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ARTICLE INFO ABSTRACT
Handling editor: Y Yeomin Yoon Granular activated carbon (GAC) and ion exchange resin (IXR) are widely used as adsorbents to remove PFAS
from drinking water sources and effluent waste streams. However, the high cost associated with GAC and IXR
Keywords: generation has motivated the development of less expensive adsorbents for treatment of PFAS-impacted water.
PFAS

Thus, the objective of this research was to create an economically viable and sustainable PFAS adsorbent from
sewage sludge. Stepwise pyrolysis at temperatures from 300 °C to 1000 °C yielded biochars whose specific
Granular activated carbon surface area. (SSA) anq porosity increaseq from 41 to 14§ m?/g, and frcz)m 0.06? tc? 0.193 em®/g, respectively'r. On
Sorption a per organic char basis, the SSA of the biochar was as high as 1183 m“/g, which is comparable to commercially-
Sludge available activated carbons. The adsorption of perfluorooctane sulfonic acid (PFOS) on sludge biochar increased
with increasing pyrolysis temperature, which was positively correlated with increasing porosity and SSA. When
1000 °C processed biochar was tested with a mixture of eight PFAS, preferential adsorption of longer carbon
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chain-length species was observed, indicating the importance of PFAS hydrophobic interactions with the biochar
and the availability of a wide range of mesopores. The adsorption of each PFAS was dependent upon both chain
length and head group, with longer chain-length species exhibiting greater adsorption than shorter chain-length
species, along with greater adsorption of species with sulfonic acid head groups compared to their chain length
counterparts with carboxylic acid head groups. These findings demonstrate that biochar derived from municipal
solid waste can serve as a cost-effective and sustainable adsorbent for the removal of PFOS and PFAS mixtures
from source waters. The circular economy benefits and waste reduction potential associated with the use of
sewage sludge-derived biochar supports the development of a viable sludge-derived biochar for the removal of

PFAS from water.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) have been used in a va-
riety of applications, including food packaging, clothing, firefighting
foams, and electronics manufacturing (Kissa, 2001; Begley et al., 2005;
Gliige et al., 2020). Due to their widespread use and resistance to
degradation, there is high potential for human exposure and subsequent
risk of adverse health impacts including liver cancer, kidney cancer, and
effects on endocrine function, metabolism, and renal health (Abunada
et al., 2020; Sinclair et al., 2020; Jha et al., 2021). A primary route for
human exposure to PFAS is through the consumption of contaminated
food and drinking water (Sinclair et al., 2020; Wisconsin Department of
Health Services, 2023). Traditional water treatment methods involving
biological or chemical transformation processes have not been effective
in completely degrading PFAS to inorganic fluorine (Yu et al., 2009;
Appleman et al.,, 2013; Im et al.,, 2021; Yadav et al., 2022). As a
consequence, current methods to reduce PFAS concentrations to
nanogram-per-liter (ng/L) levels in drinking water typically involve the
use of adsorbents. Granular activated carbon (GAC) and ion exchange
resins (IXRs) are two of the most effective and widely used adsorbents
for PFAS removal (United States Environmental Protection Agency,
2022). GAC is generally considered the most cost-effective and common
adsorbent used to treat PFAS-impacted water (Yadav et al., 2022). The
U.S. EPA recently established Maximum Contaminant Levels (MCLs) of
4 ng/L for perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic
acid (PFOA); 10 ng/L for perfluorononanoic acid (PFNA), hexa-
fluoropropylene oxide dimer acid (GenX), perfluorohexanesulfonic acid
(PFHxS); and a 1.0 (unitless) hazard index for mixtures of two or more of
PFNA, PFHxS, perfluorobutanesulfonic acid (PFBS), and GenX in the
final PFAS National Primary Drinking Water Regulation. This will cause
an increase in demand for carbon and resin, making alternative adsor-
bents more attractive in terms of cost and sustainability (United States
Environmental Protection Agency, 2023).

GAC is produced from high carbon content materials, including
bituminous coal, coconut shell, wood, and lignite coal (Fotouhi and
Kresic, 2010), and is an effective adsorbent due to its internal porosity
and large specific surface area (United States Environmental Protection
Agency, 2018). The process of preparing GAC includes powder palleti-
zation, high temperature carbonization, and either chemical or thermal
activation (Jjagwe et al., 2021; Soonmin and Kabbashi, 2021), which
makes the final product costly and energy-intensive to manufacture
(Krahn et al., 2023). GAC can be regenerated through methods such as
high temperature incineration and solvent washing, allowing for the
reuse of spent GAC rather than replacing it with fresh GAC each time the
adsorptive capacity is exhausted (Cantoni et al., 2021). However, high
temperatures can cause the pore structure of GAC to deteriorate and
operational conditions can negatively impact surface chemistry, further
reducing adsorption capacity (Sonmez Baghirzade et al., 2021). Conse-
quently, virgin GAC is often used instead of reactivated GAC in order to
achieve better PFAS adsorption performance, while spent GAC is often
disposed of via landfilling or incineration.

