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HIGHLIGHTS GRAPHICAL ABSTRACT

Reed straw-derived biochar (RESCA)
showed effective removal of short-
chain PFAAs.

Surface hydrophobicity and uniform
mesopores contribute to its fast adsorp-
tion kinetics.

Presence of high DOC (e.g., >8 mg/L) in
groundwater hinders PFAA adsorption.

Sequential GAC and RESCA adsorption is
recommended for the cleanup of mixed
PFAAs.
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derived biochar (RESCA) exhibiting exceptional removal efficiencies (>92%) toward short-chain PFAAs at
environment-relevant concentrations (e.g., 1 pg/L). Pseudo-second-order kinetic constants of RESCA were 1.13
and 1.23 L/(mg h) for perfluorobutanoic acid (PFBA) and perfluorobutanesulfonic acid (PFBS), respectively,
over six times greater than GAC. SEM imaging and BET analysis revealed the combination of highly hydrophobic
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surface and scattered distribution of mesopores (2-10 nm in diameter) was associated with the rapid adsorption
of short-chain PFAAs. RESCA-packed filters demonstrated effective removal of the mixture of three short-chain
and three long-chain PFAAs in the influent with the flow rate up to 45 mL/min. In contrast, GAC-packed filters
were significantly less efficient in the removal of short-chain PFAAs, which were also negatively affected by
the increase of the flow rate. Efficacy of RESCA-packed filters was also validated in four PFAA-spiked groundwater
samples from different sites. Dissolved organic matter (DOC) of >8 mg/L can negatively affect the removal of
short-chain PFAAs by RESCA. Feasibility of scaling up the RESCA adsorption system was investigated using break-
through simulation. Overall, RESCA represents a green adsorbent alternative for the feasible and scalable treat-
ment of a wide spectrum of PFAAs of different chain lengths and functional moieties.
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1. Introduction

Perfluoroalkyl acids (PFAAs) have emerged with rising concerns
given their prevalent detection worldwide in water, sediment, soil, air,
and biota (Jahnke et al., 2009; Kim and Kannan, 2007; Paul et al.,
2008). PFAAs are extremely persistent and can spread through the pas-
sage of the food web, posing imminent threats to human health and
ecosystems (Buck et al., 2011; Giesy and Kannan, 2001; Harris et al.,
2017; Nartey and Zhao, 2014; Poothong et al., 2020). Primary attention
has been long centered on long-chain PFAAs (C > 6 for sulfonic acids and
C > 8 for carboxylic acids), particularly perfluorooctanoic acid (PFOA)
and perfluorooctanesulfonic acid (PFOS), which are lipophilic confer-
ring high bioaccumulation potentials (Table S1). Accordingly, EPA has
established a stringent health advisory level of 70 ng/L for the combina-
tion of PFOA and PFOS, corresponding to a 10~ lifetime cancer risk
(USEPA, 2016).

Current treatment of PFAA-impacted water extensively relies on
adsorption-based approaches (Kucharzyk et al., 2017; Ross et al.,
2018). Granular activated carbon (GAC) and resin are effective in re-
moving PFOS, PFOA, and many other long-chain PFAAs that have been
primarily targeted by regulatory agencies and responsible parties
(Deng et al., 2010; Guo et al., 2017; Ross et al., 2018; Xiao et al., 2017).
However, field application of GAC and resin is restricted by their limited
efficiency to remove short-chain PFAAs, such as perfluorobutanoic acid
(PFBA), perfluorobutanesulfonic acid (PFBS), and perfluorohexanoic
acid (PFHxA), due to their reduced hydrophobicity (Du et al., 2015;
McCleaf et al.,, 2017a). With the advancement in the coverage and sen-
sitivity of PFAS analytical approaches, short-chain PFAAs have been re-
ported at growing frequencies at aqueous film forming foams (AFFFs)-
impacted sites and diverse environmental compartments (Andersson
et al., 2019; Brendel et al., 2018; Dauchy et al., 2019; Guelfo and
Higgins, 2013; Higgins et al., 2017; Lang et al., 2017; Li et al., 2020; Liu
et al,, 2019). Prevalence of short-chain PFAAs is attributed to the in-
crease of manufacture, use, and discharge of short-chain PFAAs and re-
lated precursor compounds (typically polyfluorinated with non-
fluorinated moieties) in the past decade since the phase-out of long-
chain PFAAs (Brendel et al., 2018). Short-chain PFAAs are highly soluble
and mobile, conducive to dilute contamination in a greater region dis-
tant from the source. Short-chain PFAAs also tend to enrich in edible
parts (e.g., fruits and leaves) of plants, incurring human exposure risks
(Blaine et al., 2013; Felizeter et al., 2012). Though relatively less
bioaccumulable, short-chain PFAAs can bind serum albumin and other
proteins, which concentrate in blood-rich organs (Bischel et al., 2011;
Bogdanska et al., 2014; Burkemper et al., 2017). Collectively, the combi-
nation of persistence, prevalence, and toxicity of short-chain PFAAs un-
derscores the need to develop effective and economical technologies
applicable for water treatment and remediation.

