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A B S T R A C T

Per- and polyfluoroalkyl substances (PFAS) are persistent environmental contaminants of concern due to their 
toxicity and resistance to conventional water treatment. This study investigates the removal of perfluorooctanoic 
acid (PFOA) and perfluorooctanesulfonic acid (PFOS) – two most prominent PFAS compounds, using biochar 
derived from microalgae spent biomass. Biochars derived from C. vulgaris and Scenedesmus sp. biomass were 
evaluated for PFAS adsorption. Compared to granular activated carbon (GAC), biochars showed faster kinetics, 
reaching equilibrium within 2 h. Scenedesmus sp. biochar exhibited higher adsorption capacities (30.1 µg/g 
PFOA; 43.1 µg/g PFOS) than C. vulgaris biochar and, at 0.25 g/L of biochar, both biochars completely removed 
PFAS in single-solute systems. Under natural organic matter competition, Scenedesmus sp. biochar maintained 
> 80 % PFOA and 87 % PFOS removal at 1 g/L of biochar. Adsorption was dominated by hydrophobic in
teractions with secondary cation bridging. While capacities were lower than GAC, microalgal biomass represents 
a sustainable feedstock to produce biochars for PFAS adsorption. The results demonstrate that the developed 
biochar exhibits rapid uptake of PFAS, highlighting its potential as an effective and sustainable material for water 
treatment applications.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS), commonly known as 
"forever chemicals”, are fluorine-based compounds first manufactured 
in the 1940s. PFAS molecules consist of a carbon chain (4–12 carbons) 
bonded to multiple fluorine atoms, resulting in a compact, dense, and 
highly hydrophobic structure. Carbon–fluorine (C–F) is one of the 
strongest bonds in organic chemistry [1]. As such, PFAS are extremely 
resistant to thermal, chemical, and biological degradation. These prop
erties had led to widespread global usage of PFAS until recently, espe
cially as firefighting foam and even waterproof lining for food 
packaging. As a result, PFAS are now ubiquitous in the environment, 
raising concerns about their potential effects on human health and the 
ecosystem. PFAS occurrences in soil, reclaimed water reservoirs, un
derground water, and even reservoirs intended for drinking water pro
duction have been frequently reported in the literature. The high 

persistence and bioaccumulation of PFAS have also been 
well-documented with notable potential epidemiological consequences.

Several methods have been developed to remove PFAS from the 
aqueous phase, including membrane filtration (nanofiltration or reverse 
osmosis) [2], advanced oxidation process [3], bioremediation [4], and 
adsorption [5]. To date, given the scale of water resource contamina
tion, adsorption has probably been the most widely applied technique 
for PFAS removal due to flexibility, scalability, cost-effectiveness, and 
high removal efficiency [6,7]. A wide range of adsorbents has been 
developed, evaluated, and applied at an industrial scale for PFAS 
removal [8]. Granular activated carbon (GAC) and anion-exchange 
resins are the two most mature adsorbents for PFAS removal [9]. Bio
char has also emerged as a low-cost adsorbent for PFAS removal due to 
its multiple physicochemical mechanisms. Removal is mainly driven by 
hydrophobic interactions between the fluorinated tails and biochar’s 
nonpolar surfaces, with additional contributions from electrostatic 
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interactions, pore entrapment, and hydrogen bonding via surface func
tional groups [10-12]. Overall, PFAS adsorption efficiency is governed 
by biochar’s surface properties and the solution chemistry.