IXR beads are produced from hydrocarbon polymers that consist of a
base polymeric matrix and either positively or negatively charged
functional groups (Dixit et al., 2021), allowing for adsorption of both

negatively- and positively-charged contaminants, respectively. When
their maximum adsorption capacity has been reached, resins can also be
regenerated, most often with solutions containing an organic solvent
and brine (Woodard et al., 2017; Boyer et al., 2021). The effectiveness of
both GAC and IXRs for the removal of long-chain and short-chain per-
fluoroalkyl acids (PFAAs), including perfluorosulfonic acids (PFSAs) and
perfluoroalkyl carboxylic acids (PFCAs), is strongly dependent on chain
length and functional group (Du et al., 2014; Franke et al., 2019;
Gagliano et al., 2020; Becanova et al., 2021).

Previous studies have documented the economic, greenhouse gas
emission, and energy benefits of using biochar instead of GAC for water
purification (Thompson et al., 2016; Krebsbach et al., 2023a). The
economic benefit comes from the fact that the use of biochar as an
adsorbent eliminates the need for the costly activation process (either
chemical or thermal) that all GAC products undergo. Specifically, bio-
char can be generated with a single-step carbonization process and with
lower thermal treatment temperatures, making it a more cost-effective
and energy-efficient alternative to either GAC or IXRs (Krebsbach
etal., 2023a). Today, biochar is most commonly produced by pyrolyzing
biomass or biosolids from sustainable sources, including animal, agri-
cultural, and forestry waste (Alhashimi and Aktas, 2017). However,
biochar can also be synthesized from sludge, which is produced in large
quantities during the operation of wastewater treatment plants. Sludge
has commonly been dried to form biosolids, which were then used for
land application as an organic fertilizer on farmland. While this practice
is still in use in some areas, it has been stopped or highly restricted in
many states because of the presence of PFAS and other pollutants in the
biosolids (Hughes, 2023). As a consequence, disposal of sludge and
biosolids can be problematic as well as expensive. Due to the potential
for methane production, high water content, and contaminants associ-
ated with sludge and biosolids, there are risks associated with disposal in
landfills, and incineration can be very expensive (Krahn et al., 2023).
Keller et al. (2024) investigated the role of pyrolysis in removing con-
taminants from biosolids and found that overall mass removal of PFAS,
pharmaceuticals, and chemicals from personal care products was greater
than 99.9%, and removal of microplastics ranged from 91 to 97%
dependent upon pyrolysis temperature. Therefore, in addition to lower
cost and energy factors, the pyrolysis of sludge to produce biochar al-
lows for the reduction of waste disposal costs at wastewater treatment
facilities and circular economy benefits. Pyrolysis is able to remove
PFAS in sludge (S¢rmo et al., 2023; Keller et al., 2024) and produce a
biochar that can subsequently be used to adsorb PFAS, leading to a
decreased spending on both waste disposal and adsorbent purchasing for
municipal wastewater treatment plants. One of the few studies that
investigated the use of sewage sludge biochar for PFAS demonstrated the
ability of sewage sludge biochar, pyrolyzed at one temperature, to
adsorb PFCAs (Krahn et al., 2023).

Since biochars offer the potential for a more sustainable and
economically viable alternative to conventional GAC and IXR, the goal
of this study was to systematically investigate the potential of biochars
generated from wastewater treatment biosolids (sludge) to adsorb PFOS
and PFAS mixtures. Herein, we extensively explore properties of bio-
chars prepared by pyrolysis at temperatures of 300, 600, 900 and
1000 °C for 1 h under a N, gas stream. Batch adsorption experiments
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were conducted for each biochar with PFOS to obtain baseline adsorp-
tion parameters, and the best performing biochar adsorbent generated
was subsequently tested with a mixture of eight PFAS to assess
competitive adsorption effects over an initial concentration range of 1
pg/L to 5000 pg/L. The adsorption data were fit to a Freundlich
adsorption model using least squares regression procedures and
compared to adsorption data obtained for two reference GACs
(DARCO® 12-20 mesh and Filtrasorb® 400).