Biochar is a green alternative for GAC and other fabricated carbona-
ceous adsorbents, since it is made from biowastes via pyrolysis, a ther-
mal decomposition process in absence of oxygen (Lehmann and
Joseph, 2009). Recent studies have assessed PFAA adsorption removal
using biochars that were derived from pine needle (Xiao et al., 2017),
wood (Dalahmeh et al, 2019; Inyang and Dickenson, 2017;
Kupryianchyk et al., 2016; Zhang et al., 2019), corn straw (Guo et al.,
2017), or paper mill waste (Kupryianchyk et al,, 2016). However,
these biochars didn't exhibit superior kinetics or capacities in PFAA ad-
sorption compared to the commercial adsorbent GAC. As shown in
Table S2, previous biochars either exhibited uneven removal efficiencies
in the ranges of 30% ~ 94% and 15% ~ 87% for the long-chain and short-
chain PFAAs, respectively. These biochars also showed either low ad-
sorption capacity (e.g., 0.002 mg/g) and/or prolonged equilibrium
(e.g., >3 days), precluding them from field applications (Inyang and
Dickenson, 2017).

We noted that the adsorption performance of biochar is governed by
the choice of feedstock materials and pyrolysis conditions
(e.g., temperature and duration) (Agrafioti et al., 2013). Different
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feedstocks are varied in chemical components (e.g., cellulose, hemicel-
lulose, and lignin) and physical structures and can form biochars of di-
verse properties (e.g., pore size and distribution, surface and internal
chemistry, and hydrophobicity) through carbonization under varying
pyrolysis conditions. In this study, we synthesized a collection of bio-
chars from different feedstocks at an array of pyrolysis temperatures
and durations and evaluated their adsorption toward six PFAAs in com-
parison with a commercial GAC, Calgon Filtrasorb 820, which has been
widely used for the removal of emerging pollutants in water. Six
PFAAs (Table S1) included C4, C6, and C8 perfluoroalkyl carboxylates
(PFCAs) and sulfonates (PFSAs), representing PFAAs of different chain
lengths and functional groups. Surface properties of biochars were char-
acterized to investigate dominant adsorption mechanisms. Mini-filter
tests were employed to demonstrate the change of removal efficiencies
in response to filtration flow rates and the presence of co-existing dis-
solved organic carbons (DOCs) in field groundwater. To mimic the
scaled-up field application, breakthrough curves were simulated based
on the kinetic and isotherm characteristics obtained from the batch as-
says. This discovery of new biochar adsorbents enabled more efficient
and feasible mitigation of short-chain PFAAs, which have been increas-
ingly detected in the field with or without the co-existence of long-
chain PFAAs and other co-contaminants.

2. Materials and methods
2.1. Feedstock material preparation

Common reeds (Phragmites australis) were collected in the dry sea-
son (fall and winter) at the Meadowlands (Lyndhurst, NJ). After the re-
moval of leaves and ears, reed straws were cut into pieces of 1-2 cm in
length, dried at 100-110 °C in the oven overnight. Corn cobs and soy-
beans were purchased from a local grocery store in New Jersey. After re-
moval of the seeds, cobs were chopped into small cubes and dried
aforementioned. Aspen chips were purchased from a PetSmart™ store.
After pureed using a blender, soybean dregs were filtered with cloth
and fully dried in the oven at 100-110 °C. All the feedstocks were then
kept in a glass vacuum desiccator for further use.

2.2. Biochar synthesis

Approximately 20 g of feedstock materials were transferred to a ce-
ramic holder and placed in an electric dual-zone split tube furnace (OTF-
1200, MTI Co., Richmond, CA). Nitrogen was provided from the com-
pressed cylinder to create an inert environment for pyrolysis and
purge the exhaust from the chamber. Temperature was increased to
the highest temperature (e.g., 500, 700, and 900 °C) at a heating rate
of 5 °C/min. Pyrolysis was held at the highest pyrolysis temperature
for a duration of 3, 5, or 6 h, before being cooled to room temperature
under nitrogen flow. Biochar particles were pulverized and sieved to a
particle size of 0.08-0.2 mm, and over 80% of biochar particles (~80%)
were in the range of 0.1-0.2 mm.

2.3. Biochar characterization

Surface area and pore size distribution of biochars and GAC were
measured with an Automated Gas Sorption Analyzer (Autosorb iQ-MP,
Quantachrome Instruments, Boynton Beach, FL) on the basis of nitrogen
adsorption isotherms at pressures decreasing from 1 to 10~° atm at 77
K. Surface area was calculated from the monolayer amount using the
Brunauere Emmette Teller (BET) method, and pore size distribution
was computed based on the Density Functional Theory (DFT) using
the graphite model with slit shape geometry (Park et al., 2020).

Surface morphology was examined using a variable pressure scan-
ning electron microscope (JSM-7900F, JEOL, Japan). Fourier-transform
infrared spectroscopy (FTIR) was employed to uncover the surface
chemistry of the synthesized biochar particles and analyze functional
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moieties formed among C, N, O, and H. FTIR spectra of biochar and GAC
samples were obtained with a Cary 670 FTIR spectrometer (Agilent,
Santa Clara, CA) using the diffuse reflectance accessory at room temper-
ature (24 + 2 °C). Spectra were measured from 4000 to 400 cm ™! ata
resolution of 4 cm™! and a total of 128 scans were averaged to produce
the final spectrum. Assignment of vibrational modes was based on the
spectrum table from Badertscher et al. (2009) (Badertscher et al., 2009).