Biochar derived from agricultural wastes such as straw and sawdust 
has been demonstrated to be highly effective for PFAS removal [10,13]. 
In contrast, the use of microalgae, particularly their spent biomass, re
mains largely unexplored as a feedstock for biochar production and 
PFAS removal applications. The development of the microalgae-based 
biofuel industry results in substantial amounts of microalgal biomass 
waste. It is estimated that the oil extraction step in biodiesel production 
can generate up to 70 % biomass residue by mass [14]. Following 
extraction, the waste biomass can be converted into biochar, which 
enhances the process of producing biofuel and encourages the use of 
circular economy principles. Although agricultural waste is inexpensive 
and accessible, microalgal biomass offers scalability benefits due to its 
capacity to be continually grown and connected to wastewater treat
ment. Using discarded biomass from the biofuel sectors could offset costs 
and position microalgae-derived biochar as a competitive and sustain
able option, even if producing microalgal biomass is currently more 
expensive than using agricultural wastes [15]. Biochar derived from 
microalgae has shown high adsorption efficiency and rapid uptake for 
various organic pollutants, such as dyes [16], and heavy metals [17], 
highlighting its potential as a versatile sorbent. Beyond pollutant 
removal, microalgae biochar contributes to carbon neutrality, providing 
dual-path valorisation. Microalgae offer a sustainable feedstock due to 
their fast growth, high CO₂ absorption, and minimal land requirements, 
as they do not compete with arable land, making them more environ
mentally favorable than conventional plant-based adsorbents. This 
makes a substantial contribution to improving environmental sustain
ability and lowering carbon footprints.

Because microalgae-derived biochar is porous and hydrophobic, it 
may effectively adsorb hydrophobic organic pollutants like PFAS. 
However, no prior research has looked into the adsorption of PFAS using 
biochar made from wasted microalgae biomass. To fill the aforemen
tioned gap, this study compares the effectiveness of two types of biochar 
made from the spent biomass of C. vulgaris and Scenedesmus sp. species 
with commercial GAC in terms of removing the two most well-known 
PFAS compounds, perfluorooctanoic acid (PFOA) and per
fluorooctanesulfonic acid (PFOS). This study evaluates the adsorption 
performance and mechanisms of microalgae-derived biochar by exam
ining kinetics, equilibrium isotherms, pH effects, and competitive 
adsorption with natural organic matter (NOM). The work aims to clarify 
the factors controlling PFAS removal and demonstrate the potential of 
microalgae-based biochar as a sustainable, high-performance adsorbent 
for the removal of emerging contaminants.

2. Materials and methods

2.1. Microalgae-derived biochar

Spent biomass from C. vulgaris and Scenedesmus sp. was obtained 
after Soxhlet lipid extraction with n-hexane, washed, oven-dried (60 ◦C, 
24 h), ground, and sieved (150 μm). Biochar was produced via pyrolysis 
at 600 ◦C for 2 h under N₂ (1 L/min, 10 ◦C/min), yielding 35 % of the 
final product. High-temperature pyrolysis enhanced carbonization, hy
drophobicity, and porosity [18]. The resulting biochar was washed, 
dried, and used for PFAS adsorption experiments.

2.2. Granular activated carbon

Commercial granular activated carbon (GAC, AquaSorb® HS, Jacobi 
Carbons), derived from coconut shells and steam-activated, was used at 
the same solid-to-liquid ratio as microalgae biochar to benchmark PFAS 
removal. Comparing biochar with an industry-standard adsorbent pro
vides a reference for evaluating adsorption efficiency and assessing the 
practical potential of microalgae-derived biochar as a sustainable 

alternative.

2.3. Microalgae-derived biochar and GAC characterization

Biochars and GAC were characterized for surface area, functional 
groups, morphology, elemental composition, and surface charge. Spe
cific surface area via nitrogen adsorption was determined based on 
Brunauer–Emmett–Teller (BET) analysis (Quantachrome Autosorb-iQ3- 
MP/Kr). Surface functional groups were identified using FTIR (Shi
madzu MIRacle 10, 4000–450 cm⁻¹). Morphology and elemental 
composition were assessed using SEM-EDS (Zeiss Supra 55VP with Ox
ford Instruments), with samples sputter-coated in chromium. Zeta po
tential was measured at varying pH (0.025 g adsorbent in 100 mL 1 mM 
KCl, pre-equilibrated 24 h) using a Malvern Zetasizer Ultra, with trip
licate measurements and 30 scans per sample.

2.4. Chemicals and reagents

PFOA and PFOS standards were obtained from Sigma-Aldrich 
(Australia). LCMS-grade methanol, ammonium acetate, humic acid, 
NaOH, and H₂SO₄ were of analytical grade and used as received.

