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Perfluoroalkyl substances (PFAS), like perfluorooctanoic acid (PFOA), are of concern worldwide given they are
ubiquitous in the environment. In this study, the treatment of PFOA-contaminated water was assessed using
biochar adsorbents produced from raw canola straw (RCS) through chemical activation with H3PO4 and ZnCl,
and microwave-assisted pyrolysis (MWP). MWP conditions were evaluated to create optimal H3POg-treated
(PBC) and ZnCly-treated (ZnBC) biochar adsorbents with treatments determined using a central composite design
(CCD) based on the response surface methodology (RSM) considering activator concentration, and microwave
heating time and power. The highest PFOA removal efficiency for PBC (3.0 mol/L) was achieved at 92 % (368
ng/g), while for ZnBC (0.55 mol/L) it was 84 % (336 pg/g). In contrast, untreated biochar and RCS had markedly
lower PFOA removals of 5 % and 1 %, respectively. Activation of biochar under optimal pyrolysis conditions (6
min at 600 W) led to increased chemical functional groups, porosity, and surface area, as confirmed by FT-IR,
XPS, and BET. The kinetic study indicated that chemisorption was the primary PFOA adsorption mechanism,
while the Freundlich isotherm model suggested heterogeneous multilayer adsorption for PFOA removal. Further,
background salts enhanced PFOA adsorption through divalent bridges and salting-out mechanisms. PBC and
ZnBC adsorbents performed well over a broad pH range of 3 to 9. Lastly, Yan and Yoon-Nelson models were used
to assess adsorption breakthrough for a model fixed-bed adsorption system. This study exhibits that PBC and
ZnBC adsorbents, derived from accessible biomass, offer an environmentally friendly solution to remove PFOA
from contaminated water.

1. Introduction

Over the past few years, there has been widespread concern about
the presence of perfluoroalkyl substances (PFAS) throughout the envi-
ronment including in drinking water and food. For example, PFAS
compounds including perfluorooctane sulfonate (PFOS) and per-
fluorooctanoic acid (PFOA) have been reported in agricultural and
urban water wells at concentrations as high as 10,000 ng/L indicating
their widespread use and potential for groundwater pollution [1].
Concentrations vary from region to region, with Canada and China
samples indicating high concentrations of total PFAS >3200 ng/L [2].
Ruyle et al. [3] reported PFOS and PFOA contamination in groundwater
at a former firefighting site in Cape Cod, Massachusetts, USA with a
maximum PFOS concentration of 22,000 ng/L. Furthermore, 26 PFASs
were found in groundwater, surface water, and landfill leachate samples

in China with elevated concentrations (up to 10,000 ng/L) in the
leachate from municipal solid waste (MSW), while lower concentrations
(below 500 ng/L) were detected in groundwater and surface water [4,5].

PFOA is a dominant type of long-chain PFAS commonly detected in
various waterbodies, such as wastewater, drinking water, and seawater
[6]. For example, in a groundwater sample collected in Europe, PFOA
accounted for 48 % of the total number of PFAS compounds identified
[7]. Although PFOA has been used for many decades, concerns about its
toxicity arose in the early 2000s. For instance, in 2009 the United States
Environmental Protection Agency (USEPA) categorized it as potentially
carcinogenic [8]. Since 2016, health advisory levels (HALs) have been
issued by the USEPA for drinking water with concentrations between
100 and 7000 ng/L for short-chain PFAS compounds (C4-C7) and 70 ng/
L for PFOA. Additionally, the Guidelines for Canadian Drinking Water
Quality indicate that the maximum acceptable concentration (MAC) is
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0.2 pg/L for PFOA [9]. Thus, PFOA contamination has become a
worldwide concern with many researchers investigating its treatment,
with a focus on drinking water and wastewater matrices.

The low MAC for PFAS leads to challenges not only for analytical
detection methods but also for remediation technologies. Various
destructive or non-destructive treatment methods for contaminated
waters are available such as advanced oxidation processes (AOPs),
defluorination treatment, non-thermal and thermal degradation, and
adsorption [10-13]. Current PFAS treatment methods have several
limitations, including the generation of secondary waste, incomplete
removal of contaminants, and high costs. In addition, traditional treat-
ment methods, such as coagulation and chlorination, are ineffective, and
evolving regulations adapt to a slow and costly process [14]. As a result
of these challenges, more effective, affordable, and sustainable solutions
are required. Adsorption is considered to be a promising, cost-effective
method to remove PFAS and has recently been a focus of studies aim-
ing to eliminate various PFAS compounds from water [15]. However,
the effectiveness of adsorbents varies based on their properties, the types
of targeted PFAS compounds, and the treatment conditions. For
example, polar adsorbents can bind with the PFAS molecules through
electrochemical interactions with their polar chemical functional
groups, while alkyl/aromatic parts of the adsorbent interact with the
non-polar parts of PFAS molecules via hydrophobic interaction [16].
Overall, carbon-based substances and their composites have been
effectively utilized to remove short-chain PFAS compounds (e.g., PFBA,
PFBS, PFHA, PFH,S, and PFPeA,) and long-chain PFAS compounds (i.e.,
PFOS and PFOA) from water [17].

Carbon-based materials including carbon nanotubes (CNTs), acti-
vated carbon (AC), graphene, and biochar are among those proposed as
potential adsorbent media for use in treating aqueous phases containing
PFAS [18]. AC has been the most used material in both laboratory and
field settings for remediating PFAS contaminants [19]. CNTs are hy-
drophobic, hollow, and one-dimensional structures with large specific
surfaces, high adsorption capacity, and high thermal and chemical sta-
bilities. The adaptability of changing 2D nanomaterials is used for the
tailoring of graphene toward addressing specific PFAS compounds [20].
However, engineered and low-cost biochar adsorbents can be a prom-
ising alternative to other commonly used carbon-based adsorbents in
large-scale water treatment because they are eco-friendly, cheaper, and
more readily available via common biomasses. For example, biochar
requires a lower energy input and releases less greenhouse gasses than
AC suggesting that biochar can be a more sustainable option in many
applications. Biochar production needs an average energy demand of
about 6.1 MJ/kg and has a greenhouse gas (GHG) emission rate of 0.9 kg
CO2/kg, whereas, for AC production, these values were markedly
higher, with an average energy demand of 97 MJ/kg and GHG emission
of 6.6 kg CO,/kg [21]. Overall, engineered biochar is a promising option
for PFAS treatment; however, further research is needed to assess and
improve its adsorption performance.

Historically, conventional furnace pyrolysis has been used for the
creation of biochar, however, recent studies have considered
microwave-assisted pyrolysis (MWP) as a promising alternative method.
Faster reaction rates can be accomplished using MWP given it is selec-
tive, volumetric, and uniform, while providing for homogeneous heating
and higher heating rates resulting in increased energy efficiency [22].
Generally, the pyrolysis conditions play a crucial role in determining the
physicochemical properties of biochar, as organic compounds in biochar
break down and convert into new chemicals at different temperatures
[23]. Besides pyrolysis conditions, the chemical treatment of biochar (or
biomass) can significantly enhance its adsorption effectiveness. This
includes treatments with alkaline or acid solutions, as well as the
addition of oxidizing agents and metal salts. Generally, these modifi-
cations improve the biochar's pore volume, surface area, surface
charges, and chemical functional groups [24]. Biochar can be pretreated
before pyrolysis or post-treated after this process using various chemical
activators, such as acids, bases, and salts. Among these, H3PO4, ZnCly,
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NaOH, KMnOy, FeCl3 and KOH have proven to be the most effective in
increasing adsorption effectiveness [25]. The acid treatment increases
surface area, porosity, and chemical functional groups of biochar,
providing more potential active sites for binding PFAS molecules vs.
untreated biochar.