The anion exchange capacity (AEC) of biochars was determined fol-
lowing the method described in Lawrinenko and Laird (2015)
(Lawrinenko and Laird, 2015) using bromide as an index anion. Dia-
lyzed biochar (1 g) was suspended in 2 mL of 1 M KBr shaken for two
days, and then rinsed with DI water on the 0.45-um PES filter paper
until the conductivity of the rinsate was below 5 pS cm™~!. Biochars
were transferred into polypropylene bottles and added with 2 mL of
2.5 M CaCl, and 50 mL DI water. After being shaken for two days, bio-
chars were filtered through 0.45-um PES filter membrane and the bro-
mide in filtrates was analyzed using a Thermo Scientific Orion
Bromide Electrodes (Thermo, Waltham, MA).

2.4. Batch adsorption experiments

Effectiveness of PFAA adsorption was evaluated in batch tests
prepared in 30-mL glass flasks containing 2 mg of selected adsor-
bents (biochar, GAC, and resin) and 10 mL Milli-Q water spiked
with individual PFAA at an initial concentration of 1 or 100 pg/L,
representing the trace and high PFAA contamination levels in the en-
vironment. Flasks were sealed and agitated at 200 rpm on an orbital
shaker at room temperature (24 + 2 °C) for 24 h when the PFAA ad-
sorption reached equilibrium. Then, suspensions were filtered
through 0.22 um PES membrane filters and stored in vials at 4 °C
prior to the LC/MS/MS analysis. All experiments were conducted in
triplicate and controls were prepared without the addition of adsor-
bents and corrected for bottle losses. GAC (Calgon Filtrasorb 820)
was provided by the Passaic Valley Water Commission (Clifton, NJ)
and was sieved to a particle size of 0.1-0.6 mm, which were domi-
nantly in the range of 0.1-0.2 mm (91%). Anion exchange resin
(polyethyleneimine on silica beads, 0.4-0.8 mm) was purchased
from Alfa Aesar (Haverhill, MA).

For adsorption isotherms, batch experiments were prepared in a
similar fashion as described above but initially spiked at PFAA concen-
trations ranging from 100 to 250,000 pg/L. maximum sorption capability
(Qm) and other parameters were computed by fitting with classic iso-
therm models (Langmuir and Freundlich) below (Wei et al,, 2015).

Langmuir model:

~ QnCe
TKy+Ce (1)

Q.

Freundlich model:
Q. =K§C'" (2)

where Q. (mg/g) and C. (mg/L) are the amounts of adsorbed PFAA per
unit mass of adsorbent and PFAA concentration at equilibrium, respec-
tively; Qn, (mg/g) is the maximum amount of PFAA per unit mass of ad-
sorbent to form a complete monolayer on the surface; Ky (mg/L) is a
constant related to the affinity of the binding sites on the adsorbent;
Kg and 1/n were the Freundlich model constants, indicating capacity
and intensity of adsorption, respectively.

For adsorption kinetics, batch experiments were prepared in 100-
mL glass flasks containing 50 mL Milli-Q water spiked with individual
PFAA at an initial concentration of 100 pg/L. At the beginning and select
intervals (up to 5 d), 200 pL of supernatant was removed by syringe and
filtered for analysis. Kinetics data were fitted using the pseudo-second-
order kinetic model below (Blanchard et al., 1984).
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Pseudo-second-order kinetic model:

11
gt 3)

where C (mg/L) and Cy (mg/L) are the PFAA concentrations at different
time and initial concentration, respectively; k; is the second-order ad-
sorption rate.

To assess the competitive inhibitory efforts between long-chain and
short-chain PFAASs, bisolute systems were prepared in batch with the
initial concentration of PFBA and PFOA of 100 pg/L and the adsorbent/
solution ratio of 0.2 g/L. Other conditions were identical with single sol-
ute kinetic adsorption experiments described above.

2.5. Mini-filter filtration tests

Biochar or GAC (0.1 g) was packed in 12-mL polypropylene columns
(1 cm in diameter) with 0.02 g glass wool to plug the outlets. Packed
columns were used to filter 10 mL Milli-Q water spiked with a mixture
of all six PFAAs (50 pg/L each). Flow rates were controlled at 15, 30, and
45 mL/min by using SPE Vacuum Manifold (Thermo, Waltham, MA). In-
filtrates were collected and filtered for further analysis. Control columns
packed with glass wool only were used to discern the PFAA removal by
non-adsorbent compartments of the mini-filters.

To further assess the effectiveness of PFAA removal in environmen-
tal samples, four groundwater samples were collected from two sites lo-
cated in California and New Jersey, US. These groundwater samples
contain a wide variety of contaminants (Table S6), such as trichloroeth-
ylene, benzene, and 1,4-dioxane, which may co-exist with PFAAs in the
field. Each sample (10 mL) was spiked with a mixture of all six PFAAs
(50 pg/L each) and filtered through the biochar or GAC-packed mini-
filters at the flow rate of 30 mL/min. Before and after the filtration, dis-
solved organic carbon (DOC) of the groundwater samples was mea-
sured using a Shimadzu total organic carbon (TOC) analyzer (Japan).
Samples were filtered using 0.45 um membrane filters (MS® mixed cel-
lulose ester, MCE) and acidified with hydrochloric acid (37%, ACS grade,
Sigma-Aldrich) to pH 2-3.