2. Materials and methods
2.1. Chemicals

PFOS potassium salt (98% purity), PFOA salt (96% purity), PFBS
potassium salt (98% purity), PFHXS potassium salt (98% purity), GenX
(95% purity), PENA (97% purity), perfluorobutanoic acid (PFBA) (98%
purity), and 8:2 fluorotelomer sulfonic acid (8:2 FTS) (97% purity) were
purchased from Sigma-Aldrich (St. Louis, MO). All aqueous solutions
were prepared with deionized (DI) water treated with a Milli-Q®
Reference Water Purification System (MilliporeSigma, Burlington, MA).
Synthetic groundwater (total dissolved solids of 373 mg/L and ionic
strength of 8.535 mM) was prepared with magnesium sulfate (Fisher
Scientific, Fairlawn, NJ), sodium bicarbonate (Fisher Scientific, Fair-
lawn, NJ), potassium chloride (Avantor Performance Materials, Center
Valley, PA), and calcium chloride (Thermo Fisher Scientific, Waltham,
MA). For calibration standards, certified PFAS standards and their and
isotope labelled reference standards were purchased from Wellington
Laboratories (Overland Park, KS). Isotopically-labelled PFAS were pur-
chased from Wellington Laboratories (Overland Park, KS) for use as
internal standard (IS). The IS solution contained mass-labelled PFBA,
perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), PFOA, PFNA, perfluorodecanoic acid
(PFDA), perfluoroundecanoic acid (PFUdA), perfluorododecanoic acid
(PFDoA), perfluorotetradecanoic acid (PFTeDA), PFBS, PFHxS, and
PFOS, each at 2000 ng/L.

2.2. Adsorbents

Biosolids from a municipal wastewater treatment plant were con-
verted to biochar by pyrolysis in a laboratory tube furnace under 300
mL/min Ny gas flow. Approximately 5 g of biosolids were placed into a
porcelain crucible prior to inserting it in the tube furnace. The samples
were heated at a rate of 10 °C/min from room to the target temperatures
(i.e., 300 °C, 600 °C, 900 °C and 1000 °C) and maintained at this tem-
perature for 1 h. Samples were cooled to room temperature for
approximately 1 h under Nj gas flow (300 mL/min). The resulting ma-
terial is referred to herein as “biochar”.

Two reference GACs, DARCO® 12-20 mesh GAC and Filtrasorb®
400, were obtained from Sigma-Aldrich (Burlington, MA) and Calgon
Carbon Corporation (Pittsburgh, PA), respectively. DARCO® GAC is an
acid-washed lignite coal-based carbon with a particle size distribution of
12-20 mesh. Filtrasorb® 400, widely used for drinking water and
wastewater treatment, is a reagglomerated bituminous coal-based car-
bon with a particle size distribution of 12-40 mesh.

2.2.1. Adsorbent characterization

Thermogravimetric analysis (TGA) of the biosolids and biochar
samples was carried out using a Mettler Toledo TGA/DSC-1 Star system
(Columbus, OH). A similar heating rate to biochar preparation was used
(10 °C/min and flow of N5 gas at 100 mL/min) to determine the organic
and mineral contents of the biochars. The biochar SSA and porosity were
determined using an Anton-Paar (formerly Quantachrome) Autosorb-1
system (Graz, AT). For these experiments, approximately 20-100 mg
of biochar or GAC were placed into a sample bulb and degassed at 300 °C
for 24 h. The N, adsorption-desorption isotherms were obtained by
recording data points at Ny relative pressures (P/Pp) from 10 %to1ata
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temperature of 77 K. Specific surface areas were calculated by applying
the Brunauer-Emmett-Teller (BET) model and pore size distributions
using the non-local density functional theory (NLDFT) slit pore model
(Lastoskie et al., 1993). The pore sizes are presented according to the
International Union of Pure and Applied Chemistry (IUPAC) classifica-
tion, which defines pores less than 2 nm wide as micropores, pores with
widths between 2 and 50 nm as mesopores, and pores wider than 50 nm
as macropores. Micropore volume and micropore SSA were also deter-
mined by applying the Dubinin-Radushkevitch (DR) theory (Lowell
et al., 2006). The elemental composition of the biochar was determined
using an INNOV-X Systems Alpha 4000 (Woburn, MA) and Olympus
Delta Handheld X-ray fluorescence spectroscopy (XRF) DP-600 Premium
system (Tokyo, JP) (Table Al). The instrument analyzes elements from
Mg to U over a concentration range of 10 mg/L to 10,000 mg/L. An
Olympus 316 Standardization Coin for Delta handheld XRF analyzer was
used for instrument calibration.

Hydrophobicity of the biochar samples was determined using the
ethanol drop test following the procedure described in Edeh and Masek
(2022). The ethanol drop test assesses water repellency using the known
surface tensions of ethanol solution at various molarities (Letey et al.,
2000; Edeh and Masek, 2022). Ethanol solutions of 0-6 M were prepared
at 0.5 M intervals. Approximately 1.25 g of each biochar was transferred
into an aluminum weigh boat (Globe Scientific, Mahwah, NJ) and 5-pL
droplets of each ethanol solution were pipetted onto the surface of the
biochar. The time for each droplet to be absorbed was recorded using a
stopwatch. For each sample, the lowest ethanol concentration that was
absorbed in less than 10 s was used to determine hydrophobicity, where
hydrophobicity was categorized as hydrophilic (<1 M), hydrophobic
(1-2 M), strongly hydrophobic (2-3.5 M), and extremely hydrophobic
(>3.5 M) (Kinney et al., 2012; Edeh and Masek, 2022).