2.5. Analytical methods

PFAS concentrations were measured using a Shimadzu LCMS-8060 
triple quadrupole MS (Shimadzu, Japan) with a Kinetex EVO C18 col
umn (100 ×2.1 mm, 5 µmm), employing negative-mode electrospray 
ionisation (ESI) and multiple reaction monitoring (MRM) for quantifi
cation. A calibration curve was made using standards ranging from 0.02 
to 20 µg/L. Samples were filtered (0.2 µm RC) before analysis. Control 
analyses confirmed the absence of PFAS contamination or loss. More
over, to minimize matrix effects, chromatographic separation was 
optimized on a Kinetex EVO C18 column using a methanol–water 
gradient with 5 mM ammonium acetate as a volatile buffer, which 
ensured a stable signal while avoiding non-volatile residue accumula
tion in the ion source. Matrix blanks and control/initial samples of the 
matrix were included in each batch to monitor background interference 
and to calculate sorption capacity or removal efficiency. These measures 
collectively minimized the influence of NOM and other substances on 
LC-MS/MS detection of PFOA and PFOS. Supplementary Tables S1 and 
S2 provide detailed LC-MS conditions and MRM parameters. Total dis
solved organic carbon (DOC) in humic acid–based natural organic 
matter (NOM) matrices was measured using a Multi N/C TOC analyzer 
after filtering using 1.2 µm, and pH was recorded with a HACH HQ40d 
MultiMeter.

2.6. Adsorption experiments

2.6.1. Batch adsorption setup
PFAS adsorption experiments were conducted in polypropylene 

containers at 20 ± 2 ◦C with shaking at 200 rpm. Single-solute tests used 
100 mL solutions of PFOA or PFOS (4 µg/L) with 0.25 g/L adsorbent, 
while competitive experiments included both PFAS (4 µg/L each) and 
humic acid (5 mg/L DOC) at adsorbent dosages of 0.5–1 g/L. The chosen 
concentration, 4 µg/L, is within the median range reported for 
groundwater and surface water [19]. This elevated concentration was to 
ensure high throughput and accurate PFAS analysis. It also presents a 
challenging condition and to assess the adsorption capacity of the bio
char under relatively high PFAS levels that may occur in industrial ef
fluents or heavily contaminated sites. All experiments were performed in 
duplicate with controls. Samples were collected at predetermined in
tervals, filtered (0.2 µm RC), and analyzed, with controls confirming no 
PFAS contamination from containers or filters.

The removal efficiency of each PFAS was calculated using Eq. 1: 
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R (%) =
(C0 − Ce) × 100

C0
(1) 

Where R (%) is the removal efficiency, C0 (µg/L) is the initial PFAS 
concentration, and Ce (µg/L) is the equilibrium PFAS concentration.

2.6.2. Adsorption kinetics
PFAS adsorption kinetics were assessed by sampling at specific times 

up to 120 min for biochar and 480 min for GAC. Data were fitted using 
pseudo-first-order and pseudo-second-order kinetic models [20] to 
evaluate adsorption rates as described in Eq. 2 and Eq. 3, respectively. 

qt = qe(1 − e− k1 t) (2) 

qt =
k2qe

2t
1 + k2qet

(3) 

Where t (min) is the contact time; qt (µg/g) is the PFAS uptake per unit 
mass of adsorbent at time t; qe (µg/g) is the qt value at equilibrium state; 
k1 (min− 1) and k2 (g/µg.min) are the pseudo-first-order and pseudo- 
second-order model constants, respectively. The kinetic parameters 
(qe, k1, and k2) were determined by fitting experimental data to pseudo- 
first-order and pseudo-second-order kinetic models using non-linear 
regression.

The amount of PFAS adsorbed per unit mass of adsorbent at time t 
was calculated using Eq. 4: 

qt =
(C0 − Ct)V

m
(4) 

Where qt (µg/g) is the mass of PFAS adsorbed per unit mass of adsor
bents; C0 (µg/L) is the initial concentration of PFAS in the solution; Ct 
(µg/L) is the concentration of PFAS in the supernatant at time t; V (L) is 
the solution volume; and m (g) is the amount of adsorbent.