A major benefit of biochar is that the feedstock biomass can be
sourced from waste materials, aligning with circular economy and waste
reduction principles. Its unique properties, wide range of uses, low
production cost, and promising growth potential highlight its ability to
contribute to achieving Sustainable Development Goals (SDGs). Canola
straw (CS) is a common agricultural residue in Canada, with an annual
production of 14.7 million metric tons. Approximately 60 % of this CS
residue is used for animal feed and soil improvement, leaving about 6.0
million metric tons available for other purposes [79]. Therefore, the
current study used CS for biochar production due to its availability in
Saskatchewan, Canada.

This study offers a novel biochar adsorbent derived from canola
straw, activated with HsPOs and ZnClz through MWP to remove PFAS
compounds. The method improves the biochar properties (surface area,
porosity, and functional groups of biochar), leading to higher PFAS
adsorption efficiency. The focus of this research was to apply optimized
microwave heating and pre-treatment processes to create an effective,
novel biochar using RCS for adsorbing PFOA from water. Factors
considered in the pre-treatment and pyrolysis processes included acti-
vator concentration (mol/L), microwave heating time (min), and mi-
crowave power (W). Additionally, the effects of contact time,
temperature, pH, ionic strength, and co-existing ions on PFAS adsorp-
tion were studied to assess the interactions between PFOA and biochar.
Various adsorption isotherm and kinetic models, along with the char-
acterization of the biochar's chemical structure, were applied to explore
the adsorption mechanisms of the treated biochar. Furthermore, the
efficiency of PFOA removal was assessed using a fixed-bed column
system with optimized biochar adsorbents to determine the potential for
scaling up the treatment process in the future.

2. Experimental
2.1. Materials

Ortho-phosphoric acid (85 %), zinc chloride (ZnCl,, anhydrous, +98
%), and perfluorooctanoic acid (PFOA) (96 %) were obtained from
Thermo Fisher Scientific Inc. (Ontario, Canada). Other chemicals of
analytical grade were purchased from Sigma-Aldrich (USA). Millipore
deionized (DI) water (Q-H20, Millipore Corp) was used for all solutions.
Raw canola straw (RCS) was sourced from a farm near Saskatoon,
Canada. In the laboratory, the straw was washed with DI water twice
and then dried at 70 °C for 24 h. Subsequently, the harvested dried
biomass was ground and sieved to produce particles in a size range of
400-840 pm for use in all experiments considered herein.

2.2. Preparation of biochar

Untreated biochar (UBC) was prepared under the optimum MWP
condition (see below) without the addition of any activator agents. The
activated biochar adsorbents were synthesized by mixing 5 g of RCS
with 100 mL of various concentrations of H3PO4 and ZnCl,, followed by
stirring for 4 h to obtain H3POg4-treated biochar (PBC) and ZnCl,-treated
biochar (ZnBC) [26]. The final biochar was washed repeatedly with hot
and cold water to remove impurities and residual chemicals and dried at
105 °C for 24 h.

Three key synthesis parameters were studied and optimized using a
three-factor Central Composite Design (CCD) method based on Response
Surface Methodology (RSM). These parameters were activator concen-
tration (X;; H3POg4: 1-5 mol/L, ZnCls: 0.1-1 mol/L), microwave irradi-
ation time (Xp; 3-9 min), and microwave power (X3; 300-900 W).
Tables S2 and S3 present the detailed experimental design and results for
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the experimental and predicted PFOA removal efficiencies for PBC and
ZnBC. The center point was repeated six times to assess the reproduc-
ibility of the data based on the CCD methodology.

2.3. Adsorbent characterization

The element distribution and surface morphology of adsorbents were
investigated by a scanning electron microscope (SEM, Hitachi SU8010,
Japan) equipped with an energy dispersive spectrometer (EDS). Under
high vacuum conditions, analyses were carried out with a voltage of 5
kV and an emission current of 10 pA. A Brunauer-Emmett-Teller (BET)
Ny analyzer at 77 K (NOVAtouch; Quantachrome, USA) was used to
compare the specific surface area, average pore diameter, and total
volume of adsorbents. Prior to BET analysis, samples were degassed at
different temperatures (60 °C for biomass and 160 °C for biochar). A
Bruker X-ray diffractometer (Rigaku Americas Corp., USA) with a
scanning speed of 2°/min was used to examine the effects of activators
on the crystalline structure of the samples. The Fourier-transform
infrared (FT-IR) spectra were recorded by a Smith's Detection Illumi-
natIR FT-IR microscope (USA) to assess the chemical functional groups
of adsorbents. A Renishaw spectrometer (Gloucestershire, UK) was used
to provide the Raman spectra of the adsorbents to study the effect of
pyrolysis and chemical treatment on the biochar structure. The chemical
functional groups and chemical states of elements on the surface of
adsorbents were investigated by X-Ray Photoelectron Spectroscopy
(XPS) (Kratos Analytical Ltd., UK).

A 1290 Infinity II HPLC system, coupled with a 6470 A triple
quadrupole mass spectrometer (HPLC-MS/MS), was used to measure the
PFOA concentrations. For this analysis, 80 pL of each sample was
injected into the system, and a C18 column (150 mm x 2.1 mm, 3.5 pm)
was used (Waters, Milford, MI), operating at a flow rate of 0.5 mL/min.
The mobile phase was a mixture of 5 mM ammonium acetate in water
and 5 mM ammonium acetate in methanol (50:50). The limitation of
HPLC-MS/MS was 1 pg/L for PFOA.

Experimental design calculations were done by Minitab software
version 19.0 (Minitab Inc., Pennsylvania, USA). The model equations
and subsequent numerical simulations were solved using a commercial
CFD package, COMSOL Multiphysics 6.0. The model equations were
solved using the finite element method in a two-dimensional Compu-
tational Fluid Dynamics (CFD) configuration.

2.4. PFOA adsorption experiments

2.4.1. Batch experiment

Batch adsorption experiments were conducted under various con-
ditions to study the adsorption mechanism (s). The impacts of key
adsorption parameters that were examined included: PFOA concentra-
tion, adsorbent dosage, pH, temperature, presence of co-existing ions,
and ionic strength. The experiments were done in glass bottles con-
taining the corresponding adsorbent dosage and 80 mL PFOA solution,
with continuous shaking at 200 rpm on a shaker table. Based on pre-
liminary experiments, 10 h was determined as an appropriate equilib-
rium time for PFOA adsorption by treated adsorbents. Preliminary batch
experiments were carried out with different concentrations of PFOA
(100, 200, 500, 1000, and 10,000 pg/L) at various adsorbent dosages
(0.25, 0.50, 1.00, and 1.25 g/L) at 25 °C for 24 h to determine the op-
timum adsorbent dosage. These preliminary experiments were done
given that as PFOA concentration increases, the PFOA adsorption effi-
ciency decreases because adsorbents become saturated by PFOA.