2.3. Batch adsorption experiments

For initial batch reactor adsorption tests, 10 mL of synthetic
groundwater containing PFOS at 7 initial concentrations over a con-
centration range of 0.1 pg/L to 10,000 pg/L was mixed with ca. 100 mg
of biochar in 15 mL polypropylene centrifuge tubes (Thermo Fisher
Scientific, Waltham, MA). After the initial PFOS adsorption tests, batch
reactor adsorption tests with 10 mL of synthetic groundwater containing
a mixture of 8 PFAS (PFOS, PFOA, PFBS, PFHxS, GenX, PFNA, PFBA, and
8:2 FTS at equal mass concentrations) or single solute PFBS, PFHxS, and
GenX, over a concentration range of 1 pg/L to 2500 pg/L, were mixed
with ca. 100 mg of the biochar that exhibited the greatest adsorption of
PFOS in 15 mL polypropylene centrifuge tubes. Triplicate batch reactors
were prepared for each PFAS concentration along with triplicate con-
trols without biochar. The reactors were mixed on a Thermo Scientific™
Tube Revolver Rotator (Thermo Fisher Scientific, Waltham, MA) at 30
rpm for 14 days. After mixing, the reactors were centrifuged in an
Eppendorf 5804 R centrifuge (Eppendorf North America, Enfield, CT) at
3000 rpm for 30 min. Two mL of supernatant were transferred to Fish-
erbrand™ microcentrifuge tubes (Thermo Fisher Scientific, Waltham,
MA) and subject to centrifugation at 15,000 rpm for 15 min in an
Eppendorf 5424 centrifuge (Eppendorf North America, Framingham,
MA). After centrifugation, the supernatant was transferred to a Waters™
2 mL clear glass vial, diluted to appropriate concentration ranges for
targeted PFAS analysis, and spiked with IS so that it comprised 10% of
each of the prepared samples. The resulting PFAS data were fit to the
Freundlich model using a non-linear least-squares regression procedure
in Python. For comparison purposes, batch adsorption experiments were
conducted in the same manner for PFOS and the two reference carbons
(DARCO® 12-20 mesh GAC and Filtrasorb® 400).

2.3.1. PFAS analysis

Targeted PFAS analysis was carried out using a Waters Acquity UPLC
H-class system connected to a Waters Xevo TQ-S Micro triple-
quadrupole mass spectrometer (Milford, MA). An Acquity UPLC BEH
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C18 column (2.1 mm x 50 mm x 1.7 pm) (Waters, Milford, MA) at 50 °C
was used for the separation of analytes. Mobile phase A consisted of 2
mM ammonium acetate (Sigma-Aldrich, Burlington, MA) in 5% meth-
anol (Fisher Scientific, Fairlawn, NJ) and mobile phase B consisted of 2
mM ammonium acetate in 100% methanol. For the separation of ana-
lytes, 10% B was held for 1.2 min, followed by a linear gradient of 10% B
to 85% B from 1.2 min to 17 min, then a 0.5-min linear ramp to 100% B,
followed by an immediate linear decline to initial conditions for equi-
librium over 0.5 min. A modified 10-min gradient program was used
during analyses of less than three analytes. Quantification was per-
formed using an external seven-point calibration curve prepared by se-
rial dilution of the calibration standards. The calibration curves were
produced within Waters Targetlynx Application Manager for MassLynx
software through plotting the peak area ratio, defined by analyte/in-
ternal standard, for each calibration point. The Limits of Detection
(LOD) were determined following the US EPA’s procedure at 40 CFR
part 136, Appendix B: seven injections of calibration standards and
multiplying the standard deviation of these injections by 3.143 (tg g9 at
6° freedom) divided by the calibration curve slope. The measured LODs
for the eight PFAS in the mixture were: 10.03 ng/L GenX, 20.38 ng/L
PFBS, 91.75 ng/L PFOS, 35.70 ng/L PFOA, 23.36 ng/L PFHxS, 17.83 ng/
L PFNA, 21.63 ng/L PFBA, and 73.33 ng/L 8:2 FTS.

3. Results and discussion
3.1. Effect of pyrolysis temperature on biochar characteristics

Biochar properties, including organic char content, porosity, and
surface area, are presented as a function of pyrolysis temperature in
Table 1.