2.6.3. Equilibrium adsorption isotherms
Batch adsorption isotherms were conducted using PFOA or PFOS 

solutions (0.5–20 µg/L) with 0.25 g/L adsorbent, shaken at 200 rpm for 
24 h to reach equilibrium. Data were fitted to Langmuir (Eq. 5) [21] and 
Freundlich (Eq. 6) [22] isotherm models to determine adsorption 
capacities. 

qe =
KL qmax Ce

1 + KLCe
(5) 

qe = KF C1/n
e (6) 

Where qe (µg/g) and Ce (µg/L) are the equilibrium concentration of PFAS 
in the solid (adsorbent) and aqueous phase, respectively; KL (L/µg) is the 
Langmuir adsorption constant; KF (µg/g)/(µg/L)1/n is the Freundlich 
adsorption constant; n represents adsorption intensity; qmax is the 
adsorption capacity of the adsorbent (µg/g). The adsorption isotherm 
parameter (KL, KF, n, and qmax) were determined by the experimental 
equilibrium data to the Langmuir and Freundlich models using non- 
linear regression.

2.6.4. Effect of pH
The effect of pH on PFOA and PFOS adsorption was evaluated over 

pH 4–10. The solution pH was adjusted using 0.1 M HCl or 0.1 M NaOH 
solution. Solutions (100 mL, 4 µg/L) with 0.25 g/L adsorbent were 
shaken at 200 rpm for 24 h to reach equilibrium. Final pH was measured 
to assess potential adsorption-related changes in solution chemistry or 
adsorbent surface charge.

2.6.5. Competitive adsorption
Natural waters and wastewater typically contain mixtures of PFAS 

alongside NOM. Thus, batch competitive adsorption experiments were 
conducted to assess PFAS removal in the presence of NOM, simulated 

with humic acid (5 mg/L DOC). PFOA and PFOS of 4 µg/L each were 
used in the test solution. Experimental procedures, sampling, and 
analysis followed the same protocol as the isotherm studies to evaluate 
competitive effects on adsorption performance.

3. Results and discussions

3.1. Microalgae-derived biochar and GAC characterisation

Surface properties of biochars, and GAC were characterized using 
BET surface area, zeta potential, FTIR spectroscopy, SEM, and EDS to 
elucidate mechanisms governing PFAS interactions.

PFAS adsorption correlated with adsorbent surface area, as larger 
surface areas provide more active sites [6]. GAC showed the highest 
specific surface area, while among the microalgae biochars, Scenedesmus 
sp. biochar had a higher surface area than C. vulgaris biochar (Table 1). 
Although biochars had lower surface areas than GAC, SEM imaging 
(Supplementary Data, Fig. S4) revealed porous micro- and meso
structures conducive to PFAS adsorption. Additionally, Scenedesmus sp. 
biochar exhibited a more developed porosity, indicating greater 
adsorption potential.

Zeta potential analysis revealed that both microalgae-derived bio
char and GAC possess negative surface charges at neutral pH (Table 1), 
which become increasingly negative with increasing pH (Supplementary 
Data, Fig. S6). This behavior is primarily due to the deprotonation of 
oxygen-containing surface functional groups [23], such as hydroxyl 
(O–H) and ether-like (C–O) moieties, as confirmed by FTIR analysis 
(Supplementary Data, Fig. S5). At low pH, these groups remain partially 
protonated, resulting in less negative surface charges, whereas higher 
pH promotes deprotonation (e.g., –O⁻), enhancing negative surface po
tential [24]. This pH-dependent charge behavior, characteristic of 
carbonaceous adsorbents, directly affects interactions with anionic 
PFAS: electrostatic repulsion increases at higher pH, potentially 
reducing adsorption efficiency for negatively charged contaminants 
[25].