2.6. Analysis of PFAAs by LC/MS/MS

PFAA concentrations were analyzed using a 1290 Infinity I HPLC
system in tandem with 6470A triple quadrupoles mass spectrometer
(LC/MS/MS, Agilent, Santa Clara, CA). Aliquots (1 pL) were injected
into the LC/MS/MS system equipped with a Symmetry C18 column
(LD. 2.1 mm, length 100 mm, particle size 3.5 pm) (Waters, Milford,
MI) at a flow rate of 0.5 mL/min. The mobile phase initially consisted
of 80% solvent A (5 mM ammonia acetate in 10% methanol) and 20% sol-
vent B (pure methanol) and was held for 0.5 min. The subsequent gra-
dient of the mobile phase was programmed as follows: concentration
of solvent B was ramped to 30% in 1.5 min, increased gradually to 95%
in 6 min, then increased to 100% in 2 min, and then reduced to 20% in
1 min, and held for additional 2 min at the end. Triple quadrupoles
mass spectrometer was operated in the negative-ion electrospray
mode. Quantitative analysis was performed using selected reaction
ion monitoring (SRM). The precursor->product ion values were set for
PFBA (213-169), PFBS (299-80), PFHxA (313-269), PFHxS
(399-80), PFOA (413->368), PFOS (499->80), respectively. Calibration
standards of the mixed PFAS were purchased from Wellington Labora-
tories. Spiking solutions for all experiments were prepared from stan-
dards of perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl
sulfonic acids (PFSAs) purchased from Sigma-Aldrich Calibration curves
were prepared with mix PFAS standard to achieve a series of concentra-
tions ranging from 0.1 to 100 pg/L. The method detection limits (MDLs)
were estimated as PFBA (80 ng/L), PFBS (40 ng/L), PFHxA (80 ng/L),
PFHxS (50 ng/L), PFOA (30 ng/L), PFOS (60 ng/L), respectively.
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Fig. 1. (a) PFBA and PFOA removal efficiencies exhibited by biochars synthesized with different feedstock materials in comparison with GAC and anion exchange resin; (b) PFBA and PFOA
removal efficiencies exhibited by RESCAs synthesized at different pyrolysis temperatures; (c) PFBA and PFOA removal efficiencies exhibited by RESCAs pyrolized at 900 °C for different
durations. Removal efficiency was discerned based on the disappearance of the target PFAA after adsorption over 24 h with an initial concentration of 100 pg/L and an adsorbent dose

of 0.2 g/L.

3. Results and discussion

3.1. Effective adsorption of short-chain PFAAs by reed straw-derived bio-
char (RESCA)

Using PFBA and PFOA as two model compounds representing short-
chain and long-chain PFAAs, respectively, the best adsorption efficien-
cies for both PFAAs were observed for the reed straw-derived biochar
(RESCA) synthesized at the highest pyrolysis temperature of 900 °C
for 5 h (Fig. 1a to c). We designated this biochar “RESCA-900” for
short. PFAA adsorption by biochars was greatly affected by all three
manufacturing factors: feedstock material, highest pyrolysis tempera-
ture, and pyrolysis duration (Abdul et al., 2017). At an initial concentra-
tion of 100 pg/L, GAC removed 87 + 6% of PFOA, but was poor in
adsorbing PFBA (13 + 4%) (Fig. 1a). Anion exchange resin was also ef-
fective in removing PFOA (96 4+ 2%) and exhibited a slightly better
PFBA removal (36 + 4%) than GAC. Biochars synthesized with carbon-
rich feedstocks (i.e. corn cobs, reed straws, or aspen chips) showed
nearly 100% PFOA removal, implying the important contribution of sur-
face hydrophobicity. Notably, RESCA-900 showed an exceptionally high
PFBA removal efficiency of 80 4+ 2%. To our knowledge, such effective
PFBA adsorption has not been reported by GACs and other carbon-
based adsorbents under similar batch conditions (Table S2) (Gagliano
et al., 2019; Zhang et al., 2019).

Increase of the highest pyrolysis temperature was key to enhance
the PFAA adsorption by RESCAs (Fig. 1b). Adsorption of PFBA was

(a) Initial concentration of 1 pg/L
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minimal (<5%) by RESCAs pyrolyzed at 500 and 700 °C. Surprisingly,
substantial increase in PFBA removal was only observed when the
highest pyrolysis temperature was elevated to 900 °C. PFOA adsorption
was improved from 60% to 94% when the highest pyrolysis temperature
was raised from 500 °C to 700 °C. Complete PFOA removal was achieved
when the highest pyrolysis temperature was further elevated to 900 °C.
Thus, the highest pyrolysis temperature of 700 °C may be sufficient to
generate biochars that are effective for the removal of long-chain
PFAAs to the extent comparable to GAC (Fig. 1b), while higher pyrolysis
temperature is required for producing biochars for short-chain PFAA
removal.

Pyrolysis duration also greatly affected RESCAs' adsorption of PFAAs,
particularly PFBA. As shown in Fig. 1c, when the highest pyrolysis tem-
perature was set at 900 °C, a pyrolysis duration of 5 h was optimal.
When the pyrolysis duration was shortened to 3 h, little PFBA removal
was observed. Pyrolysis for 6 h also negatively affected the adsorption
on PFBA. However, adsorption of PFOA was enhanced with the elonga-
tion of pyrolysis duration, probably due to the increase of carbon com-
position and surface hydrophobicity.

