water solution to obtain a final sample
consisting of 50/50 (v/v) methanol/water. PFAS concentrations
were calculated using the isotopic dilution method.

Recovery values (R) were estimated by comparing the peak
area (Asample) of the spiked isotopically labeled PFAS with the
peak area (Astandard) of the respective isotopically labeled PFAS
in the calibration standards, i.e., R = (Asample/Astandard) × 100%.
A separate set of experiments was conducted to confirm that
the recovery values of isotopically labeled PFAS were
representative of the recovery values of native PFAS. In this set
of experiments, biosolid samples were spiked with both native
PFAS (5 ng per compound) and isotopically labeled PFAS (2 ng

per compound), and the spiked samples were extracted and
analyzed. Biosolid 1 and biosolid 4 were randomly chosen for
this experiment. R values for the isotopically labeled PFAS
were calculated based on peak areas as described above,
whereas R values for native PFAS were calculated using the
following equation: R = (mspiked − msample/mspiked) × 100%,
with mspiked and msample being the PFAS mass spiked into the
sample (i.e., 5 ng per compound) and the PFAS mass
originally present in the sample, respectively.

Results and discussion
Method blank and LOQ

Analysis of non-spiked Ottawa sand samples revealed that
the reagents and materials used in this study were generally
PFAS-free. However, 6 : 2 FTS was detected in some analyses.
Attempts to determine and eliminate the origin of 6 : 2 FTS
cross-contamination were unsuccessful. Thus, 6 : 2 FTS was
not included in the analyte reporting list.

The LOQ for each PFAS varied between 0.1 and 1.5 ng g−1

(Table S2†). It is noted that these LOQ values were based
upon the extraction of PFAS-spiked Ottawa sand samples and
therefore should be considered as the “best-case scenario”
LOQ. As will be discussed in detail below, the amount of
background organics extracted out of biosolids in step 1 of
the analytical procedure (Fig. 1) varied among the tested
biosolids. Since the background organics could affect the
chromatogram baseline and quality, LOQ would vary among
biosolid samples.

Fig. 2 The analytical workflow consisting of the ENVI-Carb followed by the WAX cleanup steps, as described in US EPA Method 1633. The photos
present the physical appearance of the biosolid 1 extract after cleanup (Photo A) followed by centrifugation and filtration (Photo B). Panels:
comparison of the chromatograms of various PFAS standards and PFAS in the filtered biosolid 1 extract.
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ENVI-Carb alone

Regardless of whether ENVI-Carb was used prior to or after
the extract evaporation step, precipitates were formed in step
4, i.e., when the methanolic extract generated in step 3 was
reconstituted with water to obtain a sample consisting of 50/
50 (v/v) methanol/water. The formation of precipitates in step
4 occurred with all 6 tested biosolids and was particularly
prominent in the case of biosolid 1 (Photo A in Fig. 1). While
investigating the identity of the precipitates was beyond the
scope of this study, it is hypothesized that the precipitates
are organic compounds that were co-extracted from the
biosolids. These organic compounds appeared to be more
soluble in pure methanol than in 50/50 (v/v) methanol/water.
Thus, once the solvent composition changed, they
precipitated out of the solution. Schaefer et al.22 also
observed that biosolid extracts consisting of 50/50 (v/v)
methanol/water emulsified. To address this issue, Schaefer
et al. added isopropanol to the sample such that the final
sample composition was 3/2/2 (v/v/v) methanol/isopropanol/
water.22 While the use of isopropanol, along with lowering
the water fraction in the sample, may prevent precipitation/
emulsification, this approach does not remove background
organic compounds from the final sample that is then
subjected to LC/MS/MS analysis. The presence of background
organic compounds in the sample could cause various issues,
such as analyte ionization enhancement or suppression and
clogging of the LC column and tubing when the LC eluent
composition changes to conditions conducive to precipitate
formation (e.g., when the eluent consists of ≥50% water).