As the pyrolysis temperature was increased, the organic char content
(primarily carbon) of the biochar decreased from 32.0% at 300 °C to
16.3% when heated at 1000 °C. This trend was expected for biochar
pyrolysis since more organic matter will be volatilized at higher tem-
peratures. The biochar BET specific surface area (SSA) increased from
41 m?/g to 148 m?/g as the pyrolysis temperature was increased from
300 °C to 1000 °C. However, when the SSA was expressed on organic
char bases, the SSA increased from 125 m?/g to 1183 m?/g. Thus, the
biochar SSA value per organic char at 1000 °C is comparable to the SSA
for commercial activated carbons. The DR and DFT SSA values are in
excellent agreement with the BET SSA values, suggesting that the multi-
layer N5 adsorption on biochars (BET model assumption) is valid. The
observed increase in SSA with pyrolysis temperature was attributed to
the increase in micropores from 0.012 cm®/g-total to 0.054 cm>/g-total
and smaller size mesopores (2.5-4.5 nm) (see Table 2, PSD in Fig. Al).
An increase in sample porosity and SSA during the carbonization step
(pyrolysis) is not unusual. For example, a similar increase in the SSA of
biochar derived from waste timber with increasing pyrolysis tempera-
ture was reported by Sgrmo et al. (2021) however, only pyrolysis tem-
peratures of 800 °C and 900 °C were considered.

Table 1
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Table 2
Reported PFOS adsorption capacities based on the Langmuir model for ion-
exchange resins, activated carbons, and biochars.

Adsorbent Adsorption Parameters References
Ion Exchange Initial PFOS Adsorption
Resins Concentration Capacity (mg/
(mg/L) g)
Purolite A520E 1000 210.4 Zaggia et al. (2016)
Purolite A532E 1000 260.5 Zaggia et al. (2016)
Purolite AGOOE 1000 186.2 Zaggia et al. (2016)
AS-F 520 1988.3 Schuricht et al.
(2017)
AS-L K6362 314.9 Schuricht et al.
(2017)
IRA910 1350.2 Maimaiti et al.
(2018)
IRA67 2390.0 Gao et al. (2017)
Granular Activated Carbons
GAC 10 72.2 Zhang et al. (2016)
GAC 20-250 274.0 Yu et al. (2009)
Calgon F400 15-150 236.4 Ochoa-Herrera and
Sierra-Alvarez
(2008)
Biochars
Saw dust- 0.5-325 178.1 Hassan et al. (2020)
derived
biochar
Maize straw 1-500 164.0 Chen et al. (2011)
biochar
(M400)
Commercial 1-60 7.0-14.6 Rodrigo et al. (2022)
Douglas fir
biochar
Corn straw- 0.5-10 135.5-169.3 Guo et al. (2017)
derived
biochar
Commercial 0.01-4 42.3 Krebsbach et al.
biochar (2023b)
Douglas fir- 0.01-4 4.97 Krebsbach et al.
derived (2023b)
biochar

3.2. Effect of biochar pyrolysis temperature on PFOS adsorption

Single analyte (PFOS) batch adsorption experiments were conducted
with biochar treated at 300, 600, 900, and 1000 °C. For each of the
biochars, PFOS adsorption data exhibited non-linear behavior, and were
fit to the Freundlich model C; = Kchq, where C; is the solid-phase
concentration, C, is the aqueous phase concentration, Kr is the
Freundlich distribution coefficient, and n is the adsorption constant (Liu
et al., 2022). The Freundlich adsorption parameters for each of the PFOS
batch adsorption experiments are shown in Table A2. Biochar processed
at 300 and 600 °C exhibited the lowest adsorption of PFOS, with PFOS
adsorption increasing greatly as pyrolysis temperature was increased
above 600 °C (Fig. 1). The observed increase in PFOS adsorption cor-
responded to the greater hydrophobicity of the biochar at pyrolysis
temperatures of 900 °C and 1000 °C (Table A3).

Results shown in Table 2 suggest similar SSA and porosity for 600 °C

Biochar and reference activated carbon organic char contents, BET, DR and DFT surface areas, micro, meso and macro, and total porosities obtained from N3 adsorption

isotherms measured at 77 K.

Adsorbent Organic char BET area BET area Total Pore DR Micropore Meso and Macropore DR area DFT area
content (%) (mz/g -total) (mz/g -char) Volume (cms/g) Volume (cm3/g) Volume (cm3/g) (mz/g total) (m?/: g-total)

300 °C Biochar 32.0 41 125 0.062 0.012 0.050 33 28

600 °C Biochar 31.4 113 358 0.138 0.043 0.095 117 112

900 °C Biochar 22.7 103 447 0.095 0.038 0.057 107 103

1000 °C Biochar  16.3 148 1183 0.193 0.054 0.139 154 141

DARCO® GAC 78.0 550 705 0.670 0.200 0.470 550 528

Filtrasorb® 400 86.0 1207 1403 0.721 0.630 0.091 1207 1003

GAC
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Fig. 1. a) Freundlich adsorption isotherms for PFOS on 1000 °C biochar, 900 °C biochar, 600 °C biochar, 300 °C biochar, and untreated biochar. Insert shows

adsorption isotherms up to Ceq = 0.06 mg/L.