A kinetic study of batch adsorption for PBC and ZnBC was performed
with a PFOA concentration of 200 pg/L and an adsorbent dosage of 0.5
g/L at 25 °C. Kinetic data was calculated by fitting the experimental
results to conventional kinetic models (Table 1). Isotherm experiments
were conducted with a PFOA concentration range of 50 to 300 pg/L. The
thermodynamic parameters of PFOA adsorption were evaluated at
various temperatures of 281, 288, 298, and 308 K. The pH drift method
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Table 1
Kinetic and isotherm data for PFOA adsorption using PBC and ZnBC.
Model Equation Parameter PBC ZnBC
Kinetic
Pseudo-first order qr = kpfo (1/h) 0.307 0.230
qe (1 — e7kont) qe exp. (ug/ 368 336
2) 378 329
qecdl (pg/g)  0.922 0.929
RZ
Pseudo-second t 1 kpso (g/pg.h) 0.0011 8.87%10*
order @ Fpsoq? gecal. (ug/g) 408 2.39
(1 . R? 0.995 0.960
)
Intra-particle q =kt'?+C k, (ng/g. 40.2 36.9
diffusion h%?) 124.6 88.1
C (ug/g) 0.637  0.684
R2
Elovich 1 a (pg/g.h) 833 342
G =gl +abt) e 0.0162  0.0163
R? 0.851 0.838
Isotherm
Langmuir _ KigmaxCe Gmax (1g/8) 341 317
% =17Kc. K (L/pg) 0164  0.156
R? 0.932 0.921
Freundlich 1 Kr (ug/g) 121 133
qe = KeC n 453 559
R? 0.990 0.965
Temkin RT. Kr (L/pg) 13.2 12.1
Ge =3, MG (3/moD) 55.0 58.7
R? 0.988 0.981

was utilized to obtain the point of zero charge (pHp,) for PBC and ZnBC.
In this method, 40 mg of adsorbent was added to 80 mL of NaCl solution
with a pH range of 2 to 13, adjusted by 0.1 M and 1 M HCl and NaOH.

The influence of the initial pH on the adsorption of PFOA from water
was analyzed at varying pH range of 3 to 12, and pH adjustments were
done using 0.1 M and 1 M HCl and NaOH solutions. Furthermore,
different salts (NaCl, NagNOs3, NasPOy4, NaySO4, and Nay,COs3 for anions,
and KCl, NaCl, CaCly, and MgCl; for cations) were added to the water
separately to investigate the impact of the co-existing ions on PFOA
adsorption. The impact of ionic strength was also studied by adding
adsorbent to a solution containing 200 pg/L of PFOA and NaCl at
different concentrations of 0, 0.001, 0.01, and 0.1 M.

2.4.2. Fixed-bed adsorption

The fixed-bed adsorption experiments were conducted using a col-
umn with an internal diameter of 10 mm. The column was packed with
glass beads at the top and bottom, and 0.5 g of adsorbent was packed
into the middle section with a height of 5 cm. A solution containing 200
pg/L of PFOA was pumped into the column at a constant upward flow
rate of 1.5 mL/min. In order to investigate the dynamic adsorption of
PFOA on the adsorbents, two mathematical models were used [27]:

371,71 @

[ ay
0

Yoon Nelson model : 9 ___explant—anbw)

Go (1 + exp(aynt —ayy byn)

Yan model :

(2)

In these equations, t indicates time (min), Cy is the influent PFOA
concentration (ug/L), C; denotes the effluent PFOA concentration at
time t (ug/L), V is the flow rate (mL/min), ay and by are the Yan model
constants. Yoon- Nelson model constants are shown by ayy and byy.

2.5. CFD model development

CFD simulations were studied to model the PFOA adsorption in the
fixed-bed columns containing PBC and ZnBC adsorbents. The
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performance of these adsorption columns was modeled under
isothermal and time-dependent conditions, with full details presented in
the Supporting Information. Experimental data and models were used to
assess the adsorption behavior and breakthrough curves. A grid inde-
pendence test identified 1,200,000 mesh elements as the optimal grid
density, ensuring reliable simulation results. The physical properties,
such as density, were constant, and there was no mass transfer resistance
between the bulk liquid and the adsorbent.

The CFD model analysis utilized three fundamental equations: con-
tinuity, species adsorption kinetics, and momentum balance. These
equations were applied to a column setup divided into three sections,
allowing for precise modeling of mass transport and adsorption phe-
nomena. The three-dimensional geometry of the columns, illustrated in
Fig. Sla, displays a simple scheme of fixed-bed adsorption column
performance for PFOA removal using PBC and ZnBC adsorbents. This
comprehensive simulation approach can provide insights into the fluid
and adsorbate behavior within the fixed-bed column, contributing to a
more detailed understanding of the PFOA adsorption process.

3. Results and discussion
3.1. CCD optimization

The CCD-RSM facilitated the optimization of activation and pyrolysis
conditions to achieve the highest PFOA adsorption while maintaining
the biochar's structural integrity. The full details of the CCD-RSM anal-
ysis are included in the Supporting Information. Adsorbents with
maximum adsorption efficiency were produced at the optimum values of
X7 (HsPOa or ZnClz (mol/L)), X5 (min), and X3 (W), as shown in Table S2.

A prediction model was developed based on the independent vari-
ables and experimental data relevant to adsorption and evaluated using
analysis of variance (ANOVA) tests (Tables S4 and S5). Additionally,
surface plots for PBC (Fig. S2) and ZnBC (Fig. S3) can be used to visualize
the impacts of the three independent factors of molarity, time, and
duration on the adsorption efficiency. The PFOA adsorption on the PBC
was affected by three independent variables in the following order: X3 >
> Xo > Xj, as evidenced in the Pareto chart of standardized effects
(Fig. S4a). Similarly, this order for ZnBC was X > X3 > > X; (Fig. S4b).
Overall, the highest PBC adsorption efficiencies were > 87 % (n = 6)
with the conditions of 3 mol/L, 6 min, and 600 W (Table S3). The highest
ZnBC adsorption efficiencies were > 79 % (n = 6) with conditions of
0.55 mol/L, 6 min, and 600 W. Further experiments were conducted
using activated adsorbents (PBC and ZnBC) produced under optimal
treatment and pyrolysis conditions. They were used to study the equi-
librium, kinetics, isotherm, and thermodynamic analyses and the effect
of important environmental factors (e.g., ionic strength, co-existing ions,
and pH) to explore the PFOA adsorption mechanism.

At higher concentrations of activator (X;), penetration of active sites
increases, and the opening process of pores is facilitated. However,
excess activator can result in the blocking of the biochar pores by pre-
venting the release of volatile compounds, which can negatively affect
the biochar characteristics [25]. Extending the microwave heating
duration (X2) leads to improving the biochar porosity by boosting the
biomass devolatilization rate (Y. [28]). Nevertheless, long-term biomass
exposure to microwave radiation can destroy or widen pores. Increasing
microwave power (X3) intensifies the activation agent's and biomass's
reaction, improving the porosity. However, there is a risk of damaging
the pores using high microwave power [29]. Overall, the structure of
each biochar should be optimized during the synthesis process to obtain
the most effective adsorbent to remove the target contaminant.

