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A B S T R A C T

Per- and polyfluoroalkyl substances (PFAS) have gained global attention in recent years due to their adverse 
effect on environment and human health. In this study, a novel and cost-effective sorbent was developed utilizing 
forestry by-product pine bark and tested for the removal of PFAS compounds from both synthetic solutions and 
contaminated groundwater. The synthesis of the adsorbent included two steps: 1) loading of cetyl-
trimethylammonium bromide (CTAB) onto the pine bark and followed by 2) a simple coating of magnetite 
nanoparticles. The developed sorbent (MC-PB) exhibited 100 % perfluorooctanoic acid (PFOA) and per-
fluorooctanesulfonic acid (PFOS) removal from synthetic solution (10 µg/L PFOA and PFOS) and enabled quick 
magnetic separation. A rapid removal of PFOA (> 80 %) by MC-PB was observed within 10 min from synthetic 
PFOA solution and the adsorption equilibrium was reached within 4 h, achieving > 90 % removal of PFOA 
(dosage 2 g/L, PFOA 10 mg/L, initial pH 4.2). The PFOA adsorption kinetics fitted well to an optimized pseudo- 
order model (R2=0.929). Intra-particle diffusion and Boyd models suggested that the adsorption process was not 
governed by pore diffusion. The maximum PFOA adsorption capacity was found to be 69 mg/g and the 
adsorption isotherm was best described by the Dual Mode Model (R2=0.950). The MC-PB demonstrated > 90 % 
PFOA and PFOS removal from contaminated groundwater. Furthermore, both short- and long-chain per-
fluorosulfonic acids and 6:2 fluorotelomer sulfonate were efficiently removed resulting in 83.9 % removal to-
wards total PFAS (2 g/L dosage).

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a diverse group of 
man-made fluorinated organic chemicals that have been produced since 
the 1940s [1]. PFAS show high chemical stability due to the strong C-F 
bond. Additionally, the fluorinated alkyl chain provides the compounds 
with good hydrophobicity and lipophobicity. These unique properties 
make PFAS desirable for use in a wide range of consumer and industrial 
products such as nonstick cookware, water-repellent clothing, fire-
fighting foams, stain resistant fabrics, food contact papers, etc. [2]. 
However, PFAS are considered as “forever chemicals” because of their 
long half-life in the environment. Their mass production and widespread 
use have resulted in an extensive release of PFAS into the soil, air and 

water, which has been raising global concern due to their toxicity, 
persistence and bioaccumulative potential [3]. Previous studies had 
shown that some serious health problems were associated with exposure 
to PFAS compounds [4]. Therefore, the development of effective ap-
proaches to remove PFAS from an aquatic environment has become 
essential.

Current treatment techniques include membrane filtration [5], 
coagulation, adsorption [6], biological treatment [7] and advanced 
oxidation and reduction processes [8,9]. As an effective and convenient 
operation method, the adsorption of PFAS from the water matrix has 
attracted continuous attention owing to its wide applicability, 
cost-effectiveness and ease of operations. A diverse array of sorbents 
such as biochar [10,11], activated carbon [12], resins [13], clay 

* Corresponding author.

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

https://doi.org/10.1016/j.jece.2024.114006
Received 25 February 2024; Received in revised form 31 July 2024; Accepted 30 August 2024  

Journal of Environmental Chemical Engineering 12 (2024) 114006 

Available online 2 September 2024 
2213-3437/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2024.114006
https://doi.org/10.1016/j.jece.2024.114006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2024.114006&domain=pdf
http://creativecommons.org/licenses/by/4.0/


materials [14] and covalent organic frameworks (COFs) [15] have been 
used for PFAS removal. However, the high costs and regeneration ex-
penses of some adsorbents limit their widespread applications. There-
fore, the development of cost-effective bio-based adsorbents for PFAS 
removal have received increasing attention in recent decades. Various 
materials, including bark chips [16], quaternized cotton [17] and ami-
nated rice husk [18] have been used for PFAS removal. These bio-based 
materials are normally cheap, abundant and require less processing, and 
thus can be promising alternatives to costly commercial sorbents. 
However, raw bio-based sorbents usually show inadequate adsorption of 
PFAS. Hence, grafting raw biomass with different functional groups (e.g. 
amine group, quaternary ammonium group, hydrophobic chains) has 
been performed to enhance their adsorption ability for PFAS compounds 
[18]. After the adsorption treatment, filtration and sedimentation can be 
used to separate the exhausted sorbents from the treated water. In recent 
years, as an alternative, magnetic nanomaterials have been investigated 
by many researchers due to their quick and effective magnetic separa-
tion property in wastewater treatment processes. Many studies have 
reported the effectiveness of synthesized magnetic biosorbents for the 
removal of heavy metals [19,20], antibiotics [21] and dyes [22,23] from 
water. Park et al. reported that magnetic anion-exchange resin achieved 
good settleability in PFAS removal [24].