and 900 °C prepared biochar samples, but the main difference between
PFOS adsorption (Fig. 1) can be explained by the pore size distribution
(PSD) differences between the 600 °C and 900 °C biochar samples. Here,
the greater PFOS adsorption was attributed to the greater fraction of
mesopores (i.e., >4 nm) present in the 900 °C biochar. Previous studies
have reported the importance of porosity and surface area in the
adsorption of PFAS by biochars (Kundu et al., 2021; Sgrmo et al., 2021;
Krahn et al., 2023). For example, the 1000 °C biochar, which had the
largest surface area and volume of mesopores, exhibited the greatest
adsorption of PFOS. Additionally, porosity and SSA play a more
important role in the adsorption of PFOS than organic char content, as
demonstrated by the 1000 °C biochar having the lowest organic char
content. A correlation was developed between the adsorption of PFOS
and the SSA and meso- and macropore volume of the biochars (see
Fig. A2). The correlation obtained is the following: C; = — 0.0282*
SSA + 45.102*MMPV — 1.089, where SSA is the specific surface area and
MMPV is the meso- and macropore volume, suggesting that SSA and
meso- and macropore volume can be used as predictors for PFOS
adsorption (R? = 0.999).

The adsorption of PFOS onto the 1000 °C biochar was also compared
to adsorption onto two reference activated carbons, DARCO® GAC and
Filtrasorb® 400 (Figs. A3 and A4). On a total mass basis, the adsorption
of PFOS on the biochar was less than that of the two reference carbons,
with Filtrasorb® 400 exhibiting the greatest adsorption. For example, at
an equilibrium aqueous phase concentration of 10 pg/L, the amount of
PFOS adsorbed to the 1000 °C biochar was 1010.8 pg/g, compared to
4526.0 pg/g and 7585.8 ug/g for DARCO® GAC and Filtrasorb® 400,
respectively. This difference was attributed to the much larger specific
surface area (1207 m?2/g for Filtrasorb® 400 vs. 550 m?/g for DARCO®
GAC vs. 148 m?/g for 1000 °C biochar) and the greater total pore vol-
ume (0.721 cm®/g for Filtrasorb® 400 vs. 0.670 cm>/g for DARCO®
GACvs. 0.193 cm3/g for 1000 °C biochar) of Filtrasorb® 400 (Table 2).
However, it should be noted that when PFOS adsorption is expressed on
a per organic char basis the adsorption values obtained for 1000 °C
biochar and DARCO® GAC are similar (5803 pg/g char vs. 6201 pg/g
char).

3.3. Comparison of PFOS adsorption by municipal sludge biochar and
other adsorbents

In a comparison of reported PFOS adsorption capacities for IXRs,
GAC, and biochars (Table 2) (Rodrigo et al., 2022; Yadav et al., 2022),
the highest reported adsorption capacities were associated with IXRs.
However, some biochar adsorption capacities compared well to values

reported for GAC and IXR.

Freundlich adsorption parameters reported for biochars prepared
from different source materials exhibit a range of PFOS adsorption ca-
pacities (Table 3).

The 1000 °C sludge biochar exhibited greater or similar adsorption of
PFOS when compared to many other types of biochars but had lower
adsorption than the corn-straw derived biochars (Fig. A5). Similar to our
observations of higher PFOS adsorption as pyrolysis temperature
increased, Deng et al. (2015) and Guo et al. (2017) reported increases in
PFOS adsorption with increasing pyrolysis temperature for bamboo- and
corn straw-derived biochars, respectively. The adsorption capacity of
the corn straw-derived biochar, determined from fitting data to the
Langmuir adsorption isotherm, increased from 135.53 mg/g at 250 °C to
169.30 mg/g at 700 °C (Guo et al., 2017). Additionally, both studies
reported increased pore volume, specifically in the mesopore range,
with increasing pyrolysis temperature. The increased surface area and
total pore volume of the corn straw-derived biochar likely played a role
in the greater adsorption capacity of PFOS at higher pyrolysis temper-
atures. At an aqueous phase concentration of 10 pg/L, PFOS adsorption
onto the different biochars ranged from 280.3 to 2572.9 pg/g, with our
1000 °C sludge biochar adsorbing 649.0 pg/g. Unfortunately, many of
these studies did not report detailed biochar characterization data, such
as micro- and mesoporosity, and thus, we were not able to expand the
PFOS adsorption correlation presented above and more thoroughly
investigate relationships between specific biochar properties and PFOS
adsorption.

Table 3
Comparison of reported Freundlich adsorption parameters for PFOS onto
biochar.