3.2. Adsorbent characteristics
The BET results indicated that the surface areas for PBC and ZnBC are

1067 and 982 m?/g, respectively. In contrast, values were significantly
lower for the UBC at 17 m?/g and RCS at 3 m?/g. Overall, the chemical
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treatment of biomass with H3PO4 and ZnCl, led to a significant
enhancement in the total pore volume of the final obtained biochar. The
total pore volume increased from 0.003 cm®/g for RCS and 0.031 cm®/g
for UBC to 0.553 cm®/g and 0.481 cm®/g for PBC and ZnBC, respec-
tively. Additionally, chemical treatment and pyrolysis reduced the
average pore size of activated adsorbents. The average pore sizes for RCS
and UBC were 14 nm and 12 nm, respectively, which are higher than
those for PBC and ZnBC, at 2.23 nm and 2.39 nm, respectively. The
chemical treatment expands existing pores and forms additional pores
through the dehydration, oxidation, and reduction reactions of activa-
tors, leading to a higher surface area and porosity. Subsequent thermal
treatment removes volatile components and creates more pore structure,
increasing total pore volume and creating a wider distribution of pore
sizes [30]. Biochar with a higher surface area has a greater number of
active sites for PFOA adsorption. A higher porous structure is also vital
for PFOA adsorption because it provides many pathways for PFOA
molecules to attach to the internal surface of biochar [30].

SEM images (Fig. 1) illustrate the impacts of MWP and chemical
activation on RCS biomass morphology. A smooth surface is observed
for RCS (Figs. la; and ap), while after pyrolysis, the fibers expand,
generating macro- and mesopores (Figs. 1b; and by) [31]. During the
activation and pyrolysis processes, chemical treatment with H3POy4
promotes the release of volatile compounds and induces dehydration
process, resulting in the formation additional micropores and mesopores
(Figs. 1c; and cy). In crosslinking reactions, HsPOy4 serves as a dehy-
dration agent, facilitating condensation and cyclization processes,
leading to the development of the pores [32]. During activation with
H3POy, phosphate links form because this acid interacts with chemical
functional groups present in the RCS, resulting in the formation of more
pores and structural expansion. In addition, H3PO4 treatment leads to
the formation of —-C-P-C- bonds, which is a linkage within the pyro-
phosphates structure, enhancing the structural stability of the carbon
framework [33].

In the case of ZnBC, activation with ZnCl, promotes penetration into
lignocellulosic biomass through interaction with cellulose, resulting in
the dissolution of organic compounds and the formation of pores
(Figs. 1d; and dj). ZnCl; facilitates the hydrolysis and swelling of cel-
lulose in biomass, thereby enhancing the porosity and surface area of the
final biochar. Furthermore, the penetration of ZnCl, into lignocellulosic
biomass generates more pores within the biomass [25]. The high boiling
point of ZnCl, (732 °C) allows it to remain liquid during carbonization,
providing a stable framework that supports the final carbon structure in
biochar. This process leads to the melting of biomass fragments and the
destruction of cell walls, leading to the formation of a highly porous
structure [25]. The SEM images demonstrate a clear difference among
RSC, UBC and treated biochar adsorbents. Activated biochar adsorbents
(PBC and ZnBC) have a significantly more porous structure with distinct
macropores, mesopores, and micropores. Due to chemical activation,
treated biochar adsorbents have a greater surface area and pore for-
mation. Consequently, they are more effective as PFOA adsorbents than
RCS and UBC [34,35].

Elemental mapping analysis is presented in Fig. 1 for carbon (C; 1as,
bs, c3, and d3), oxygen (O; 1ag, b4, c4, and dg), phosphorus (P; cs), and
zinc (Zn; ds). Overall, all elements were uniformly dispersed over the
structure of the biochars indicating their potential to be ideal adsorbents
for PFOA. In addition, this uniformity contributes to the enhanced
adsorption performance of PBC and ZnBC due to the presence of phos-
phorus and zinc, which create active sites for binding PFOA molecules.
The molecular characteristics and elemental composition of the biochar
confirm that the type of chemical activation and pyrolysis conditions
drastically affect its properties, significantly enhancing PFOA adsorp-
tion. According to EDS analysis in Fig. S5, UBC contains more aromatic
parts than the other adsorbents resulting in a higher H/C ratio. The
presence of phosphorus in PBC and zinc in ZnBC was also confirmed by
EDS analysis (Figs. S5c and d). The formation of functional groups, such
as phosphate, confirmed by phosphorus in the EDS results, creates active
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Fig. 1. SEM images (50 and 300 pm) and elemental mapping analysis for: RCS (a;-a4); UBC (b;-bs; PBC (c;-cs); and ZnBC (d;-ds).

sites that promote chemical interactions between biochar and PFAS,
further enhancing PFOA adsorption. Similarly, EDS analysis of ZnBC
confirmed the presence of zinc, indicating the formation of ZnO particles
on the biochar. These particles act as active sites for binding PFOA
molecules. Furthermore, the higher O/C ratio in PBC reflects more
oxygen-containing functional groups, leading to higher hydrophilicity.
Therefore, acid groups of PFOA can have more numerous and stronger
electrostatic attractions with PBC [36]. This PBC adsorbent contains a
greater number of oxygen functional groups than the ZnBC adsorbent.

The XRD pattern of RCS in Fig. 2a revealed that cellulose, hemicel-
lulose, and lignin were all present in canola biomass, associated with
three broad diffraction peaks around 15.6, 22.1 and 34.5° [37]. This

pattern also shows two types of cellulose (crystalline and amorphous) in
RCS. Hemicellulose and lignin are expected to show a broad peak near
16.5° where their amorphous fraction region is located. However, it does
not appear in the pattern because of the low intensity and overlapping of
peaks [38]. After carbonizing treated samples, XRD patterns show peaks
in the 17 to 27° range, indicating graphite structure and the extent of
more graphitization of biochar. Moreover, the broad peak that appears
between 40° and 48° in PBC is related to the graphitization of biochar
with the activation process [39]. The broad peak between 20° and 30°
corresponds to the (002) plane of graphite, which is produced using
MWP. These crystalline phases make the biochar more robust and
effective for adsorption applications [40].
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Fig. 2. (a) XRD and (b) FT-IR of RCS, PBC, and ZnBC.

The observed ZnO peaks position for ZnBC has been recorded at
31.6° 34.3°,36.1°, 47.3°,56.4°, 62.7°, 66.2°, 67.8°, and 68.2° as per the
Joint Committee on Powder Diffraction Standard JCPDS n° 01-075-
0576 [41]. During ZnCl; activation and pyrolysis, ZnO proceeds through
the following reactions [42]:

ZnCl, + H,0—Zn(OH)Cl + HCl )

Zn(OH)Cl-ZnO + HCl 2)

In the Raman spectra (Fig. S6), two distinct peaks appeared at 1358
em ™! (D band) and 1590 cm ™! (G band) in both PBC and ZnBC. The D
band is related to the disordered carbon, whereas the G band is attrib-
utable to the graphite structure, suggesting that graphitization takes
place during the pyrolysis [43].

FT-IR spectra of the RCS, PBC, and ZnBC exhibit the changes in
biochar surface chemistry during the activation and pyrolysis process
(Fig. 2b). For RCS, a broad peak around 3300-3500 cm™! can be
assigned to the O—H stretching vibrations (carboxyl or alcohol or
phenolic -OH). Besides, a second peak around 2900 cm™! shows the
C—H stretching of the methyl group. The bands between 1600 and 1700
cm ™! can be attributed to C=C bonds in the aromatic ring or C=0 bonds
in conjugated systems. The peaks in the regions near 1380-1400 cm ™!
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correspond to the phenolic -OH groups or C—O stretch of carboxylate or
aliphatic C—H. Another peak at about 1050-1100 cm ™! also appears in
the spectrum, related to the C-OH stretching peak [44].