In this study, a novel composite, magnetite coated cetyl-
trimethylammonium bromide (CTAB) pine bark (MC-PB) was synthe-
sized and used for PFAS removal from both synthetic PFAS solutions and 
contaminated groundwater. The modification was first conducted by 
loading CTAB onto the pine bark particles followed by a simple 
magnetite coating (with Fe3+ and Fe2+) process. The cationic surfactant 
CTAB introduced onto the sorbent facilitates its adsorption ability to-
wards various water pollutants through hydrophobic and electrostatic 
interactions. Moreover, the magnetism allows rapid sorbent separation 
from water. To the best of our knowledge, this is the first study to report 
the two-step modification (CTAB impregnation followed by magnetite 
coating) of a sorbent used for PFAS removal. The adsorption behaviour 
towards PFAS was investigated by means of batch tests using synthetic 
PFAS solutions. The adsorption kinetics and isotherms of PFOA were 
studied. Different characterization techniques were applied to investi-
gate the properties of the synthesized sorbent before and after the 
adsorption experiment. Finally, the adsorption performance of the pre-
pared sorbent towards different PFAS in real groundwater was 
investigated.

2. Materials and methods

2.1. Raw materials and chemicals

The raw pine bark (raw PB) was collected from the RoihuPuu Oy 
(Oulu, Finland) and dried at 80 ℃ for 24 h and then sieved to obtain a 
90–250 µm fraction for further use. Cetyltrimethylammonium bromide 
(CTAB, >99 %) was purchased from ACROS Organics. Iron (III) chloride 
hexahydrate (FeCl3•6H2O, >99 %, ACROS Organics) and iron (II) sul-
fate heptahydrate (FeSO4•7H2O, >99 %, J.T. Baker) were used for 
magnetic component impregnation. Perfluorooctanoic acid (PFOA, 
C7F15COOH, >95 %) and perfluorooctanesulfonic acid (PFOS) were 
purchased from Sigma-Aldrich. NaOH (ACROS Organics) and HCl 
(37 %, Merck) were used for pH adjustment. All chemicals used in this 
study were of analytical grade. The groundwater was sampled from an 
area near a hotspot where PFAS-containing film forming foams (FFF) 
had been used in firefighting training activities.

2.2. Synthesis of MC-PB pine bark

Firstly, CTAB modification was made by adding 250 mL of CTAB 
solution (12 g/L) to 10 g of pine bark (pine bark: CTAB=1:0.3 w/w). 
Then the solution was mixed in a horizontal rotary shaker for 48 h at 
room temperature. Next, the mixture was filtered and washed with tap 

water to remove the unreacted reagent. The obtained CTAB-modified 
pine bark was then dried in an oven at 60 ℃ for 24 h, after which it 
was ready to be used for the subsequent magnetic component impreg-
nation. Briefly, 6 g of CTAB-modified pine bark was dispersed in 200 mL 
ultrapure Milli-Q water and the solution was mixed using a magnetic 
stirrer. Then 6.43 g of FeCl3•6H2O and 3.34 g of FeSO4•7H2O (Fe3+: 
Fe2+=2:1) were dissolved in 60 mL of ultrapure Milli-Q water. There-
after, the mixed iron solution and NaOH (1 M) were added dropwise to 
the dispersed pine bark solution during agitation, and the pH was 
maintained in the range of 9–10. The mixture was then heated up to 80 
℃ and stirred for 3 h. Upon completion of the reaction, the solution was 
cooled down to room temperature and the solid product (MC-PB) was 
filtered using vacuum filtration and washed with tap water. The ob-
tained product was then dried in the oven at 60 ℃ for 24 h. To identify 
the synthesized magnetic particles in this study, the magnetic modifi-
cation was repeated in the absence of CTAB-modified pine bark. The 
synthesized pure magnetic particles were then characterized by XRD 
and TEM analysis. Additionally, the magnetic pine bark (magnetic PB) 
was also synthesized without CTAB modification to compare its PFOA 
adsorption behaviour with that of MC-PB (adsorption conditions: dosage 
4 g/L, initial PFOA concentration 10 mg/L, contact time 24 h). It should 
be noted that no significant change in the size of the sorbent was 
observed after CTAB modification.