FTIR spectra of C. vulgaris and Scenedesmus sp. biochars exhibited 
characteristic peaks near 1600 cm⁻¹ and 2900 cm⁻¹ , corresponding to 
aromatic C––C and aliphatic C–H stretching, respectively 
(Supplementary Data, Fig. S5), indicating graphitic and hydrophobic 
domains on the carbon surface [26]. These structural features reinforce 
the non-polar, aromatic nature of microalgae-derived biochar and its 
low water affinity, which favor adsorption of hydrophobic PFAS moi
eties. Elemental analysis (EDS) revealed inorganic constituents, 
including magnesium and calcium, originating from the microalgal 
biomass (Supplementary Data, Fig. S4). These mineral cations can act as 
bridging agents, linking negatively charged PFAS headgroups to the 
similarly charged biochar surface, thereby mitigating electrostatic 
repulsion and enhancing adsorption [27]. Collectively, the combination 
of hydrophobic/aromatic domains and surface minerals underpins the 
dual-mode adsorption mechanisms of microalgae-derived biochars.

3.2. Adsorption kinetics

The adsorption kinetics of PFOA and PFOS revealed rapid uptake by 
microalgae-derived biochars, reaching apparent equilibrium within 2 h. 
Scenedesmus sp. biochar demonstrated particularly fast and efficient 
removal, achieving 99 % PFOA removal within 60 min. In contrast, GAC 

Table 1 
Specific surface area and zeta potential of microalgae-derived biochar and GAC.

Adsorbents BET surface area (m2/g) Zeta potential (mV) 
(at pH=7)

C. vulgaris biochar 23 − 22.4
Scenedesmus sp. biochar 37 − 38.7
GAC 1050 − 23.2
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exhibited slower kinetics, requiring approximately 8 h to reach near- 
equilibrium with ~97 % removal. These findings align with previous 
reports indicating that biochar generally exhibits faster PFAS adsorption 
than GAC, likely due to accessible porosity, surface functional groups, 
and favorable hydrophobic and electrostatic interactions [28,29].

The adsorption of both PFOA and PFOS was better described by the 
pseudo-second-order model, with R2 values of over 0.91 (Fig. 1 and 
Table 2). In contrast, the pseudo-first-order model provided a poor 
fit—for instance, R2 values were below 0.41 for PFOA adsorption onto 
microalgae biochar.

The poor fit of the pseudo-first-order model indicates that the process 
is not controlled by simple physical adsorption. This model does not 
adequately capture the complexity of the interactions involved. Instead, 
the adsorption process is likely governed by hydrophobic interactions 
and site-specific adsorption mechanisms, where the availability and 
accessibility of active sites play a critical role. These characteristics are 

more accurately represented by the pseudo-second-order model.
It is noteworthy that the pseudo-second-order fitted qe values for 

biochars were comparable to, or higher than, those of GAC despite 
GAC’s much larger surface area. This apparent discrepancy arises 
because PFAS adsorption is controlled more by surface chemistry, pore 
accessibility, and hydrophobic domains than by the total surface area.

The higher pseudo-second-order rate constants (K₂) observed for 
biochars (0.036–0.052 g/μg⋅min) compared to GAC (0.017–0.020 g/ 
μg⋅min) further confirm the faster adsorption kinetics. Although 
adsorption is governed by site-specific interactions, the rapid approach 
to equilibrium is facilitated by the high external surface accessibility of 
microalgae-derived biochar. In fine powder form, the biochar exhibits 
shorter diffusion pathways and disperses more effectively in solution, 
allowing faster contact with PFOA and PFOS molecules. This promotes 
rapid surface adsorption through hydrophobic interactions.

While GAC has a higher surface area than biochar (Table 1), its larger 

Fig. 1. Kinetic model fitting for PFAS adsorption onto microalgae-derived biochar and GAC: PFOA adsorption (a) and (b); PFOS adsorption (c) and (d). Experimental 
conditions: initial PFOA or PFOS concentration = 4 μg/L, adsorbent dosage = 0.25 g/L, pH = 6.5 for PFOA and 6.0 for PFOS, temperature = 20 ± 2 ◦C. Error bars 
present the standard deviation of two replicating experiments.

Table 2 
Kinetic parameters calculated from the pseudo-first-order and pseudo-second-order models for the single-solute adsorption of PFOA and PFOS onto biochar and GAC. 
(Experimental conditions: initial PFOA or PFOS concentration = 4 μg/L, adsorbent dosage = 0.25 g/L, pH = 6.5 for PFOA and 6.0 for PFOS, temperature = 20 ± 2 ◦C.).