In the PBC spectrum (Fig. 2b), there is also a broad band at 1000 to
1400 cm ™! with a maximum at 1217 cm ™!, which can be ascribed to the
oxidized carbons and the carbons induced with phosphoric acid [45].
Phosphorus and phosphocarbonaceous have also absorption in this re-
gion. A band at 1203 cm™! can be related to the phosphoric ester
compounds. The overlapping of absorption bands from oxygen and
phosphorus functional groups in this region complicates the labeling of
the bands. However, the resonance absorption in the range of
1000-1300 cm ! range explains the stretching mode of P=0 in phos-
phate aliphatic esters, O—C stretching in P-O-C (non-aromatic), and
groups like P=O(OH) in polyphosphates or phosphates [45]. FT-IR
spectra of ZnBC and PBC show some differences associated with the
phosphorus functional group present in PBC at 1000-1300 cm *
(Fig. 2b). The FT-IR spectrum of ZnBC indicates changes in peaks
compared to RCS, especially in the 2800 to 3800 cm ™! and 1000 to 2000
cm™! ranges, due to the loss of some chemical functional groups during
the degradation of lignocellulosic matter during chemical treatment and
carbonization [46].

The FT-IR results demonstrate that RCS, PBC, and ZnBC undergo
significant chemical changes during the chemical treatment and pyrol-
ysis processes. The appearance of new peaks or shifts of the existing
peaks in the FT-IR spectra reflects these changes. During the degradation
of the RCS, some chemical bonds were broken leading to the reduction
or loss of related bands in the FTIR spectra (e.g., C—C, C—H, O—H,
C—O0, C=0). For example, the hydrogen removal attributed to the
activation process occurs at about 2900 cm ™, as indicated by the
disappearance of the band at this frequency [47]. The incorporation of
phosphorus into the activated samples was confirmed by bands char-
acteristic of phosphates and phosphoric acid esters. Generally, the FT-IR
technique supported the initial assumptions and provided additional
structural information on biochar changes. Chemical functional groups
on biochar, including carboxyl, hydroxyl, and phosphate groups, play a
key role in the effectiveness of PFAS adsorption through mechanisms
such as electrostatic interactions, covalent bonding, and hydrogen
bonding. These groups improve adsorption efficiency by providing
active sites that interact with the polar head groups and fluorinated
chains of PFOA molecules [48]. As a result, the adsorption capacity of
PFOA for various adsorbents could be related to their special surface
chemistry and different chemical interactions of adsorbent with
adsorbate.

XPS analysis of UBC, PBC, and ZnBC was carried out to determine the
surface elemental bonds and composition of each adsorbent (Fig. 3). The
XPS spectra of adsorbents showed the presence of C, O, P, and Zn ele-
ments (Fig. 3a). The F1s peak, corresponding to PFOA adsorbed on PBC
and ZnBC, can be seen around 688 eV (Fig. 3b). Spectra of C1s of UBC
were qualitatively deconvoluted (Fig. 3c). Four distinct peak locations at
282.12, 282.60, 284.20, and 285.72 eV were found and can be assigned
to C—C, C=C, C—0 and C=0, respectively [49]. The PBC (Fig. 3d) also
presents similar peaks, for instance, at 284.20, 284.39, 285.76, and
287.78 eV, related to C—C, C—=C, C—O0, and C=0O0, respectively. In the
C1s spectrum of PBC, a peak at 284.80 eV confirms the existence of C—P
bonds indicating that the H3POy4 activation leads to changes in surface
chemistry by incorporating phosphorus. In the case of ZnBC, C—C, C=C,
C—O and C—=0 bonds appear at 284.52, 284.70, 285.99, and 288.70 eV,
respectively (Fig. 3e). The O1s spectrum of UBC presented main peaks at
528.82 eV and 529.80 eV, which were identified as C=0 and C—O,
respectively (Fig. 3f). In the PBC spectrum, the same peaks were placed
at 530.61 eV (C=0) and 532.31 eV (C—O0), and in ZnBC, at 530.50 eV
(C=0) and 531.70 eV (C—O) (Figs. 3g and h). Also, sub-peaks were
found in the P2p spectrum of PBC, at 131.94 eV (C-P=0), 133.20 eV (C-
P-0), and 133.89 eV (C-O-P) (Fig. 3i).

Two spin orbitals, 1022.06 eV (Zn2p3/2) and 1045.17 eV (Zn2p1/2)
can be seen in the Zn2p spectrum of ZnBC (Fig. 3j) (Y. [50]). Fig. 3b
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confirms the presence of F on PBC and ZnBC adsorbents after PFOA
adsorption. F1s peaks were observed at 688.36 eV and 690.21 eV in PBC
and ZnBC spectra (Fig. 3b). After the adsorption of PFOA, the F1s peaks
for PBC and ZnBC appeared at 688.36 eV and 690.21 eV, respectively
(Fig. 3b) [51]. The treatment of biomass by HsPOa led to phosphorus
doping in PBC and enhancing acidic functional groups. As a result,
treatment with HsPOa increased the content of C=0 functional groups in
the Cl1s spectral area from 4.33 % in UBC to 16.91 % in PBC (Figs. 3c and
d), and in the O1s area from 13.97 % in UBC to 33.17 % in PBC (Figs. 3f
and g). Likewise, using ZnClz increases the amount of C=0 functional
groups in the Cls area from 4.33 % for UBC to 11.83 % for ZnBC (Figs. 3¢
and e), and in the O1s area, it goes from 13.97 % for UBC to 26.78 % for
ZnBC (Figs. 3f and h).

By sharing electrons between two atoms, covalent bonds are formed;
oxidation states are determined by their relative electronegativities.
Carbon has a positive oxidation state when it bonds with more elec-
tronegative atoms, such as oxygen. In contrast, when carbon is bonded
to less electronegative atoms, such as hydrogen or phosphorus, it be-
comes negative or neutral. Oxygen has an oxidation state of —2 because
of its high electronegativity. Phosphorus' oxidation state depends on its
chemical environment. There are single (C—C) and double (C=C) bonds
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in treated adsorbents, where the carbon atoms typically have neutral or
slightly reduced oxidation states. In addition to C—O bonds, the treated
biochar adsorbents also contain C—=0O bonds, in which oxygen, as a
highly electronegative atom, pulls electron density away from the car-
bon atoms, resulting in higher oxidation states for carbon [52,53].

3.3. Adsorption kinetic, isotherm, and thermodynamic study

Figs. 4a and b present a high rate of PFOA adsorption with >70 %
adsorption efficiency within the first 5 h, before stabilizing within 10 h
when adsorption efficiency exceeds 90 %. This indicates that most PFOA
molecules diffusing from the liquid medium were rapidly transported to
the surface of both PBC and ZnBC through adsorption. The pseudo-
second-order model best fits PFOA adsorption on the activated adsor-
bents with values of R? = 0.995 and R? = 0.960, respectively (Table 1).