While it was found that the precipitates could be
effectively separated by centrifugation followed by filtration
(Photo B in Fig. 1), LC/MS/MS analysis of the filtrate revealed
that certain soluble organic compounds must still be present
in the sample, which interfered with PFAS analysis. As an
example, Fig. 1 presents the chromatograms of a PFOS
standard (Fig. 1A) and of PFOS in the extracts of biosolid 1
(Fig. 1B and C) and biosolid 2 (Fig. 1D and E). When 40 mg
ENVI-Carb was used in step 3, the resulting chromatogram
baseline was noisy, especially in the case of biosolid 1. By
comparing the baseline of these chromatograms, it can be
deduced that there were fewer interfering organic
compounds in the biosolid 2 extract than in the biosolid 1
extract. This illustrates that the amount of organic
compounds coeluted with PFAS in the extraction step would
vary among biosolid samples. To assess whether interfering
organic compounds can be removed with a higher ENVI-Carb
dose, the amount of ENVI-Carb used in step 3 was increased
from 40 mg to 1000 mg. It is noted that even with this ENVI-
Carb dose, precipitates were formed in the reconstituted
extracts in step 4. LC/MS/MS analysis of the filtered extracts
reveals that the baseline noise level was near zero in the case
of biosolid 2 (Fig. 1E), suggesting that the soluble interfering
organic compounds were effectively removed by the extra
ENVI-Carb. For biosolid 1, the baseline noise level remained
high, masking the branched isomer peak (Fig. 1C). This

result suggests that an even greater dose of ENVI-Carb may
be required to clean up biosolid 1 extract and/or there are
organic substances in this sample that could not be
effectively removed by ENVI-Carb.

ENVI-Carb and WAX

As mentioned above, the extracts of biosolids are thought to
contain organic compounds that are more soluble in
methanol than in 50/50 (v/v) methanol/water. It is further
hypothesized that these organic compounds are hydrophobic
enough to be retained by WAX, which adsorbs analytes via
both ion exchange and hydrophobic interaction
mechanisms.56 If this hypothesis is correct, it is expected that
these organic compounds would also be present in the final
sample because they would be eluted out of the WAX
cartridge by 1% methanolic ammonium hydroxide. In other
words, the combination of ENVI-Carb and WAX is not
expected to effectively remove the organic compounds that
cause precipitation. Consistent with this hypothesis, it was
observed that when the biosolid 1 extract was cleaned with
ENVI-Carb + WAX and subsequently mixed with water,
precipitates were formed in the 50/50 (v/v) methanol/water
sample (Photo A in Fig. 2). In Draft Method 1633 as well as
in several other studies that employed ENVI-Carb and WAX
to clean biosolid extracts,19,21,29,31,45–47 the 50/50 (v/v)
methanol/water sample was directly subjected to LC/MS/MS
analysis without any additional pretreatment. However, given
the physical appearance of the samples in our study, they
were not deemed appropriate for LC/MS/MS analysis. Thus,
the samples were further subjected to centrifugation followed
by filtration. This additional treatment step resulted in a
transparent, yellow/brown-colored solution (Photo B in
Fig. 2). The color of the solution suggests that some soluble
organic compounds must still be present in the samples.
When these filtered samples were analyzed by LC/MS/MS, it
was observed that as in the case when the extracts were
cleaned with only ENVI-Carb, the chromatograms of PFOS
and PFHxA contained a noisy baseline, broad analyte peaks,
and/or unidentified peaks that overlapped with the analyte
peak (Fig. 2). Moreover, the chromatogram of other perfluoro
sulfonate compounds including PFBS, PFPeS and PFHxS were
not of acceptable quality (Fig. 3 (top panels) and S1-A†); note
that because these compounds were not present in biosolid
1, they were added (at 2.5 ng mL−1) to the biosolid 1 cleaned-
up extract prior to LC/MS/MS analysis in order to assess how
the presence of background organics affect the
chromatogram of these PFAS. While the chromatograms of
other PFCAs and precursors were reasonable (Fig. S1-B and
C†), it is concluded that the combination of ENVI-Carb and
WAX was not effective at cleaning the biosolid 1 extract to
the extent that all 24 PFAS could be analyzed.