Biochar K [g L“] n References
"lg mg
1000 °C sludge biochar 25.39 0.70  Present study
400 °C willow-derived biochar 5.23 0.49 Chen et al. (2011)
400 °C maize-derived biochar 7.27 0.46  Chen et al. (2011)
600 °C unmodified sawdust biochar 4.24 0.59  Hassan et al.
(2020)

600 °C red mud modified sawdust 5.98 0.55  Hassan et al.

biochar (2020)
900 °C bamboo biochar 3.20 0.29  Deng et al. (2015)
250 °C corn straw-derived biochar 58.61 0.83 Guo et al. (2017)
400 °C corn straw-derived biochar 68.99 0.82  Guoetal. (2017)
550 °C corn straw-derived biochar 83.14 0.81 Guo et al. (2017)
700 °C corn straw-derived biochar 97.82 0.79  Guo et al. (2017)




A. Meservey et al.
3.4. Adsorption of a PFAS mixture by municipal sludge biochar

Batch adsorption experiments were performed with the 1000 °C
biochar and equal mass concentration mixtures of eight PFAS (PFOS,
PFOA, PFBS, PFHxS, GenX, PFNA, PFBA, and 8:2 FTS), as well as single
solute PFBS, PFHxS, and GenX, to investigate potential competitive
adsorptive effects, which have been observed previously for carbons and
resins (Appleman et al., 2014; Xiao et al., 2017; Cantoni et al., 2021;
Murray et al., 2021; Riegel et al., 2023). The adsorption data for each
PFAS were fit to the Freundlich adsorption model using a non-linear
least-squares regression approach. The 1000 °C biochar was most
effective at removing long-chain PFAS compounds, with the greatest
adsorption observed for PFOS, followed by PFNA, 8:2 FTS, PFOA, and
PFHXS. At a Ceq of 10 pg/L, Cs values of 384.9, 224.7,177.1, 106.4, and
102.8 pg/g were obtained for PFOS, PFNA, 8:2 FTS, PFOA, and PFHxS,
respectively. The removal of shorter-chain compounds (GenX, PFBS, and
PFBA) was much lower, with PFBA exhibiting the lowest adsorption
(Fig. 2, Table A4).

The Cs values obtained for GenX, PFBS, and PFBA at a Ceq of 10 pg/L
were 5.5, 19.0, and 0.4 pg/g, respectively. The adsorption of the PFAS

® PFOS
® PFNA
®3:2 FTS
PFOA
® PFHxS
PFBS
©® GenX
® PFBA

Ceq (mg/L)

® PFENA

PFOA
® GenX
® PFBA

Ceq (mg/L)

® PFOS

® 82 FTS

® PFHxS
PFBS

4 6 8 10
Ceq (mg/L)

Fig. 2. Freundlich adsorption isotherms obtained for a) 1000 °C biochar and
PFOS, PFOA, PFBS PFHxS, GenX, PFNA, PFBA, and 8:2 FTS; b) 1000 °C biochar
and the carboxylates (PFOA, GenX, PFNA, and PFBA); and ¢) 1000 °C biochar
and the sulfonates (PFOS, PFBS PFHxS, and 8:2 FTS).
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followed a general trend with respect to the chain length of the mole-
cules, with adsorption decreasing as chain length decreased. These re-
sults are consistent with previously reported adsorption data for PFAS
mixtures on GACs, IXRs, and biochars (Ochoa-Herrera and
Sierra-Alvarez, 2008; Hansen et al., 2010; Medina et al., 2022; Krahn
et al., 2023; Riegel et al., 2023). For a biochar derived from sewage
sludge, Krahn et al. (2023) reported greater adsorption of longer-chain
length PFCAs from a mixture of six (PFPeA, PFHxA, PFHpA, PFOA,
PFNA, and PFDA), which is consistent with our outcomes.

The greater adsorption of longer-chain length PFAS in the mixture is
attributed to the increased hydrophobicity of individual PFAS as the C-F
chain length increases (Ochoa-Herrera and Sierra-Alvarez, 2008; Han-
sen et al., 2010; Medina et al., 2022; Riegel et al., 2023). Therefore,
PFAS with longer C-F chain lengths are more hydrophobic than com-
pounds with shorter C-F chain lengths, leading to a lower affinity for the
aqueous solution and greater hydrophobic interactions with the biochar.
The hydrophobicity of the 1000 °C biochar was evaluated using an
ethanol drop test (Table A3), which indicated that the biochar was
extremely hydrophobic. The hydrophobicity test results provide further
evidence that hydrophobic interactions were the dominant mechanism
contributing to adsorption of PFAS onto the biochar. This indicates the
importance of polarity in the adsorption of PFAS onto biochar (Sgrmo
et al., 2021, 2023) or any carbon-based adsorbent material. The func-
tional head group of the PFAS (carboxylate versus sulfonate) appears to
play a secondary role in the observed adsorption performance. Consis-
tent with the hydrophobicity effect discussed above, PFAS with a sul-
fonic acid head group exhibited slightly greater adsorption than their
equivalent chain length counterparts with carboxylic acid head groups
(e.g., PFOS vs. PFOA and PFBS vs. PFBA) (Fig. 3).