The kinetic model and mechanism proposed that chemisorption was
the rate-controlling step in this study. Therefore, the kinetic results
indicate that chemisorption was the most crucial step in the PFOA
adsorption process, involving electron exchange and sharing between
PFOA and the functional groups of biochar [42]. The higher the initial
concentration of PFOA, the greater the experimental adsorption
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Fig. 4. Sorption kinetics and isotherms of PFOA on PBC (a and c) and ZnBC (b and d) (Note: adsorbent dosage = 0.5 g/L; PFOA initial concentration (kinetic tests) =

200 pg/L; temperature = 25 °C).
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capacity, indicating a stronger driving force for adsorption [54]. In
addition to the predominant electron-sharing process, other chemical
mechanisms, such as electron exchange and surface complexation, have
been found to enhance the adsorption of PFOA [55]. Accordingly, Lei
et al. reported that PFOA adsorption on mesoporous carbon is more
accurately represented by the pseudo-second-order kinetic model [49].
Even in rice straw-derived biochar, PFOS adsorption was best fitted to
the pseudo-second-order kinetic model [56].

Kinetic and characterization data indicate that chemical treatment
effectively enhanced the quantity of chemical functional groups,
porosity, and surface area of the produced biochars. This improvement
increased the number of active sites on the biochar structure, thereby
enhancing the chemical interactions between PFOA molecules and
heteroatoms on the biochar surface. Consequently, these enhancements
helped to facilitate the PFOA adsorption and increase the adsorption
capacity of the biochar [57](D. Q. [9]).

Adsorption isotherm results were also analyzed to evaluate the in-
teractions between PFOA molecules and both PBC and ZnBC at
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equilibrium (Figs. 4c and d). The isotherm data for PFAS adsorption
were modeled using three different isotherm models: Freundlich,
Langmuir, and Temkin. Conducting isotherm adsorption experiments
demonstrated that when the PFOA concentration ranged from 50 to 300
ng/L, the PFOA uptake increased from 99 to 340 pg/g. In the case of
ZnBC, the adsorption capacity increased from 96 to 322 pg/g. The
Freundlich model best fits the experimental data for both adsorbents,
with R? = 0.990 for PBC and R? = 0.965 for ZnBC (Table 1). The
Freundlich model indicates that multilayer adsorption occurred for both
PBC and ZnBC. This model predicts a heterogeneous adsorbent surface
with a non-uniform energy distribution [58]. The diverse chemical
functional groups and porosity on the biochar surface led to the for-
mation of multiple adsorption layers for PFAS molecules.

PFOA can interact hydrophobically with mesoporous carbon adsor-
bents, leading to micelles and a multilayer adsorption process [49]. The
PBC had more acid groups and could bind with PFOA molecules more
diversely. The multilayer adsorption is also characterized by the hy-
drophobic interactions that occur between the PFOA molecules (through
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the self-association of hydrophobic parts of PFOA molecules) and the
generation of semi-micelles and micelles (W. [59]). In a similar study,
the Freundlich model best fit the experimental data for PFOA adsorption
on rice straw-based biochar [60]. In addition, Saawarn et al. found that
the Freundlich model better represented the isothermal results for PFOA
adsorption on magnetic biochar [61].

Overall, the experimental result best fits were found for the Temkin
model for PBC and ZnBC (Table 1), confirming that electrostatic in-
teractions predominantly govern the PFOA adsorption on the adsorbents
(S. [62]). Zhang et al. found that electrostatic interactions were the
primary driving force for the chemical adsorption of PFOS on hydrous
ferric oxide and that this process also followed the Temkin model [63].
These interactions occur between the functional groups of the PFOA
molecule and the surface of the adsorbent. The amphiphilic nature of
PFOA leads to complex aggregations, such as micelles and bilayers, on
the adsorbents. Modifying biochar to incorporate phosphorus, zinc, and
oxygen functional groups proves more effective in binding PFOA. These
strategic improvements result in the formation of more chemical bonds,
thereby enhancing PFOA aggregation.

This study investigated the thermodynamic stability of RCS, UBC,
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PBC, and ZnBC adsorbents. RCS and ZnBC exhibited deficient PFOA
adsorption capacities and minimal temperature effects on their
adsorption capacities. To obtain a meaningful analysis of thermody-
namic parameters, we focused on PBC and ZnBC since they demon-
strated significantly higher adsorption capacities. Fig. 5 presents the
temperature dependence of the adsorption capacities of PBC and ZnBC
adsorbents and the related van t’ Hoff derived thermodynamic param-
eters (AH®, AG® and AS°) of PFOA adsorption [64]. As the temperature
increased from 281 to 308 K, PFOA adsorption was significantly
enhanced with maximums of 384 pg/g for PBC and 366 pg/g for ZnBC
(Figs. 5a and b). Higher temperatures can enhance biochar's adsorption
capacity in endothermic adsorption processes [65]. In applications such
as wastewater treatment and soil remediation, biochar effectively
removes pollutants. The increased kinetic energy of molecules in
warmer environments improves biochar's efficiency in adsorbing con-
taminants [66].

The AG® values are negative for both PBC and ZnBC (Figs. 5¢ and d),
which indicates that PFOA adsorption is spontaneous and thermody-
namically favorable. The enthalpy values for PBC and ZnBC are 72.20
and 74.22 kJ/mol, respectively, indicating the involvement of
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chemisorption in the PFOA adsorption process. The positive value of
AH° confirms the endothermic nature of PFOA adsorption and suggests
that primarily chemisorption drives the AG® of the adsorption.

PFOA molecules chemically interact with activated adsorbents by
breaking weak intermolecular bonds like non-covalent interactions (i.e.,
van der Waals forces and hydrogen bonds) between biochar and PFOA
molecules and forming stronger chemical bonds through electrostatic
attractions (dative and ionic bonds). Therefore, PFOA adsorption re-
quires energy input and is endothermic. The positive AS° values indicate
an increase in system disorder as some adsorbed molecules reoriented or
moved on the biochar surface. Enhanced mobility of PFOA molecules on
the biochar surface is related to the complex interactions during
adsorption, during which structured solvent layers at the interface be-
tween adsorbent and solvent are disrupted. The adsorption of PFOA on
the biochar surface increases the randomness of the system by disrupting
the reorientation of solvent molecules on the surface [67]. The increase
in entropy results from the rearrangement of water molecules at the
interface of treated biochar adsorbents and PFOA. Moreover, changes in
solvation structure and the formation of hydration shells affect the en-
tropy during the adsorption process [68].

3.4. Effects of pH, ionic strength, cations, and anions on PFOA adsorption

Fig. 6a shows the impact of pH changes on the PFOA adsorption
process on the PBC and ZnBC adsorbents. As the pH level increased from
7 to 12, PFOA adsorption on ZnBC declined steadily, while for PBC, this
decrease was observed as the pH level increased from 8 to 13. Based on
the FT-IR results, PBC had more acid groups and, thereby, more positive
charges than ZnBC. As a result, PBC had more and stronger electrostatic
attraction with PFOA anions and showed higher PFOA adsorption ca-
pacity at lower pH levels (3-9). By increasing the pH level of the solu-
tion, the PBC surface chemistry changed as well. At high pH values
(alkaline conditions), the biochar becomes negatively charged, leading
to the electrostatic repulsion forces between the biochar surface and
PFOA anions leading to a decrease in the adsorption capacity. The PBC
attracted more hydroxide ions at higher pH levels, so it is more influ-
enced by pH than ZnBC [49].