Adsorbents Pseudo-first order model Pseudo-second order model

qe 

(μg/g)
K1 

(min− 1)
R2 qe 

(μg/g)
K2 (g/μg.min) R2

​ PFOA
C. vulgaris biochar 7.5 ± 1.2 133.5 0.406 ​ 13.4 ± 1.1 0.052 0.962
Scenedesmus sp. biochar 10.7 ± 3.1 362.8 0.327 ​ 30.9 ± 8.7 0.036 0.913
GAC 12.3 ± 0.8 0.014 0.965 ​ 14.2 ± 0.9 0.017 0.979
​ PFOS
C. vulgaris biochar 4.9 ± 0.1 0.038 0.995 ​ 5.9 ± 0.2 0.041 0.995
Scenedesmus sp. biochar 7.4 ± 0.7 0.026 0.970 ​ 9.9 ± 1.7 0.042 0.996
GAC 12.6 ± 0.4 0.016 0.992 ​ 14.6 ± 0.9 0.020 0.996
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particle size and highly microporous structure result in slower diffusion 
and delayed adsorption kinetics. These results highlight the advantage 
of microalgae-derived biochar for applications where rapid PFAS 
removal is essential. In practical treatment systems, fast adsorption is 
particularly important, as it can reduce contact time, lower operational 
costs, increase system throughput, and allow for more compact reactor 
designs.

3.3. Adsorption isotherms

Adsorption isotherms were used to evaluate the capacity and 
mechanisms of PFOA and PFOS removal by microalgae-derived biochars 
and GAC. GAC exhibited the highest adsorption capacities, with qₘₐₓ 
values of 79 µg/g for PFOA and 319 µg/g for PFOS (Table 3), reflecting 
its large surface area and well-developed porous structure. Among the 
biochars, Scenedesmus sp. consistently outperformed C. vulgaris, 
achieving higher qₘₐₓ values for PFOS (43.1 vs. 35.7 µg/g) and PFOA 
(30.1 vs. 21.4 µg/g) (Table 3). PFOS showed greater adsorption than 
PFOA across all adsorbents, likely due to its longer carbon chain and 

higher hydrophobicity. Langmuir and Freundlich models (Fig. 3 and 
Table 3) were applied to describe adsorption behavior, suggesting 
monolayer adsorption predominated on GAC, whereas heterogeneous 
adsorption sites were more relevant for biochars. EDS analysis 
confirmed PFAS uptake through the detection of fluorine at adsorbent 
surfaces (Table 4), corroborating quantitative adsorption data and 
supporting the potential of microalgae biochars as practical PFAS 
sorbents.

PFOA adsorption onto biochars was better described by the Lang
muir model (Table 3), indicating monolayer adsorption on relatively 
homogeneous active sites. Freundlich isotherms yielded ‘n’ values 
greater than unity, reflecting favorable adsorption conditions [30]. The 
highest Freundlich constant (KF) values observed for GAC are consistent 
with its high adsorption capacity, as also indicated by its maximum 
adsorption capacity (qₘₐₓ) and Langmuir constant (KL). Notably, the 
Langmuir KL values for PFOS adsorption onto biochar were low, likely 
due to the trace PFAS concentrations used (0.5–20 µg/L), which fall 
within the linear region of the isotherm and may underestimate the true 
adsorption affinity. Isotherm data also emphasized the dominant role of 
hydrophobic interactions: PFOS exhibited higher adsorption than PFOA 
due to its longer perfluorinated carbon chain and sulfonic acid group 
(–SO₃⁻), compared to the carboxylic acid group (–COOH) in PFOA. 
Despite these differences, microalgae biochars demonstrated appre
ciable adsorption at environmentally relevant concentrations, support
ing their potential as sustainable adsorbents for legacy PFAS.