PSA, C18 and ENVI-Carb

A few studies have used PSA and/or C18 instead of ENVI-Carb
to clean up biosolid extracts.20,30,34 In our study, the biosolid
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Fig. 3 Chromatograms of PFBS, PFPeS and PFHxS in the biosolid 1 extract cleaned with ENVI-Carb and WAX (i.e., the adsorbents used in US EPA
Method 1633; top) and with a blend of ENVI-Carb, PSA, and C18 (bottom). These compounds were not present in biosolid 1. Thus, the compounds
were added to the cleaned-up extract prior to LC/MS/MS analysis.

Fig. 4 Chromatograms of various PFAS in the biosolid 1 extract cleaned with blends of ENVI-Carb, PSA, and C18.
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1 extract cleaned by PSA and C18 alone or combined
remained highly opaque even after centrifugation and
filtration (Photos A, B and D in Fig. S2†). Considering these
samples' physical appearance, they were deemed not suitable
for LC/MS/MS analysis and were not studied further.

The biosolid 1 extracts that were treated with ENVI-Carb
and different combinations of PSA and/or C18 were much
less opaque (Photos C, E and F in Fig. S2†), suggesting that
ENVI-Carb was essential for the cleanup of biosolid 1
extracts. At the highest adsorbent doses (i.e., 1000 mg of
each adsorbent), the final sample was transparent and
nearly colorless (Photo G in Fig. S2 in the ESI†). Further,
inspection of the chromatogram of this sample reveals that
the baseline noise level was significantly reduced and the
analyte peaks were well resolved (Fig. 3 (bottom) and 4).
When the amounts of PSA and C18 were reduced to 500
mg, 400 mg, 300 mg, and 200 mg, the baseline noise level
in the chromatogram progressively increased (Fig. S3†). The
baseline noise level was also higher when either PSA or C18
was absent (Fig. S3†).

The results presented above demonstrate that the cleanup
of biosolid extracts is affected by both adsorbent type and
amount. For biosolid 1, it was essential that the extract is
treated with all three adsorbents in order to obtain clean
chromatograms. While higher doses of adsorbents will
improve the removal of background organic compounds, it is
recognized that increasing the adsorbent dose will reduce
recovery efficiency owing to the adsorption of PFAS on the
adsorbents. As can be seen from Fig. S4,† the recovery values
for isotopically labeled compounds were higher when the
biosolid 1 extract was treated with less adsorbent. When the
extract was treated with 1000 mg ENVI-Carb + 1000 mg PSA +
1000 mg C18, the recovery values ranged between 40% and
100%. When the amounts of PSA and C18 decreased by half
(i.e., 1000 mg ENVI-Carb + 500 mg PSA + 500 mg C18), the
recovery values increased to 60–130%. These recovery values
are comparable to those reported in several other
studies.16,20,24,30,32–34,45 The recovery values further increased
to 80–180% when the amounts of PSA and C18 were reduced
to as low as 200 mg. As was mentioned earlier, however, the
baseline noise level was also appreciably higher with this
treatment combination. For the isotopically labeled
fluorotelomer sulfonates (M2-6 : 2 FTS, M2-4 : 2 FTS, and M2-
8 : 2 FTS), the recovery values were between 140% and 450%
under all cleanup conditions. A recovery value greater than
100% could be attributable to ionization enhancement by the
matrix. Previous studies have also observed high recovery
values for these same compounds.24,25,33,34,57,58

PFAS in six biosolid samples

Considering the trade-off between analyte recovery and
chromatogram quality, the treatment combination consisting
of 1000 mg ENVI-Carb + 500 mg PSA + 500 mg C18 was
deemed the most appropriate for the cleanup of biosolid 1
extract. This adsorbent formulation was then applied to the

analysis of biosolids 2–6. For these biosolid samples, the
chromatograms, presented in Fig. S5,† consisted of well-
resolved analyte peaks and low baseline noise levels. While
varied across the six studied biosolid samples, the recovery
value for each isotopically labeled compound generally fell in
the 40–160% range (Fig. S6†). With the biosolid samples
(biosolid 1 and biosolid 4) that were spiked with both native
and isotopically labeled PFAS, the average recovery values
(based on triplicate spiked samples) of the native PFAS were
comparable (p > α = 0.05) to those of the isotopically labeled
counterparts (Table S3†). Thus, the concentration of the
native PFAS can be calculated based on the R of the
isotopically labeled compounds along with the analyte/
surrogate peak area ratio.