Compared to GAC, superior adsorption efficiencies exhibited by
RESCA-900 were further evident for six PFAAs of varying chain lengths
and moieties at two initial concentrations (1 and 100 pg/L) used in the
batch tests (Fig. 2). At an initial concentration of 1 pg/L (Fig. 2a),
RESCA-900 removed 92-96% of three short-chain PFAAs (i.e., PFBA,
PFBS, and PFHxA), significantly greater than GAC (71-79%). After the
adsorption by RESCA-900, concentrations of three long-chain PFAAs

(b) Initial concentration of 100 ug/L
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[ RESCA-900 A A A
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80| [F]
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Fig. 2. Removal efficiencies of short-chain and long-chain PFAAs by RESCA-900 and GAC at the initial concentrations of (a) 1 pg/Land (b) 100 pg/L. Red halo triangles on the top of columns
represent that concentrations of PFAAs were reduced to below our MDLs (i.e., 30~ 60 ng/L) after adsorption. The adsorbent dose was 0.2 g/L. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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were all below our MDLs (i.e., 30-60 ng/L). This suggests RESCA-900s
potential as an adsorbent alternative that can effectively remove PFOS
and PFOA at environment-relevant concentrations to meet the stringent
EPA health advisory level for both concerned compounds (i.e., 70 ng/L).
When the initial concentration increased to 100 pg/L (Fig. 2b), removal
efficiencies of short-chain PFAAs by RESCA-900 remained high in the
range between 80% and 89%. Complete removal of long-chain PFAAs
was observed for RESCA-900. However, adsorption by GAC was nega-
tively affected by the increase of PFAA concentration, particularly for
the short-chain PFAAs. The rank of PFAA adsorption efficiencies by
GAC followed: PFOS (89%) > PFHXS (76%) > PFOA (75%) > PFBS (43%)
> PFHxA (38%) > PFBA (18%). This is in good agreement with previous
studies on GAC showing better adsorption of PFAAs that are with longer
chain length and/or contain the sulfonate group (McCleaf et al., 2017b).

In comparison with previously reported biochar adsorbents
(Table S2), RESCA-900 exhibited noticeable improvements in short-
chain PFAA adsorption with higher removal efficiencies and/or shorter
equilibrium time when an identical or similar initial PFAA concentration
and biochar dosage were employed. Most of the previously reported
biochars showed poor removal of short-chain PFAAs (mostly <40%)
(Dalahmeh et al., 2019; Inyang and Dickenson, 2017; Zhang et al.,
2019). Inyang and Dickenson reported 87% PFBA removal by the biochar
synthesized with hardwood sawdust pellets via gasification at 900 °C
when the initial concentration was 1 nug/L. However, the adsorption
equilibrium was not achieved until 3 days (Inyang and Dickenson,
2017). In contrast, RESCA-900 can remove 92 + 1% of PFBA within
24 h (Fig. 2a), revealing its advantages in short-chain PFAA adsorption
kinetics and isotherms as detailed below.

3.2. Fast kinetics and high capacities for short-chain PFAA adsorption by
RESCA-900

Adsorption of both short-chain and long-chain PFAAs was kinetically
favorable for RESCA-900 in comparison with GAC (Fig. 3). All kinetic
experiments were run for 120 h and adsorption equilibrium was deter-
mined when there was no significant change in aqueous concentrations

RESCA-900 -® GAC
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over at least three sampling points that span for 48 h. At an initial PFAA
concentration of 100 pg/L, adsorption equilibrium was achieved by
RESCA-900 in 8- 12 h and 20- 24 h for long-chain and short-chain
PFAAs, respectively. Equilibrium was also reached within 24 h for
PFAA adsorption by GAC. The pseudo-second-order model was selected
to fit the data for the first 24 h of adsorption. Good fitness was revealed
by R? values that are all greater than 0.82 (Table S3). Pseudo-second-
order kinetic constants (k;) for RESCA-900 ranged from 1.137 to 8.38
L/(mg h), which were up to ten times higher than those for GAC
(0.10-2.71 L/(mgh)) (Table S3), supporting the rapid PFAA removal ex-
hibited by RESCA-900 (Fig. 3). A recent study by Xiao et al. pointed out a
prolonged equilibrium for PFAA adsorption by GAC Calgon F300 due to
slow diffusion into internal pores (Xiao et al., 2017). This study also re-
vealed the decrease of particle size can greatly shorten the adsorption
equilibrium to less than 24 h. In our study, RESCA-900 and GAC Calgon
F820 showed relatively faster adsorption kinetics than GAC Calgon F300
reported in Xiao et al., possibly due to the differences in surface chemis-
try (detailed in Section 3.3), hydrophobicity, and particle size of the ad-
sorbents, neglecting adsorbate-to-adsorbent ratio and many other
experimental factors in batch design from different research studies.
RESCA-900 also showed higher capacities of adsorbing short-chain
PFAAs than GAC in our study (Fig. S1 and Table S4). Generally, either
Langmuir or Freundlich model fitted well with all isotherm results
through nonlinear regression (R? > 0.8). Based on fitting with the Lang-
muir isotherm model, the maximum adsorption capacities (Q,,) for
RESCA-900 were 33 to 102% higher for three short-chain PFAAs than
those for GAC (Table S4). For two long-chain PFAAs, PFHxS and PFOA,
RESCA-900 and GAC exhibited comparable Q,, values. For PFOS, GAC ex-
hibited greater adsorption capability (55.8 mg/g) than RESCA-900 (34.6
mg/g). Therefore, considering both adsorption kinetics and isotherms,
RESCA-900 is more advantageous in removing short-chain PFAAs.