2.3. PFOA removal with MC-PB

2.3.1. Effect of solution pH
PFOA removal with MC-PB was conducted in batch mode at room 

temperature. The sorbent (2 g/L) was weighed into 15 mL VWR 
centrifuge tubes and 10 mL of PFOA solution (10 mg/L) was added. A 
concentration of 10 mg/L PFOA solution was selected because PFOA 
concentration in polluted water can range from ng/L to several mg/L 
[25]. The pH of the PFOA solution was adjusted in the range of 4.0–11.0. 
The tubes were shaken for 24 h in a Fisherbrand tube rotator. All ex-
periments were conducted in duplicate. After the adsorption experi-
ment, the supernatant was separated with a magnet. It is worth noting 
that, in real-world applications, the separation of the sorbent will 
depend on its weight and how the sorbent is applied. These factors 
should be carefully designed and evaluated before practical imple-
mentation. PFOA concentration was analysed using ultra-high perfor-
mance liquid chromatography (Acquity UPLC System, Waters) coupled 
with a tandem mass spectrometer (Q ExactiveTM Plus Hybrid 
Quadrupole-Orbitrap 176 TM Mass Spectrometer, Thermo) (UPLC-MS). 
An Acquity UPLC® BEH C18 column (1.7 μm, 181 2.1 × 100 mm col-
umn, Waters) was used and operated at 50 ℃. The mobile phase A was 
10 mM ammonium acetate in water and the mobile phase B was absolute 
methanol. The injection flow rate was set at 0.3 mL/min (volume 10 µL) 
at a temperature of 50 ℃. The limit of detection (LOD) was 0.1 µg/L, the 
limit of quantification (LOQ) was 1 µg/L. Detailed information on the 
PFOA and PFOS analytical methods can be found in the supplementary 
material (Table S1).

2.3.2. Effect of contact time
PFOA removal from the aqueous solution was conducted using 

different contact times (10 min–72 h). A dosage of 2 g/L, an initial PFOA 
concentration of 10 mg/L and a solution pH of 4.2 (without adjustment) 
were kept constant, yielding an initial concentration of 5 mg PFOA per g 
sorbent. Otherwise, the adsorption procedure described in Section 2.3.1
was followed. The data were then fitted with the pseudo-first-order 
(PFO, Eq. S1) [26], pseudo-second-order (PSO, Eq. S2) [27], Elovich 
models (Eq. S3) [28], intra-particle diffusion model (Eq. S4) [29], Boyd 
model (Eqs. S5 and S6) [30] and the optimized pseudo-order model (Eq. 
S7), which arises from the integration of the kinetics rate law [31]. All 
the equations and descriptions can be found in Text S1.
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2.3.3. PFOA adsorption capacity
PFOA solutions (10–671 mg/L) were prepared without pH adjust-

ment. Contact time (24 h) and sorbent dosage (2 g/L) were maintained 
constant. The adsorption procedure used was the same as described in 
Section 2.3.1. The PFOA adsorption capacity (q) was obtained as shown 
in Eq. 1: 

q =
(Ci − Cr)V

m
(1) 

where Ci (mg/L) and Cr (mg/L) are the initial PFOA concentration and 
the residual PFOA concentration in solution, V (L) is the solution volume 
and m (g) is the adsorbent weight.

The acquired data was fitted to the non-linear two-parameter 
isotherm form of the Langmuir (Eq. S8) and Freundlich (Eq. S9) models, 
and the non-linear three-parameter form of Redlich-Peterson (Eq. S10) 
and Dual Mode models (Eq. S11). The latter was developed from the 
Langmuir equation by adding a partition factor [32] that reflects the 
affinity of the adsorbate to the sorbent. All the equations are described in 
Text S2.

Additionally, considering environmentally realistic concentrations 
of PFAS, adsorption tests (dosage 2 g/L) were performed in single sys-
tems (PFOA and PFOS) and co-existing systems (PFOA+PFOS) at low 
concentrations (10 µg/L and 100 µg/L).