The concentrations of each PFAS in biosolids 1–6 are
presented in Fig. 5. In general, the total PFAA
concentrations in the biosolid samples of our study, which
ranged between 16 and 96 μg kg−1, were comparable to
those reported in previous studies. Based on the total
concentration as well as the individual concentration of
each PFAA in biosolids 1, 2, 4 and 5, it appears that
alkaline treatment resulted in a decrease in the
concentration of PFAAs. The total PFAAs (inset of Fig. 5)
decreased from 96.2 ± 1.7 μg kg−1 in biosolid 2 to 62.4 ± 0.9
μg kg−1 in biosolid 5, which was generated by treating
biosolid 2 at pH 9 and 70 °C for 20 min. The total PFAA
concentrations in biosolid 1 and biosolid 4 (which was
generated by treating biosolid 1 generated at pH 9 and 70
°C for 20 min) were 16.0 ± 0.3 μg kg−1 to 15.2 ± 0.4 μg kg−1,
respectively (inset of Fig. S5†). The difference between these
two values was statistically significant (p < α = 0.05). One
possible explanation for this trend was that PFAAs leached
out of the biosolid during alkaline treatment due to a pH
increase. The pH values of the as-received biosolid samples
are as follows: biosolid 1, pH 7.8; biosolid 4, pH 9.1;
biosolid 2, pH 6.3; and biosolid 5, pH 8.7. It has been
established that the affinity of PFAAs to solid surfaces,
including biosolids, decreases as pH increases.40,59

Of the three PFAA precursors measured, the
concentration of FOSA (i.e., a sulfonamide) in the pre- and
post-alkaline treatment samples did not differ appreciably.
Both bisolids 1 and 4 contained 1.6 ± 0.1 μg kg−1 FOSA,
while biosolids 2 and 5 contained 5.3 ± 0.1 μg kg−1 and 5.2
± 0.3 μg kg−1 FOSA, respectively. In contrast, the
concentration of MeFOSAA and EtFOSAA (i.e., the
sulfonamido acetic acid compounds) decreased by 20–70%
after alkaline treatment. To determine if this change is due
to partitioning and/or transformation, future research will
need to measure the concentration of these compounds in
the liquid phase generated from the alkaline treatment in
order to examine the mass balance.

Conclusion

Several analytical methods for the quantification of PFAS in
wastewater sludges and biosolids were proposed over the past
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two decades, including the recently published US EPA Draft
Method 1633. In all methods, the cleanup of extract to
eliminate interfering organic and inorganic compounds prior
to LC-MS/MS analysis is critical to obtaining acceptable
chromatogram quality and recoveries of PFAS from these
complex matrices. While a variety of adsorbents have been
employed in the cleanup step, we argue that a “one-size-fits-
all” method may not exist. Specifically, in this study, we
observed that none of the existing methods could prevent
precipitate formation when methanolic extracts from the five
studied biosolids were reconstituted with water.
Centrifugation and filtration of the reconstituted extracts to
remove precipitates did not sufficiently eliminate
interferences to allow PFAS quantification. To overcome this
issue, the use of blends of adsorbents (ENVI-Carb, PSA, C18)
with different adsorptive properties that could remove a
broader range of interfering substances was evaluated. A
blend consisting of 1000 mg ENVI-Carb, 500 mg PSA and 500
mg C18 was used to successfully analyze PFAS in the six
studied biosolids. While this adsorbent formulation shows
considerable promise, the optimum formulation could be
sample-specific, given that sludges and biosolids vary widely
in characteristics. Thus, the adsorbent formulation should be
modified to obtain an optimal trade-off between
chromatogram quality and PFAS recovery. Additional research
is needed to assess the robustness of the cleanup method
developed in this study against a broader range of sludge and
biosolid matrices.
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