This behavior has been observed in prior studies on adsorption of
PFAS mixtures by both IXRs and GACs (Ochoa-Herrera and
Sierra-Alvarez, 2008; Appleman et al., 2014; Du et al., 2014; Zaggia

c
2o © PFOS
J ® PENA
04 ©3:2 FTS
02 PFOA
® PFHxS
0 ‘ ‘ ‘
0 0.5 1 1.5 2
Ceq (mg/L)
0.12 i
b)
0.1 (
PFBS
® GenX
© PFBA
4
T
4 6 8 10
Ceq (mg/L)

Fig. 3. Freundlich adsorption isotherms obtained for a) 1000 °C biochar and
the long chain-length PFAS (PFOS, PFOA, PFHxS, PFNA, and 8:2 FTS); b)
1000 °C biochar and the short chain-length PFAS (PFBS, PFBA, and GenX).
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et al., 2016; McCleaf et al., 2017; Riegel et al., 2023), as well as other
biochars (Askeland et al., 2020; Sgrmo et al., 2021).

For the 1000 °C biochar, competitive adsorption effects were
observed for each of the sulfonate compounds (PFOS, PFBS, PFHxS, and
GenX) when in solution with other PFAS (PFOS, PFOA, PFBS, PFHxS,
GenX, PFNA, PFBA, and 8:2 FTS). This effect can be seen by comparing
the adsorption of each of the sulfonate compounds onto the biochar
when in a single solute solution versus in a solution with a mixture of
eight PFAS (Fig. 4).

Competition between the PFAS compounds for adsorption sites on
the biochar led to decreased adsorption of the compounds, with the
largest effect being on the compound with the shortest chain length
(PFBS). This is likely due to the greater affinity of the longer-chain
compounds to the biochar, causing their preferential adsorption over
the shorter-chain compounds.

Krahn et al. (2023) also demonstrated the potential use of biochar
produced from sludge as an adsorbent for the treatment of PFCAs
(PFPeA, PFHxA, PFHpA, PFOA, PFNA, and PFDA), singly and as a
mixture, in water and soil. Their two biochars, produced from dewa-
tered sewage sludge and the digestate from anaerobically digested
sludge and food waste, exhibited adsorption for six individual PFCAs at
ranges from 58.9 to 11,481.5 pg/g and 25.7-1659.6 ug/g, respectively,
at an aqueous phase concentration of 10 pg/L. Their results exhibited
similar trends in increasing adsorption with increasing PFAS chain
length, indicating that hydrophobic interactions were an important
sorption mechanism for these biochars. The pyrolysis of two types of
sludge at 700 °C produced biochars with SSAs of 262 and 171 m?/g, and
meso- and macropore volumes of 0.153 and 0.133 cm®/g, respectively,
compared to our SSA of 148 m?/g and MMPV of 0.139 cm®/g for the
1000 °C biochar. Additionally, both sludge biochars had similar
elemental compositions to our biochar.

a) PFOS

A Single solute

02 1 ® PFAS mix

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Ceq (mg/L)

c) PFHxS

0.4 A
A Single solute
02 © PFAS mix
0 T T T
0 0.5 1 1.5
Ceq (mg/L)
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4. Conclusions

This study provides experimental data to support the feasibility of
using sludge-derived biochars for the treatment of PFAS-impacted
water. Biochar produced from wastewater treatment plant sludge of-
fers sustainability and cost benefits, including a reduction in both bio-
char production and waste disposal costs, as well as decreased
greenhouse gas emissions if compared to the conventional GAC and IXR
adsorbents used for PFAS removal. The SSA and porosity of the sludge
were shown to be positively correlated with increasing pyrolysis tem-
perature. These properties played a key role in the adsorption of PFAS,
as evidenced by the greatest adsorption of PFOS on the 1000 °C biochar,
which had the largest SSA and mesoporosity. The 1000 °C sludge bio-
char was able to effectively remove long-chain PFAS compounds (PFOS,
PFOA, PFNA, PFHxS, and 8:2 FTS), and showed preferential adsorption
for PFSAs over PFCAs. In addition to SSA and porosity, the longer chain
length PFAS provide needed hydrophobic surface interactions which
enhance overall PFAS adsorption. The use of sludge-derived biochar
offers a beneficial circular economy approach for wastewater treatment
plants to repurpose their waste stream to treat long-chain PFAS-
impacted wastewater. Additional studies are warranted to identify
specific biochar properties or amendments that can be used to further
enhance PFAS adsorption.
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