2.3.4. PFOA removal from real groundwater
To evaluate the efficiency of MC-PB for PFAS removal in real cases, 

groundwater contaminated with PFAS was used for the batch adsorption 
experiment. A dosage of 2 g/L MC-PB was weighed and subsequently 
mixed with 250 mL of sampled groundwater in bottles. The mixture was 
subjected to a rotary mixer for 12 h at room temperature to ensure 
sufficient time for reactions between PFAS and the sorbent. The 
adsorption test was done in duplicate. After the experiment, the super-
natant was separated from the sorbent with a magnet. The concentration 
of PFAS compounds in the groundwater before and after the adsorption 
test was analysed by Eurofins Food & Feed Testing Sweden AB with 
German standard method DIN 38407–42 using high performance liquid 
chromatography and mass spectrometric detection (HPLC/MS-MS) after 
solid-liquid extraction.

2.4. Characterization methods

Raw PB, MC-PB and PFOA-treated MC-PB (initial PFOA concentra-
tion 100 mg/L) were characterized by X-ray photoelectron spectroscopy 
(XPS) and Fourier transform infrared (FTIR) spectroscopy. XPS was 
performed on a Thermo Fisher Scientific ESCALAB 250xi instrument 
with a monochromatic Al Kα source (1486.6 eV). The charge calibration 
was done by setting the binding energy of adventitious carbon to 
284.8 eV. FTIR spectra were acquired in the 400–4000 cm− 1 wave-
number range using a Bruker Vertex V80 vacuum FTIR spectrometer, 
and the recorded spectra were visualized using the OPUS program. The 
synthesized pure magnetic particles, MC-PB and PFOA-treated MC-PB, 
were characterized using X-ray diffraction (XRD) performed using a 
Rigaku Smartlab rotating anode diffractometer with Co Kα radiation. 
The morphology and elemental distribution of the samples were ana-
lysed using an energy-filtered transmission electron microscope (JEOL 
JEM-2200FS EFTEM/STEM (scanning transmission electron micro-
scopy)) equipped with a JEOL Dry SD100GV energy dispersive X-ray 
spectroscopy (EDS) detector and field emission scanning electron mi-
croscope (FESEM).

3. Results and discussion

3.1. PFOA removal studies

The magnetic PB achieved a PFOA removal efficiency of 15 % 

±0.1 %, which was much lower compared to MC-PB (87.9 %±0.8 %) 
under the same adsorption conditions (dosage 4 g/L, initial PFOA con-
centration 10 mg/L, contact time 24 h), confirming that CTAB modifi-
cation played an essential role in the PFOA adsorption process.

3.1.1. Effect of solution pH
The effect of the solution pH on the PFOA removal efficiency of MC- 

PB is shown in Fig. 1 (a). The highest removal efficiency (94.6 %±0.7 %) 
was achieved at pH 4. At the initial pH of the PFOA solution (pH 4.2, 
PFOA concentration 10 mg/L), the removal efficiency was 90.5 % 
±1.1 %. PFOA removal efficiency (80.9–91.6 %) was relatively stable in 
the pH range of 5.0–9.0. It has been reported that hydrophobic inter-
action is not sensitive to changes in pH [1], and this is in accordance 
with the results in this study that there was no substantial difference in 
PFOA removal in the pH range of 4–9. With a further increase in pH from 
10 to 11, the PFOA removal efficiency dramatically decreased from 
57.2 %±0.7 to 30.0 %±3.2, which was attributed to higher pHpzc value 
of the CTAM-modified sorbent [33].

3.1.2. Effect of contact time and adsorption kinetics
The effect of contact time on PFOA removal by MC-PB is presented in 

Fig. 1(b). A rapid removal of PFOA (>80 %) was observed in the first 
10 min. Then the removal efficiency increased to 92.7 %±0.5 % within 
4 h and remained stable in the range of 92.7 %-95.3 % with further 
contact time (4h-72h). Equilibrium was reached after 4 h. The adsorp-
tion kinetics were investigated by the non-linear pseudo-first-order 
(PFO), pseudo-second order (PSO) Elovich, and optimized pseudo-order 
(OPO) (Fig. 2 (a)) models. The qe (mg/g) obtained from the PFO, PSO 
and OPO models (Table 1) was close to the experimental data (5.0 mg/ 
g), but the fit of PFO and PSO, as can be observed from the determina-
tion coefficient (R2), is not good. Elovich model showed a reasonable fit 
to the data. The model has been extensively applied to chemisorption 
reactions [28]. However, the best fit from those models was obtained by 
the optimized pseudo-order model (R2=0.929). Intra-particle diffusion 
and the Boyd model were applied to the data to further understand the 
adsorption behaviour. The linear plot of qt versus t½ with a zero inter-
cept indicates that the adsorption process is controlled by intra-particle 
diffusion. In this study, the plot of qt versus t½ exhibited two regions 
(Fig. S1 (a)). The first linear region indicates film diffusion, while the 
second region typically suggests intra-particle diffusion. However, the 
second region in the present study presented very poor linearity and the 
value of qt remained quite stable with an increased t½. These results 
suggested that the adsorption process was not controlled by 
intra-particle diffusion and that film diffusion may play a more impor-
tant role in adsorption behaviour. The Boyd model could help to predict 
the rate-limiting step of the adsorption process, e.g. if the plot of Bt 
versus time t is in linear form and passes through the origin, then in-
ternal diffusion is considered to be the rate-limiting step [34]. The Boyd 
plot in this study was not linear and did not pass through the origin 
(Fig. S1 (b)). This indicated that intra-particle diffusion was not the 
rate-limiting step.