3.3. Hydrophobic surface and uniform mesopores of RESCA-900

Due to the high pyrolysis temperature, RESCA-900 had a highly car-
bonaceous surface with very few functional groups as revealed by FTIR

Pseudo-second-order kinetic fitting
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Fig. 3. Adsorption kinetics of six PFAAs on RESCA-900 and GAC fitted with the pseudo-second-order kinetic model. Initial concentration of each PFAA was 100 pg/L with an adsorbent dose

of 0.2 g/L. Error bars represent standard deviations among triplicates.
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(Fig. S2). Minor vibration stretching for carboxyl and carbonyl groups
(2187-2158 cm™!) was observed on RESCA-900. Moieties of greater di-
versities and intensities were found on GAC and the other two RESCAs
synthesized at lower pyrolysis temperatures. RESCA-900 also had a rel-
atively large surface area (730 m?/g) driven by the high pyrolysis tem-
perature (Table S5). The combination of large surface area and high
carbonation degree was conducive to high surface hydrophobicity of
RESCA-900, facilitating its adsorptive interaction with PFAAs, especially
the long-chain PFAAs consisting of hydrophobic perfluorinated tails
(Deng et al., 2010; Deng et al., 2012).

Uniquely, SEM at x130,000 resolution visualized an array of
mesopores (2-10 nm in diameter) uniformly distributed on the surface
of RESCA-900 (Fig. 4a). Formation of these mesopores on RESCA-900
was also evident by the significant pore volume occupied by pores
with diameters in the range between 2 and 6 nm as detected by the
BET analysis (Fig. 4b). Minimal mesopores of 2-6 nm in diameter
were observed or identified on the surface of GAC or the other two
RESCAs synthesized at lower pyrolysis temperatures (Fig. 4b). Existence
of these mesopores co-occurred with the significant increase of short-
chain PFAA adsorption (Fig. 1b). It is plausible to postulate that these
mesopores on the surface of RESCA-900 might facilitate the fast adsorp-
tion of short-chain PFAAs considering their small molecular sizes that
are typically less than 1 nm in diameter (Table S1). Micropores that
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are less than 2 nm in diameter were found abundant among GAC and
all RESCAs (Fig. 4b and Table S5). The majority of these micropores are
placed inside mesoporous matrixes of these carbonaceous adsorbents,
providing additional adsorption sites for PFAAs that diffuse into the par-
ticles (Ateia et al.,, 2018).

To further assess the contribution of electrostatic attraction, PFBA
adsorption efficiency and surface charge of RESCA-900 were examined
in response to the change of the solution pH. Among the six selected
PFAA model compounds, PFBA has the highest pKa value of 0.4
(Table S1), and thus its adsorption is most sensitive to the solution
pH. However, as shown in Fig. 4c, there was no significant change in
PFBA removal (68-80%) by RESCA-900 when the solution pH was ad-
justed from 3 to 12. Further, regardless of the pH change, the RESCA-
900 surface remained negatively charged as revealed the negative zeta
potentials (Fig. 4d). When the pH was between 4 and 11, the zeta poten-
tials of RESCA-900 leveled around —50 mV, reflecting its buffering effect
under the aquifer-relevant conditions. Collectively, negligible effects of
pH to PFBA adsorption by RESCA-900 and its negative surface charge
implied a minor contribution of electrostatic attraction to the observed
adsorptive removal of PFAAs. This echoed the lack of moieties (Fig. S2)
that are prone to protonation/deprotonation on the surface of this bio-
char adsorbent (Higgins and Luthy, 2006) (Fig. S2). The AEC of RESCA-
900 was below the detection limit, reflecting the minimal presence of
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Fig. 4. (a) SEM image showing the mesopores on the surface of RESCA-900 at the magnitude of x130,000; (b) Pore volume distribution for RESCAs and GAC; (c) Effect of pH on PFBA
adsorption by RESCA-900 and GAC with an initial PFBA concentration of 100 pg/L and an adsorbent dose of 0.2 g/L; (d) Zeta potentials of RESCA-900 and GAC (Loganathan et al., 2018)

under different pHs.
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positively charged moieties on the surface. Hence, albeit three short-
chain PFAAs remain anions in the solution pH above 3, their adsorption
by RESECA-900 was dominated by the surface hydrophobicity, rather
than electrostatic attraction, considering their surface characteristics
(e.g., highly carbonaceous, lack of functional groups or positive
charges).

3.4. Efficient removal of commingled PFAAs in groundwater by RESCA-900
at high flow rates

In adsorption devices deployed in the field, flow rate is an important
operational factor, influencing the contact time for adsorbents with pol-
lutants of concern (e.g., PFAAs). High flow rates are desirable as the di-
mension of adsorption devices can be reduced, but with the risk of
diminishing the removal efficiency caused by the short contact time.
Our batch assays revealed RESCA-900s quick adsorption kinetics,
eliciting efficient removal of PFAAs of varying chain lengths and
functional groups. In order to compare the influence of different flow
rates on PFAA removals, 15, 30, 45 mL/min were used in the mini-
filter tests (Fig. S3) with the constant flow rates controlled by the SPE
Vacuum Manifold.