The pH,,, values for ZnBC and PBC were 6.08 and 3.65, respectively.
The pK, value of PFOA is 2.8, thus, it exits primarily in a deprotonated
anionic form in most waters [69]. The number of oxygen-containing
groups, especially acid functional groups, in ZnBC was lower than in
PBC which is in agreement with its higher pHpzc. This implies that the
surface chemistry of these adsorbents differed at different pH levels and,
therefore, affected the PFOA adsorption. At a pH level less than pHp,c,
the adsorbent surface becomes positively charged resulting in the
attraction of PFOA anions through electrostatic forces. At pH values
higher than pHp,., the negatively charged adsorbent and PFOA anion
will repel each other due to electrostatic interaction, which can nega-
tively affect the adsorption efficiency. In this case, the adsorption of
neutral PFOA molecules and cation forms of PFOA (from dissociating a
hydrogen ion) on the adsorbent surface is more possible. Moreover,
under these conditions, PFOA can be adsorbed through hydrophobic
interactions between the alkyl chain or aromatic fractions of the carbon-
based adsorbents and the alkyl tail of PFOA (F. [70]).

Fig. 6b illustrates the impacts of ionic strength and different common
ions found in water bodies on the PFOA adsorption capacities of PBC and
ZnBC. Increasing the ionic strength from 0 to 0.1 M induced the salting-
out effect thereby enhancing the hydrophobic interactions between
activated adsorbents and the salting-out PFOA leading to improved
PFOA adsorption [71,72]. Nevertheless, NaCl has been shown to nega-
tively affect PFOA adsorption given chloride ions (Cl™) with PFOA for
positive sites on the biochar surface. However, PBC and ZnBC have
different functional groups leading to variable behaviors at various ionic
strengths. PBC had more active sites (functional groups containing P and
0), making it more sensitive to changes in ionic strength. At higher ionic
strength (0.1 M NaCl), increased competition between Cl~ ions and
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PFOA occurred resulting in reduced PFOA adsorption and less
improvement in PFOA uptake for PBC compared to ZnBC.

The effect of different cations (Fig. 6¢) and anions (Fig. 6d) on the
PFOA adsorption is presented for treated adsorbents. In this study, the
effects of individual ions on PFOA adsorption were investigated instead
of using a mixed-ion solution, allowing for a clearer understanding of
specific interactions and mechanisms. When single ions are observed, a
deeper understanding of adsorption mechanisms can be gained, which is
crucial for optimizing an adsorbent for practical use. Divalent cations
(Ca®" and Mg®") significantly enhanced the adsorption efficiency of
both PBC and ZnBC. The addition of these cations increases the zeta
potential by neutralizing the biochar surface. They can form a complex
structure by acting as a bridge between the functional groups of PFOA
and the negatively charged regions of the biochar. Wang et al. reported
that PFOA and PFOS exhibited a similar adsorption mechanism on
alumina adsorbents in the presence of divalent cations (Mg?* and Ca®")
(F. [70]). The salting-out effect also occurs when anions were added to
the solution and enhanced the PFOA adsorption (Fig. 6d). In this work,
the most common anions found in water solutions like CI~, CO3~, NO3,
P03, and SO3~, were studied. The anion effect on the PFOA adsorption
was more observed for smaller anions like CI~, resulting in higher
adsorption capacity for treated adsorbents [49]. Nevertheless, the an-
ions can compete with PFOA anions to attach to the positive sites on the
biochar, which can negatively impact PFOA adsorption. Therefore, the
effects of anions on the PFOA adsorption capacity were less than cations.

3.5. Fixed-bed column modeling of PFOA adsorption using PBC and ZnBC

The effectiveness of each adsorbent in a continuous flow system was
studied to evaluate their potential for use in a fixed-bed column to
remove PFOA from wastewater. Yan and Yoon-Nelson models were used
to determine the exhaustion point (t.), breakthrough point (tp), and time
to 50 % breakthrough (1) to assess the obtained experimental data for
PFOA adsorption (Figs. 7a and b). The t. was determined as the time at
which outlet contaminant concentration reaches 95 % of the influent
concentration. The t;, shows when the effluent PFOA concentration
achieved 5 % of the influent concentration, and the t refers to the time
required for the adsorbate to reach a 50 % breakthrough [27]. In the Yan
model, te was calculated at 480 min for PBC, while this amount was 433
min for the Yoon-Nelson model. For ZnBC, this parameter in the Yan
model was 378 min, and in the Yoon-Nelson model, it was 335 min.
Consequently, PBC was shown to eliminate PFOA for a longer treatment
time than ZnBC. The experimental findings show that the value of t for
PBC is 257 min, while it was obtained 244 min and 250 min for the Yan
and Yoon-Nelson models, respectively. The experimental value of t for
ZnBC is 178 min, while for the Yan and Yoon-Nelson models, it was 182
and 190 min, respectively. The performance of both the adsorbents was
considered to be acceptable in a continuous flow system; however, the
PBC held the 50 % breakthrough for a much longer period.

Although there are slight differences in the breakthrough and
exhaustion times estimated by the Yan and Yoon-Nelson models, the
experimental data align closely with both models (R2 > 0.98). The Yan
model is generally acknowledged to be an empirical model for predict-
ing breakthrough curves [73]. In contrast, the Yoon-Nelson model pre-
dicts that there will be a decline in the probability of adsorption for each
adsorbate molecule (PFOA), and this decline is associated with both
adsorbate breakthrough and adsorption probability [27]. Although
these models predict the adsorption behavior, they ignore some
important factors such as intraparticle mass transfer and axial disper-
sion, which significantly affect the mass transfer dynamics. In this study,
a mass transfer model was developed and assessed in order to address
these limitations. This model aims to optimize effective diffusion and
external mass transfer coefficients simultaneously [74].

As demonstrated in Figs. 7c and d, this model offers a 3D concen-
tration profile within the system at 60, 100, 400, and 500 min for (c)
PBC and (d) ZnBC. The potential to use this profile to optimize and
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Fig. 7. Modeling of the breakthrough curve for adsorption of PFOA onto (a) PBC and (b) ZnBC using Yan and Yoon-Nelson models. PFOA concentration profile (C/
Cop) within the fixed-bed adsorption system at times of 60, 100, 400, and 500 min for (c) PBC, and (d) ZnBC at a bed height of 5 cm.

design a more extensive fixed-bed adsorption system for industrial-scale
applications is a promising prospect based on the model and mass
transfer coefficients. The PBC column performed better in PFOA
adsorption than the ZnBC column. This was due to PBC's surface
chemistry and surface area, which was investigated using several
analytical approaches such as FT-IR, BET, SEM, and XPS. Therefore, the
biochar characteristics influence the parameters ty, te, and t. For PBC, tp,
te, and T were 60, 400, and 257 min, respectively, while these
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parameters were 54.5, 336.5, and 178.6 min for ZnBC, respectively. PBC
was more effective than ZnBC at a longer period in flow conditions in
low concentrations of PFOA.