3.1.3. Adsorption isotherms
The maximum adsorption capacity of MC-PB was determined to be 

69 mg/g and it exhibited an increase with the PFOA concentration. This 
phenomenon can be attributed to the stronger driving force between the 
sorbent and sorbate at a higher PFOA concentration. Subsequently, the 
data was fitted to the non-linear Langmuir two-parameter isotherms, i.e. 
Langmuir and Freundlich, and non-linear three-parameter isotherms, i- 
e- Redlich-Peterson and Dual Mode (Fig. 2 (b)). The Redlich-Peterson 
model was found to provide relatively good fit to the experimental 
data in terms of the highest R2 (0.930) and lowest χ2 value (Table S2). 
According to this model, if the exponent g value is close to unity, the 
adsorption is compatible with the Langmuir model rather than the 
Freundlich model [35]. In this study, the g value (0.622) was not close to 
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unity. The result indicated that the adsorption process may not occur at 
a homogenous surface. However, it should be noted that the best fit was 
obtained for the three-parameter Dual Mode model (R2=0.950), which 
is based on a combination of the Langmuir mechanism that is significant 
mostly at low adsorbed amounts, and a partition mechanism between 
the solvent and sorbent, which becomes significant at larger equilibrium 
concentrations [36,37]. This suggests that the adsorption mechanism is 
based on such a combination. However, the variations in the repeats 
around concentrations of 400 mg/L and 500 mg/L were relatively large, 
and overall, none of these models provided a perfect fit to the adsorption 
isotherm. Moreover, typically the adsorption mechanisms cannot be 
directly determined based on theoretical adsorption models; instead, 
other mechanistic adsorption models have to be used in combination 
with analytical characterization techniques [35,38]. PFOS removal 
reached 100 % at a lower initial concentration (10 µg/L and 100 µg/L) 
in both single and co-existing systems (Table S3). The removal efficiency 
of PFOA was 100 % at an initial concentration of 10 µg/L in both sys-
tems; the removal efficiency slightly decreased to 98 % when the initial 
concentration was increased to 100 µg/L. The results suggested that 
MC-PB can remove PFOA and PFOS efficiently at environmentally 

realistic concentrations.

3.1.4. PFAS removal from real groundwater
The groundwater mainly contained perfluorosulfonic acids (PFSAs, 

C4–C8) and perfluorocarboxylic acids (PFCAs, C4–C8). In addition, 
6:2 fluorotelomer sulfonate (6:2 FTS) was detected. Other long-chain 
PFSAs and PFCAs (C>9) existed in small amounts (< 10 ng/L). The 
distribution of the main PFAS in raw groundwater, and the concentra-
tions of the PFAS compounds in the groundwater before and after the 
adsorption test are listed in Table 2. Perfluorohexanesulfonic acid 
(PFHxS) was the most abundant species in the groundwater, accounting 
for over 50 % of the total PFAS concentration. Next, noticeable amounts 
of PFBS, PFPeS, PFHxA and PFOA were observed in the range of 
1200–1900 ng/L. The PFAS removal efficiency from groundwater by 
MC-PB is presented in Fig. 3. High removal efficiency (>80 %) was 
achieved for most of the PFAS. The MC-PB was efficient in removing 
both short- and long-chain PFSAs with removal efficiency in the range of 
77.9–99.5 %. The sorbent also showed good removal efficiency 
(81.0–90.8 %) towards long-chain PFCAs (C7 and C8), whereas inad-
equate adsorption ability was observed towards short-chain PFCAs (C4 

Fig. 1. Effect of solution pH (a) and contact time (b) on PFOA removal efficiency onto MC-PB (dosage 2 g/L; initial PFOA concentration 10 mg/L; temperature 21 ℃; 
contact time 24 h (for effect of pH experiment); initial solution pH 4.2 (for effect of solution pH experiment); error bars represent the range of two replicates).