When the flow rate increased from 15 to 30 mL/min, no significant
change of PFAA removal efficiencies was observed for filters packed
with either RESCA-900 or GAC (Fig. 5). However, further increase of
the flow rate to 45 mL/min affected the adsorption performance of fil-
ters packed with two adsorbents differently. Surprisingly, RESCA-900-
packed filters exhibited significantly higher removal of all PFAAs
(>80%) except PFBA (~65%) at the flow rate of 45 mL/min compared
to two other slower flow rates. The increase of the flow rate may create
external pressure that drives the liquid penetration into internal pores
of RESCA-900 packed in the mini-filters. However, for PFBA, which is
the most hydrophilic PFAA tested, the promotion on adsorption by the
pore penetration was not sufficient to offset the hindrance caused by
the shortened contact time, resulting in the decrease in the overall
PFBA removal efficiency (Ghaffar et al., 2018; Park et al., 2020).

For GAC filters, an increase of flow rate to 45 mL/min negatively af-
fected the adsorption of short-chain PFAAs, but not long-chain PFAAs.
Susceptibility of short-chain PFAAs and resistance of long-chain PFAAs
to the increase of the flow rate may be attributed to the slow adsorption
kinetics as aforementioned. Pseudo-second-order kinetic factors of GAC
for short-chain PFAAs were low in the range of 0.1-0.38 L/(mg h) (Fig. 3
and Table S3). At a flow rate as high as 45 mL/min, the shortened contact
time hindered the complete diffusion of PFAA molecules into inner or
secondary pores and prohibited dynamic adsorption within multiple in-
terconnected pores in GAC. In contrast, adsorption of short-chain PFAAs
in RESCA-900 filters was less kinetically restricted since the adsorption
sites are mostly these mesopores that spread on the surface.

Though the mini-filter tests were carried out with six PFAAs, their
co-occurrence didn't elicit significant adsorption competition probably
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due to adequate amount of adsorbents (RESCA-900 or GAC) packed in
the filters. To further examine the competitive adsorption effects,
bisolute systems were spiked with PFBA and PFOA as representative
compounds for short-chain and long-chain PFAAs, respectively. As
shown in Fig. S4, neither the adsorption efficiency nor the equilibrium
time was significantly affected for PFBA or PFOA adsorption by the co-
existence of both PFAAs in the bisolute system in comparison with the
single systems spiked with PFBA or PFOA only. Fast adsorption was
also evident for both PFAAs with the equilibrium time of 24 h or shorter
regardless of the single or bisolute systems. These results supported the
minor influence on PFAA adsorption by the co-existence of other PFAAs
atlow concentrations (Park et al., 2020). It is noted that these mini-filter
tests were all run with pristine adsorbents (RESCA-900 or GAC). Com-
petitive adsorption effects are likely to emerge and exacerbate during
the long-term operation in the field as the adsorbents are laden with
PFAAs and other chemicals if absorbents are not properly regenerated.
This is further discussed in the Supplemental Information about our
computation results that profiled PFAA concentration change in the ef-
fluents of the full-scale RESCA-900 and GAC columns identical to an ac-
tual operating system reported previously (Appleman et al., 2014).

3.5. Inhibition of high DOCs in contaminated groundwater on PFAA removal
by RESCA-900

To further investigate the efficacy of the RESCA-900 filtration for
field application, four groundwater samples were collected in triplicate
from the center and middle of the plumes at two sites located in Califor-
nia and New Jersey, respectively. As shown in Table S6, two samples
CA2 and NJ2 collected within the proximity of the source zones
contained relatively high DOCs of 8 and 8.4 mg/L, respectively. The
other two samples CA1 and NJ1 were sampled from monitoring wells
downstream from the sources and exhibited low DOCs of 1.5 and 2.4
mg/L, respectively. Four samples contained varying diversity and
amounts of VOCs and semi-VOCs, such as TCE, 1,1-DCE, benzene, and
1,4-dioxane. It is noted that the detected VOCs and semi-VOCs only
accounted for 2-18% of the total DOCs, suggesting the dominance of nat-
ural organic matters and other unconcerned chemicals in these ground-
water samples. PFAAs were also analyzed using direct injection with LC/
MS/MS, though none of the target PFAAs were detected above the
Method Detection Limits (i.e., 30-80 ng/L). Thus, these four samples
are good representatives of impacted groundwater for the assessment
of remediation efficacies considering their differences in geography,
DOC, and co-contaminant composition.

These four groundwater samples were spiked with six PFAAs at an
initial concentration of 50 ug/L for each PFAA and filtered through
mini-filters packed with RESCA-900 or GAC at the flow rate of 30 mL/
min. Parallel treatments were prepared with DI water spiked with the
same dosage of PFAAs to distinguish the impacts of DOCs and co-
contaminants. After filtration through the RESCA-900 or GAC mini-
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Fig. 5. Removal efficiencies of PFAAs after filtration through mini-filters packed with (a) RESCA-900 and (b) GAC at different flow rates. Green and black bars on the top of columns
represent PFAA removal efficiencies were negatively and positively affected by the increase of the flow rate, respectively, based on the student t-test. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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filters, DOCs in all samples were efficiently removed to below the detec-
tion limit of 1 mg/L. In general, RESCA-900 filters exhibited better PFAA
removal efficiencies than GAC filters, particularly for the short-chain
PFAAs (Fig. S5). Among all four tested samples, the averaged removal ef-
ficiencies for RESCA-900 filters were 56% for PFBA, 61% for PFBS, 63% for
PFHxXA, 73% for PFHXS, 73% for PFOA, and 83% for PFOS. Comparatively,
the averaged removal efficiencies for GAC filters were all lower at 27%
for PFBA, 39% for PFBS, 56% for PFHxA, 70% for PFHxS, 68% for PFOA,
and 76% for PFOS. For long-chain PFAAs, filtration with RESCA-900 and
GAC mini-filters achieved effective removals above 65% in most cases.
However, for short-chain PFAAs, RESCA-900 filtration removed
50-80%, but filtration with the GAC mini-filters performed poorly with
removal efficiencies lower than 50% for PFBA and PFBS, which were in
good agreement with the previous observations in this study and
others. For instance, removal of PFBA in the groundwater NJ2 (pH: 8.2,
TOC: 8.8 mg/L) was as low as 22% by GAC (Fig. S5b). Thus, mere treat-
ment by GAC is inadequate for groundwater heavily impacted by
short-chain PFAAs.