3.6. Possible PFOA adsorption mechanisms on biochar

Hydrogen bonding, electrostatic attraction, hydrophobic in-
teractions, pore filling, and van der Waals forces are critical in PFOA
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adsorption on activated biochars [75]. The use of HsPOs during the
pyrolysis process often leads to the loss of volatile substances and water,
altering the surface chemistry (chemical functional groups), surface
area, and porosity of biochar. This modification arises from the
decomposition of organic matter in biomass, which increases micro-
pores and mesopores. The enhanced porosity allows PFOA molecules to
diffuse into internal pores, improving retention. BET analysis revealed
an increase in the specific surface area of PBC and a rise in pore volume,
facilitating PFOA diffusion and retention within the internal pores. SEM
images indicate extensive, interconnected porosity, further confirming
the high surface area and porosity of the activated biochar adsorbent.

Phosphoric acid interacts with hydroxyl (-OH) groups of lignin,
hemicellulose, and cellulose, leading to the formation of phosphorus-
containing groups (C—P and C-O-P) on the RCS structure, resulting in
a positively charged biochar (Fig. 8a) [76]. Rosas et al. (2008) [80]
suggest that the release of CO from phosphoric acid-activated carbons at
high temperatures may relate to the cleavage of C-O-POs bonds and the
formation of C-POs bonds. Valero-Romero et al. report that phosphorus
functional groups enhance adsorbent effectiveness for PFOA binding
[77]. The HsPOa activation step promotes the formation of additional
-OH and -COOH surface functional groups, which increase the potential
for covalent and hydrogen bonds with PFOA, serving as active interac-
tion sites. Oxygen- and phosphorus-containing groups in treated biochar
were successfully characterized by EDS, FT-IR, and XPS techniques.

During the activation of H3PO4, phosphorus atoms are introduced to
the biochar surface, where phosphorus atoms, particularly those on the
PBC, have empty d orbitals, providing positive sites. A dative bonding
occurs between the phosphorus atoms and the carboxylate or carboxylic
groups of PFOA, which donate electrons to the phosphorus atom's empty
orbital, resulting in a stable bond (Fig. 8b). Therefore, PFAS compounds
have a high affinity for this type of bonding, which is why biochar and
PFOA molecules can form a strong and stable bond. A combination of
covalent bonding (dative interactions) and hydrogen bonds resulting
from the functionalization of biochar with H3PO4 enhances the adsor-
bent capacity. Moreover, the carbon matrix's hydrophobic nature and
the hydrophobic tail of PFAS molecules enhance PFOA adsorption,
which is stabilized by van der Waals forces [78]. PFOA can be effectively
removed from water using PBC due to its varied interactions, which
enhance adsorption efficiency synergistically.

The use of ZnCl, in the activation process is critical to improve the
biochar structure by increasing porosity and surface area, both of which
are crucial for the effective adsorption of contaminants. As a result of
catalyst-induced hydrolysis, ZnCly causes swelling within the lignocel-
lulosic matrix of biochar, resulting in partial dissolution of cellulose and
hemicellulose. By breaking down biomass components, pores are
formed, and the number of micro- and mesopores on the surface of the
biochar is significantly increased, confirmed by SEM and BET analyses.
So, PFOA molecules are more accessible to the biochar, contributing to
its increased adsorption capacity.

During activation and pyrolysis, ZnO nanoparticles formed,
improving the physical and chemical properties of biochar (As seen in
XRD pattern in Fig. 2a). Using ZnO particles as Lewis acid sites, electron-
deficient regions can be formed, which interact with species containing
electrons. The zinc atoms in ZnO possess empty orbitals that function as
electron acceptors, making them ideal for forming dative bonds with
electron-donating groups such as the carboxylate (-COO) end of PFOA
[77]. A dative bond (Fig. 8b) results from the PFOA molecule donating
an electron pair to the zinc empty orbital, resulting in a stable and se-
lective association. This makes ZnBC a promising adsorbent for
removing PFOA from water treatment systems.

Chemical and physical interactions occur between PFOA molecules
and the chemical functional groups on PBC and ZnBC adsorbents. Many
oxygen-containing functional groups on biochar surfaces interact with
PFOA, including hydroxyl (-OH), carboxylic (-COOH), ester, epoxide,
ketone, aldehyde, and carboxylate groups. The presence of these
chemical functional groups has been confirmed by FT-IR and XPS
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analyses. By hydrogen bonding with the polar head of PFOA, these
groups facilitate the retention of PFOA on the surface of the biochar.
Further, esterification can occur between certain functional groups on
biochar and the carboxylic acid in PFOA, resulting in a more stable
covalent bond that contributes to the overall stability of adsorption.

Aromatic rings and aliphatic chains in both PBC and ZnBC introduce
non-polar interactions with the fluorinated alkyl tail in PFOA. Due to
hydrophobic interactions, the C—F bonds within the PFOA structure
create a hydrophobic tail. Bilayers, micelles, and hemimicelles are
formed when the PFOA hydrophobic regions interact with the biochar's
aromatic and aliphatic moieties. Based on isotherm studies, which
indicate a non-uniform distribution of adsorption energies across the
biochar surface, this self-aggregation behavior facilitates multilayered
adsorption [75].

The adsorption process is enhanced as PFOA molecules cluster and
adhere to biochar surfaces due to hydrophobic aggregation. By forming
micelle-like structures, multiple PFOA layers adsorb to biochar,
increasing its adsorption capacity. As a result of this multilayered
adsorption mechanism that is observed in both PBC and ZnBC, these
modified biochars are capable of capturing and retaining PFAS com-
pounds with a high level of efficiency. Additionally, hydrogen bonds,
esterification, hydrophobic interactions, and van der Waals forces sta-
bilize PFOA adsorbed on biochar and its selective affinity for PFAS
compounds.

4. Conclusion

A straightforward technique has been employed in this study to
produce a porous carbon adsorbent from abundant canola waste, aimed
at removing PFOA from water in both batch and dynamic processes. The
effects of H3PO4 and ZnCly activators on biochar properties were
compared to investigate their individual and synergistic impacts. The
analysis data confirmed that the activation process enhances the
chemical functional groups, surface area, and porosity in the treated
biochar adsorbents. The adsorption removal efficiencies of PBC (92 %)
and ZnBC (84 %) were significantly higher than those of UBC (5 %). The
adsorption behavior of PBC and ZnBC followed the Freundlich isotherm,
indicating the presence of a multilayer adsorption process characteristic
of modified biochar adsorbents. Additionally, the results showed an
excellent fit to the Temkin isotherm, suggesting that PFOA adsorption on
these biochar adsorbents also involved electrostatic interaction mecha-
nisms. PBC and ZnBC exhibited high adsorption capacity across a wide
pH range, with the highest performance in more acidic conditions.

At room temperature, the adsorption of PFOA by PBC and ZnBC
occurred quickly and spontaneously. The results showed that the
composition of the solution influenced PFOA adsorption. Therefore, it
was important to consider factors such as the possible salting-out effect
of anions and the bridging effect of divalent cations in a solution con-
taining adsorbent and PFOA. Efforts were made to evaluate the efficacy
of modified adsorbents using fixed-bed column studies under continuous
flow conditions, where both treated adsorbents effectively removed
PFOA. Future research should focus on scaling up biochar production
processes to industrial levels to achieve consistent quality and perfor-
mance in removing PFAS compounds. In addition, the modified biochar
production and application process should be subjected to a life cycle
assessment (LCA). A comprehensive understanding of a product's sus-
tainability requires an evaluation of its environmental impact and en-
ergy consumption throughout its life cycle. This technology can enhance
cost-effectiveness and sustainability through reusability and integration
into large-scale treatment systems.
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