Fig. 2. Adsorption kinetics (a) and isotherms (b) by non-linear models for PFOA removal onto MC-PB (dosage 2 g/L; pH initial 4.2; initial PFOA concentration 
10 mg/L (for kinetics); initial PFOA concentration 10–671 mg/L (for isotherm); temperature 21 ℃; error bars represent the range of two replicates).
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and C5). It has been reported that PFSAs were more readily adsorbed 
onto the oxide surface and their adsorption capacities on other sorbents 
were higher than those of PFCAs with the same carbon numbers. This is 
probably due to the PFSAs being more hydrophobic than PFCAs (for the 
same chain length) [39]. In this study, it was observed that higher 
removal efficiency could be achieved for PFHxS compared to PFHxA by 
MC-PB;a similar result was reported in the case of GAC sorbent by 
Westreich et al. (2018). In addition, MC-PB was able to remove 99.9 % 
of 6:2 FTS from the groundwater. Overall, the total PFAS removal effi-
ciency from groundwater was 83.9 % (without pH adjustment), which is 
comparable to some reported commercial sorbents with the same dosage 
(2 g/L) [40]. This suggested that use of the prepared sorbent in real 
applications is feasible. Future scale-up possibilities can be further 
evaluated through column studies and field studies.

3.2. Characterization of the adsorbent

3.2.1. Identification of Fe3O4 particles
XRD profiles of the synthesized magnetic particle, MC-PB and PFOA- 

treated MC-PB are shown in Fig. 4 (a). For the synthesized magnetic 
particle, the main characteristic peaks observed with the HKL values of 
(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) correspond to the 
magnetite (Fe3O4) phase [41]. MC-PB and PFOA-treated MC-PB pre-
sented an amorphous form together with distinguishable Fe3O4 peaks. 
These findings indicated that Fe3O4 particles had successfully been 
introduced and stabilized on the pine bark. In addition, the successful 
separation of the used MC-PB from the solution was achieved by using a 
magnet, which confirmed the magnetism of the sorbent.

3.2.2. Changes in surface functional groups
The FTIR spectra of the samples are shown in Fig. 4 (b). The broad 

absorption band at 3404 cm− 1 can be observed for all the samples, 
corresponding to the symmetric O–H stretching in general, including 
hydroxyl and phenolic group in bark materials [42]. Methyl (CH3) and 
methylene (CH2) groups exhibit a set of symmetric and asymmetric vi-
brations [43]. The broad band at approx. 2922 cm− 1 in the raw PB is 
ascribed to a combination of those vibrations in lignin-containing ma-
terials [44,45]. After modification, the intensity of the stretching vi-
brations of the CH2 asymmetric and symmetric (at 2922 cm− 1 and 
2851 cm− 1, respectively) bonds is enhanced, due to the large amount of 
methylene groups introduced by the CTAB molecules. [46]. The peak at 
1606 cm− 1 belongs to the stretching vibration of the original amine 
group in bark materials [46]. The band at 1733 cm− 1 in the raw PB is 
attributed to the stretching vibration of the C=O group in the ester group 
present in hemicelluloses [47,48], and the peak at 1509 cm− 1 is related 
to the C=C stretching of the aromatic skeleton of lignin [49,50]. How-
ever, both peaks significantly decreased after modification. The bands at 
1239 cm− 1 and 1204 cm− 1 were obvious after PFOA adsorption, 
matching the CF3 and CF2 groups from the adsorbed PFOA [50]. At the 
same time, an absorption band at 1683 cm− 1 appeared after adsorption, 
corresponding to the C=O vibration in carboxylic group from PFOA 
[51]. The differences in the FTIR spectra due to PFOA adsorption (in-
crease of C=O and C-F bands and decrease in the C=C band) are 
emphasized in Fig. S2, which exhibits the spectrum of the subtraction of 
the modified pine bark from the PFOA-modified PB sample. The results 
confirmed the successful modification of CTAB onto the pine bark and its 
adsorption ability towards PFOA.