To discern the influence of DOC on PFAA adsorption, two-way
Mann-Whitney U tests were employed to assess the statistical signifi-
cance of differences in PFAA removal between samples with high
DOCs around 8 mg/L (i.e., CA2 and NJ2) and those with low DOCs
around 2 mg/L (i.e., CA1 and NJ1), as well as the controls prepared
with DI water. For short-chain PFAAs, significant decrease (p < 0.05)
in removal efficiencies by RESCA-900 was observed with the increase
of DOC (Fig. 6a, b, and c). Compared to the DI water, short-chain PFAA
removal efficiencies by RESCA-900 mini-filters were reduced by 18%
(PFBA), 9% (PFBS), 9% (PFHxA) in groundwater samples of low DOCs
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and 29% (PFBA), 19% (PFBS), 26% (PFHxA) in groundwater samples of
high DOCs on average. Short-chain PFAA adsorption by GAC mini-
filters was more sensitive to low DOC than RESCA-900, with an average
reduction in removal efficiencies of 29% (PFBA), 34% (PFBS), 24%
(PFHxA) compared to the DI water controls. However, GAC mini-
filters also showed tolerance to high DOC as no further significant de-
crease in removal efficiencies was observed when results from samples
of high DOCs and low DOCs were compared.

For both RESCA-900 and GAC mini-filters, negative influence of DOC
in groundwater was less profound on long-chain PFAA adsorption com-
pared to short-chain PFAAs. No significant change in PFOS removal effi-
ciencies was observed among all samples regardless of the DOC levels
(Fig. 6f). For PFHxS and PFOA, their removal efficiencies were signifi-
cantly decreased only in groundwater samples with high DOCs, but
not in those with low DOCs (Fig. 6d and e). Compared to the DI water
controls, groundwater samples with high DOCs exhibited an average re-
moval reduction of 70% in PFHxS and 70% in PFOA for RESCA-900 mini-
filters and 68% in PFHXS and 62% in PFOA for GAC mini-filters. Overall,
RESCA-900 and GAC exhibited similar trends in long-chain PFAA re-
moval in groundwater samples and significant hindrance was only ob-
served at high DOC levels. Adsorption of short-chain PFAAs by RESCA-
900 mini-filters gradually decreased in response to the increase of
DOCs in the tested groundwater samples. In contrast, inhibition of
DOCs to short-chain PFAA removal by GAC mini-filters was more potent
even at low DOCs, suggesting GAC is less suited for short-chain PFAA re-
moval in the field. Higher DOC levels in groundwater may result in
slower sorption kinetics and lower equilibrium Ky values (Xing et al.,
2008). Thus, when DOC in groundwater is high (e.g., 8 mg/L), it is
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recommended to implement pre-treatments to reduce DOCs so that the
effective adsorption of short-chain PFAAs by RESCA-900 can be en-
hanced and extended.

4. Conclusions

Overall, a novel green biochar adsorbent RESCA-900 was reported,
exhibiting fast and effective adsorption of short-chain PFAAs even at
concentrations commonly detected in drinking water and groundwater.
While the synthesis of RESCA-900 requires a relatively high pyrolysis
temperature, the manufacturing process is sustainable and scalable con-
sidering (1) ecological benefits to abate climate change via sequestering
carbon from marsh plants that are vigorously growing in temperate re-
gions over the world and (2) possible commercial values to simulta-
neously produce syn-gas and other fuel chemicals (Woolf et al., 2010).
Given GAC's high capacity of adsorbing long-chain PFAAs, sequential
carbon adsorption treatment with GAC (primary) and RESCA-900 (sec-
ondary) could be an ideal option for remediating comingled contamina-
tion of PFAAs, especially when long-chain PFAAs are abundant and/or
DOC is high. Primary removal of long-chain PFAAs and other organics
by GAC also reduces their competitive inhibition to short-chain PFAA
adsorption by RESCA-900 and prolongs its treatment lifespan. Based
on PFAA contamination and other geochemical factors in the field, a
site-specific treatment train could be designed by leveraging GAC's
high adsorption capacities toward long-chain PFAAs and RESCA-900s
fast adsorption kinetics toward short-chain PFAAs. Thus, the sequential
GAC-RESCA-900 adsorption treatment will ultimately improve the
overall PFAA removal efficiency and reduce the operation cost. Such re-
medial strategy may also be beneficial to mitigate other co-
contaminants in the field. In addition, biochar adsorbents are recyclable
via regeneration using chemical and thermal treatments. Further mod-
ification of their morphology (e.g., size) and surface chemistry can be
conducted to tailor their performance and compatibility in different op-
erating systems (e.g., full-scale continuous flow columns). Built on this
unique discovery of RESCA-900 adsorbent for PFAA removal, future re-
search is needed to optimize the application values of reed straw-
derived biochars for water purification and assess their socioeconomical
benefits.
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