Scenedesmus sp. derived biochar exhibited higher adsorption capac
ities for PFOA and PFOS compared to C. vulgaris, reflecting its greater 
specific surface area and structural features. FTIR analysis indicated 
enhanced aromatic C––C content and the presence of a C–O functional 
group, which may facilitate weak hydrogen-bonding interactions with 
PFAS [31]. Due to electrostatic repulsion between the negatively 

Table 3 
Isotherm parameters calculated from the Langmuir and Freundlich models for the single-solute adsorption of PFOA and PFOS onto biochar and GAC. Experimental 
conditions: initial PFOA or PFOS concentration = 0.05–20 μg/L, adsorbent dosage = 0.25 g/L, pH = 6.5 for PFOA and 6.0 for PFOS, temperature = 20 ± 2 ◦C.

Adsorbents Langmuir model Freundlich model

qmax 

(μg/g)
KL 

(L/μg)
R2 KF [(μg/g)(L/μg)1/n] n R2

​ PFOA
C. vulgaris biochar 21.4 ± 1.8 0.82 0.932 ​ 8.88 3.20 0.832
Scenedesmus sp. biochar 30.1 ± 3.6 0.31 0.949 ​ 7.49 2.11 0.872
GAC 79.4 ± 21.4 12.4 0.790 ​ 121 1.98 0.727
​ PFOS
C. vulgaris biochar 35.7 ± 5.0 0.10 0.982 ​ 4.29 1.61 0.982
Scenedesmus sp. biochar 43.1 ± 7.5 0.14 0.965 ​ 6.78 1.76 0.980
GAC 319 ± 273 0.04 0.979 ​ 11.9 1.18 0.983

Table 4 
Fluorine content (wt%) measured by EDS before and after PFAS adsorption.

Adsorbents Before 
adsorption

After 
adsorption

After 
adsorption

PFOA PFOS

C. vulgaris biochar ND 0.49 0.62
Scenedesmus sp. 

biochar
ND 0.62 0.80

GAC ND 1.12 1.30

Note: ND = not detected.

Fig. 2. Effect of pH on the adsorption capacity of PFOA (a) and PFOS (b) in single-solute mode. Experimental conditions: initial pH range = 4–10, PFOA or PFOS 
concentration = 4 μg/L, adsorbent dosage = 0.25 g/L, temperature = 20 ± 2 ◦C. Error bars present the standard deviation of two replicating experiments.
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charged PFAS and biochar surfaces, hydrophobic interactions dominate 
adsorption, with cation bridging providing a secondary mechanism as 
discussed in Section 3.3. These findings demonstrate that the physico
chemical properties of biochars vary by microalgae species, influencing 
their effectiveness in PFAS removal.

3.4. Effect of pH on single adsorption

The effect of pH on the removal efficiency of PFOA and PFOS by 
microalgae-derived biochars and GAC is shown in Fig. 2. For both 
compounds, removal efficiency consistently decreased as pH increased, 
with this trend being more pronounced for the biochars compared to 
GAC. In contrast, GAC exhibited a more stable performance across the 
tested pH range. These results indicate that acidic conditions favor PFAS 

adsorption, suggesting that pH adjustment may be necessary to optimize 
the removal efficiency of pristine microalgae biochar.

The acid dissociation constant (pKa) indicates the pH at which a 
molecule donates a proton. Both PFOA (pKa ≈ 2.5–3.8) and PFOS (pKa <

1) are fully deprotonated and carry a negative charge under all tested pH 
conditions (pH 4–10) [32]. As pH increases, the adsorbent surface be
comes more negatively charged, as confirmed by zeta potential mea
surements (Fig. S6). This enhances electrostatic repulsion between the 
negatively charged PFAS molecules and the adsorbent surface, thereby 
reducing removal efficiency at higher pH values.

Despite the persistent negative surface charge, PFAS were still 
adsorbed by the biochar, indicating that adsorption is not solely gov
erned by electrostatics. Prior studies have also reported effective PFAS 
adsorption onto negatively charged carbon-based and mineral surfaces 