Further analysis of the changes in surface structure and functional 
groups of the adsorbent was conducted by XPS. According to the surface 
element compositions by XPS analysis (Table 3), the raw pine bark 
contained mainly carbon (79.3 %) and oxygen (20.1 %) with a small 
amount of nitrogen (0.58 %). After modification, the nitrogen content 
slightly increased, and iron was detected due to the successful grafting of 
the quaternary ammonium surfactant (CTAB) and magnetic particles 
onto the pine bark. The sample of PFOA-treated MC-PB showed a fluo-
ride content of 14.7 %, which confirmed that PFOA was attached to the 

Table 1 
Parameters of the PFO, PSO, Elovich, intra-particle diffusion and Boyd models.

Models Parameters MC-PB

Pseudo-first-order k1 (1/min) 0.201
qe (mg/g) 4.469
R2 0.449
χ2 0.082

Pseudo-second-order k2 (g/mg × min) 0.102
qe (mg/g) 4.561
R2 0.784
χ2 0.033

Elovich α (mg/(g×min)) 3.756E+11
β (g/mg) 7.810
R2 0.845
χ2 0.023

Optimized pseudo-order ka (depending on na) 0.0349
na (dimensionless) 4.068
qe (mg/g) 4.811
R2 0.929
χ2 0.011

Intra-particle diffusion ki,1 (mg/g × min½) 0.055
C1 3.737
R1

2 0.994
χ1

2 3.5E− 4

Table 2 
PFAS concentration in the groundwater before and after adsorption onto MC-PB 
(dosage 2 g/L; pH 7.4; contact time 12 h; temperature 21 ℃).

PFAS 
category

PFAS 
compound

Concentration in 
groundwater (ng/L)

Concentration after 
adsorption (ng/L)

PFSAs PFBS (C=4) 1400 310
PFPeS (C=5) 1300 64
PFHxS 
(C=6)

9700 260

PFHpS 
(C=7)

65 <0.3

PFOS (C=8) 120 <10
PFCAs PFBA (C=4) 320 320

PFPeA 
(C=5)

670 640

PFHxA 
(C=6)

1900 1100

PFHpA 
(C=7)

510 97

PFOA (C=8) 1200 110
6:2 FTS 330 <0.3
Sum of 

PFAS
18000 2900

Fig. 3. PFAS removal efficiency from groundwater onto MC-PB (dosage 2 g/L; 
contact time 12 h; temperature 21 ℃).
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MC-PB.
The C 1 s spectra of the raw PB and MC-PB could be fitted into four 

major peaks (Fig. 5): aromatic and aliphatic carbon (C1; C–C/C–H) at 
284.8 eV; carbon single bonds with oxygen and nitrogen (C2; C–O/C–N) 
at 286.3 ± 0.1 eV; carbon double bonds with oxygen (C3; C=O) at 287.9 
± 0.3 eV; and C4 (O–C=O) originating from the ester group present in 
hemicellulose [51,52]. The C 1 s region of the PFOA-treated MC-PB was 
fitted into five peaks. In addition to the four above-mentioned peaks 
(C1–C4), a new peak C5 was observed at 291.4 eV, which was related to 
the C–F bond in PFOA (in C–F2). Additionally, the C–F bond (in C–F3) 
should have existed at ~294 eV in the C 1 s spectrum of PFOA-treated 
MC-PB, but the peak was not obvious. This is probably because the 
proportion of the C–F bond (in C–F3) is lower than that of the C–F bond 
(in C–F2) in PFOA. Finally, the C=O bond slightly shifted to a higher 

binding energy, which was probably due to the presence of a carboxylic 
group derived from adsorbed PFOA.

In the region of N1s spectra, the raw PB presented two peaks, at 
400.1 eV and 402.1 eV (Fig. 6). The peak at 400.1 eV corresponded to 
the nitrogen bound to carbon in amines or amides originating from ni-
trogen compounds in the raw biomass [53,54]. The peak at 402.1 eV 
was related to the protonated amino groups (-NH3

+/-N(CH3)3
+ [53]. After 

modification, the peak at ~402 eV was significantly enhanced, and this 
confirmed the presence of quaternary nitrogen [54], which can provide 
active binding sites for anionic pollutant adsorption through electro-
static attraction [53]. The observed quaternary nitrogen revealed the 
successful introduction of CTAB onto the raw PB. Moreover, the peak 
assigned to the quaternary nitrogen was still observed in PFOA-treated 
MC-PB after the adsorption process and the nitrogen content in MC-PB 
before and after PFOA adsorption remained unchanged (Table 3). This 
indicated that the introduced quaternary nitrogen groups were stable 
and may not have leached out during the adsorption process. The results 
indicated that electrostatic interactions between the anionic headgroup 
of PFAS and the cationic ammonium group of the MC-PB were involved 
in the adsorption process. The F 1 s spectrum of PFOA-treated MC-PB 
displayed a single peak at 688 eV (Fig. S3), which corresponds to 
organic fluorine bonding. This confirmed that PFOA was successfully 
adsorbed onto MC-PB.

Fig. 4. XRD profiles (a) of synthesized magnetic particles, MC-PB and PFOA-treated MC-PB and FTIR spectra (b) of raw PB, MC-PB and PFOA-treated MC-PB.

Table 3 
Surface composition (at.%) of raw, modified and PFOA-treated MC-PB by XPS 
analysis (initial concentration of PFOA=100 mg/L).

Sample Atomic percentage of the elements (%)

C O N Fe F

Raw PB 79.3 20.1 0.6 - -
MC-PB 58.8 35.6 0.8 4.8 -
PFOA-treated MC-PB 49.4 29.8 0.8 5.3 14.7

Fig. 5. C 1 s XPS spectra of (a) raw PB (b) MC-PB (c) PFOA-treated MC-PB.
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3.2.3. Morphological changes of the adsorbent
The TEM images of a synthesized magnetic particle, MC-PB and 

PFOA-treated MC-PB are presented in Fig. 7. The formed magnetic 
particles aggregated together, and the size of the particles was approx. 
3–30 nm (Fig. 7 (a)). After the modification, the TEM image revealed 
that the spherical shape of the magnetic nanoparticles dispersed onto 
the fibre-shaped surface of the MC-PB (Fig. 7 (b)), suggesting the suc-
cessful introduction of the magnetic particles onto the biomass. Addi-
tionally, a film-like component was observed in PFOA-treated MC-PB 
(Fig. 7 (c)). According to the EDS mapping results (Fig. S4 and S5), these 
film-like components contained fluorine and thus indicate PFOA, 
whereas fluorine was not detected in the fibre-shaped material in Fig. 7
(b). PFOA has been reported to form hemi-micelles or micelles in water 
through the hydrophobic aggregation of C–F chains even when its 
concentration is in the range of 0.01–0.001 times that of CMC 
(3460 mg/L for PFOA) [2,55–57]. In this study, the PFOA could have 
accumulated on the surface of the sorbent. FESEM micrographs of the 
raw PB presented a relatively smoother surface with some granules 
attached on the surface (Fig. S6). After modification, the material dis-
played a coarse surface, which can be attributed to the presence of 
magnetite nanoparticles deposited on the surface of the pine bark. A 
similar observation has also been reported by Asimbaya et al.

4. Conclusion

The synthesized sorbent, MC-PB, was proved to be effective for PFOA 
and PFOS removal from synthetic solutions at environmentally realistic 
concentrations. The sorbent was also efficient at removing most of the 
PFAS from contaminated groundwater, whereas inadequate adsorption 
ability was observed towards short-chain PFCAs (C4 and C5). XRD and 
TEM analyses revealed that Fe3O4 nanoparticles were formed, and these 
nanoparticles were stable after PFOA adsorption. FTIR and XPS analyses 
confirmed the successful grafting of a hydrophobic chain (methylene 
chain) and quaternary ammonium group onto the pine bark. The 
maximum adsorption achieved towards PFOA was 69 mg/g) and high 
PFOA removal efficiency could be reached in a broad pH range (4–9) in 
the synthetic PFOA solution. Rapid PFOA removal (> 80 %) was 
observed within 10 min and the adsorption kinetics indicated that the 
process was apparently governed by film diffusion. It is suggested that 
hydrophobic interaction and electrostatic attraction were involved in 
the adsorption process. The overall removal efficiency of total PFAS 
from groundwater reached 83.9 %, which indicated that the MC-PB is a 
promising alternative for real applications. This study demonstrates the 
potential reuse of forestry by-product as efficient sorbent for PFAS 
removal, offering a sustainable solution for PFAS control. Future studies 
could focus on the optimization of the modification process and inves-
tigating the recycling of CTAB solution to further reduce costs in the 
modification stage, thereby promoting its broad applicability in real- 

Fig. 6. N 1 s XPS spectra of (a) raw PB (b) MC-PB (c) PFOA-treated MC-PB.

Fig. 7. TEM images of (a) synthesized magnetic particle (b) MC-PB (c) PFOA-treated MC-PB.
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world applications.
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