Fig. 3. Isotherm model fitting for PFAS adsorption onto microalgae-derived biochar and GAC: PFOA adsorption (a), (b), and (c); PFOS adsorption (d), (e), and (f). 
Experimental conditions: initial PFOA or PFOS concentration = 0.05–20 μg/L, adsorbent dosage = 0.25 g/L, pH = 6.5 for PFOA and 6.0 for PFOS, temperature = 20 
± 2 ◦C. Error bars present the standard deviation of two replicating experiments.
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[33,34], supporting the role of non-electrostatic mechanisms. While 
surface charge is an important factor, it does not fully dictate adsorption 
performance, particularly in systems where hydrophobic interactions 
dominate [35]. In such cases, hydrophobic interactions may play a more 
significant role in overcoming electrostatic repulsion. PFAS, with its 
highly hydrophobic fluorinated tail, tends to partition into nonpolar 
regions. Both GAC and biochar, characterized by their hydrophobic 
surfaces, provide favorable environments for PFAS adsorption through 
hydrophobic affinity. In this study, the presence of hydrophobic surface 
domains, evidenced by FTIR peaks corresponding to C–H and C––C 
bands, likely facilitated the hydrophobic partitioning of PFAS fluori
nated tails onto the biochar matrix. This mechanism helps offset elec
trostatic repulsion, particularly under mildly acidic to neutral pH 
conditions.

Additionally, elemental analysis revealed that both C. vulgaris and 
Scenedesmus sp. biochar contain calcium and magnesium, which may 
facilitate PFAS adsorption through cation bridging between the 

negatively charged PFAS headgroups and the biochar surface. This 
bridging is likely more effective under acidic conditions, where 
competition from hydroxide ions is minimized. At higher pH, the decline 
in sorption may therefore be due to both reduced cation bridging effi
ciency and intensified electrostatic repulsion. The decline is especially 
evident in C. vulgaris biochar, which has a lower surface area and less 
developed porosity compared to Scenedesmus sp. biochar (Table 1 and 
Fig. S4).

3.5. Competitive adsorption

Competitive adsorption experiments evaluated the removal of PFOA 
and PFOS by Scenedesmus sp. and C. vulgaris biochars and GAC in both 
clean water and in the presence of humic acid as a NOM surrogate. GAC 
maintained consistent PFAS removal across matrices, while Scenedesmus 
sp. biochar outperformed C. vulgaris, particularly under competitive 
conditions (Fig. 4). In single-solute tests, all adsorbents achieved near- 
complete removal (100 %) at 0.25 g/L. Under competitive conditions, 
PFOA removal declined significantly (≈46 % for biochar, 30 % for GAC 
at 0.5 g/L), whereas PFOS remained largely unaffected (>95 %). The 
presence of NOM (DOC ≈ 5 mg/L) further reduced adsorption, with 
PFOS removal dropping to 70 % for Scenedesmus sp. biochar and 78 % 
for GAC; increasing the adsorbent dose to 1 g/L improved removal to 
87 % (PFOS) and 80 % (PFOA) (Fig. 4). PFOS consistently showed 
higher removal due to stronger hydrophobicity. NOM inhibited 
adsorption by coating surfaces with polar groups, blocking active sites, 
and reducing hydrophobic interactions, highlighting the influence of 
matrix complexity on PFAS removal.

3.6. Future outlook

Microalgae-derived biochar shows lower adsorption capacity for 
PFAS than commercial GAC, with efficiency further reduced by 
competing organic matter and pH effects. Adsorption can be enhanced 
through surface activation (e.g., KOH or HCl) and chemical modification 
(e.g., metal oxide doping or cationic polymer coating) to increase sur
face area and introduce positively charged sites that mitigate electro
static repulsion. Combined activation and functionalization is especially 
promising. Future studies should evaluate performance in complex 
matrices, such as PFAS mixtures in wastewater or leachate, and assess 
regenerability over multiple cycles to establish microalgae biochar as a 
sustainable PFAS remediation option.

4. Conclusions

This study demonstrated microalgae-derived biochar as an effective 
adsorbent for legacy PFAS, outperforming GAC in adsorption rate and 
maintaining efficiency in the presence of NOM. Adsorption capacities 
were species-dependent, with Scenedesmus sp. biochar showing superior 
removal for PFOA (30.1 µg/g) and PFOS (43.1 µg/g). The adsorption 
process followed Langmuir and the Freundlich models, primarily driven 
by hydrophobic interactions and assisted by cation bridging. Overall, 
these results demonstrate the potential to convert waste microalgal 
biomass from biofuel production into a sustainable material for PFAS 
remediation.
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