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Abstract

Biochar is a promising adsorbent for remediating perfluorooctanoic acid (PFOA) in contaminated water. However,
the performance of pristine biochar is limited. Considering pore filling is a crucial mechanism for PFOA adsorption
on biochar, this study investigated the impact of KHCO, modification on the pore structure of biochar and its
adsorption capacity for PFOA. The characterization and experiment results revealed that both the specific surface
area (SSA) and adsorption capacity of biochars were positively correlated with the pyrolysis temperature, and
modified corn stalks biochar prepared at 800 °C (CBC-800) exhibited a noticeable SSA (1,471.6 m*/g) and
adsorption capacity (514.8 mg/g), which were 3.6 and 37.1 times higher, respectively, compared to pristine corn
stalk biochar (404.1 m*/g and 13.9 mg/g). The adsorption kinetics and the isotherm data followed pseudo-second-
order kinetics and the Freundlich model, respectively, indicating chemisorption was the main factor limiting the
adsorption rate. Thermodynamics demonstrated the adsorption process was physical, spontaneous, and
exothermic. The porous biochars performed superior adsorption capacities under various environmental conditions
(pH, inorganic salts, etc.). The removal rate of CBC-800 for low concentrations of PFOA (10-1,000 pg/g) ranged
from 87.4% to 99.6%, and this rate was positively correlated with the initial concentrations. Additionally, CBC-
800 effectively removed PFOA (40 pg/L) through six consecutive adsorption cycles (93.4%-94.5%). Mechanism
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analysis indicated dominant pore filling was greatly enhanced, while hydrogen bonding, electrostatic, and
hydrophobic interactions were also involved. Our study demonstrated that biochar derived from low-cost
agricultural and forestry residues combining KHCO, modification has great potential for the adsorptive removal of
emerging PFAS in contaminated water.

Keywords: Biochar, KHCO,modification, PFOA, pore filling, adsorption

INTRODUCTION

Perfluorooctanoic acid (PFOA) is a synthetic perfluoroalkyl substance (PFAS) that has distinctive properties
such as hydrophilic and lipophilic characteristics, attributed to its unique amphiphilic structure consisting
of a hydrophilic carboxyl head and a hydrophobic perfluoro tail". It is extensively utilized in numerous
products, including food contact paper, firefighting foam, non-stick cookware, and industrial antifouling
agents™. Due to the pervasive use of these products, PFOA has been widely detected in a variety of
environmental media, including municipal sewage and underground water™. The C-F bond of PFOA
possesses a bond energy of about 530 kJ/mol, providing remarkable stability and rendering it resistant to
environmental degradation”. PFOA has been found to have an increased risk of cardiovascular, respiratory,
and neurological disease®. Due to growing concerns over the environmental (especially the water system)
and health risks posed by PFOA, it is classified as an “emerging contaminant”. As a result, there is
significant public concern regarding the remediation of PFOA-contaminated water.

Various technologies have been employed to eliminate PFOA from water, including membrane separation,
adsorption, advanced oxidation processes, electrochemical degradation, photochemical degradation,
etc.””. Among these, electrochemical and photochemical methods have obtained a lot of attention due to
their high efficiency in degrading PFOA contaminants in aqueous environments. However, these methods
often require additional energy input and specialized conditions, which may limit their practical application
in certain scenarios. Adsorption is a promising technology due to its environmental friendliness, ease of
operation, and renewability"". Biochar can serve as an attractive adsorbent with regulable physiochemical
properties, abundant forestry and agricultural residues, simple preparation processes, and renewability">*.

However, conventional biochars have limited adsorption sites, a low specific surface area (SSA), and
porosity, making it difficult to efficiently remove PFOA". It has been documented that the porosity of the
adsorbents plays a critical factor in the adsorption of PFAS"*'". Therefore, improving the pore structure of
biochar could effectively enhance its adsorption capacity for PFOA. Currently, the predominant methods to
increase the SSA of biochars involve chemical modification. For instance, Fagbayigbo et al. prepared grape
leaf biochar at 900 °C and activated it with H,PO,, achieving a maximum adsorption capacity (Q,,) of
78.9 mg/g for PFOA". Similarly, Deng et al. utilized KOH modification to produce bamboo-derived
biochar at 900 °C, resulting in a Q,, of 476.2 mg/g for PFOA"®. However, such modification processes may
cause secondary pollution and equipment corrosion, underscoring the need for a more sustainable and
efficient modification method.

Modification with KHCO,, as a mild and non-corrosive modification method, can increase biochar
adsorption capacities for pollutants by improving the pore structure. For instance, Wang et al. indicated
that KHCO,-modified biochar pyrolyzed at 900 °C (PBC-900) exhibited a remarkably larger SSA
(2,017.6 m?*/g) compared to PBC-500 (162.3 m?*/g)*. Moreover, the maximum adsorption capacity of PBC-
900 for benzo(a)pyrene was enhanced by 6 times. Similarly, Ma et al. utilized KHCO, as an activator to
rapidly pyrolyze various biomasses, obtaining a variety of biochars to evaluate the impact of biomass types
on methylene blue adsorption”’. The results revealed that biochar derived from corn stalks achieved a
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remarkable 99.9% removal rate, markedly outperforming wheat straw biochar (52.6%). The aforementioned
studies showed that the choice of biomass and pyrolysis temperature significantly influence the
physicochemical properties of biochar, which are crucial for its adsorption capabilities. Therefore, carefully
selecting the appropriate pyrolysis temperature and biomass is essential to enhancing the adsorption
performance of biochar towards PFOA through environmentally friendly modifications.

In this study, pine sawdust and corn stalks were chosen as biochar precursors owing to their widespread
availability and representation of cellulose and lignin biomass®, respectively. The porous biochar was
prepared via KHCO, modification and used for PFOA adsorption. The following were the study’s aims: (1)
preparation and characterization of porous biochars obtained from different pyrolysis temperatures and
biomass using KHCO, modification; (2) comparison of PFOA adsorption on different obtained biochars;
and (3) elucidation of the underlying mechanism for the enhancement of PFOA adsorption on porous
biochar. This study used KHCO, modification to enhance the adsorption capacity of biochars derived from
widely available biomass, providing valuable insights into the development of sustainable and efficient
materials for the removal of PFOA from contaminated water.

MATERIAL AND METHODS

Chemicals

PFOA (C,HF,.0O,), potassium hydrogen carbonate (KHCO,), sodium hydroxide (NaOH), and ethyl alcohol
(EtOH) were supplied from Macklin Biochemical (Shanghai, China). Hydrochloric acid (HCl), sodium
chloride (NaCl), and calcium chloride (CaCl,) were obtained from Sinopharm Group Chemical Reagent
(Beijing, China). Acetonitrile and methanol were all HPLC quality from ANPEL Laboratory Technologies
(Shanghai, China). Sodium dihydrogen phosphate (NaH,PO,) was obtained from Beijing Reagent (Beijing,
China). Deionized water (DIW, > 18.25 MQ-cm) was used during experiments. More information can be
found in the Supplementary Table 1.

Preparation of biochar

After washing and drying the biomass corn stalks and pine sawdust, a 100-200 mesh screen was used to sift
the biomass powder. The biomass powders and KHCO, were magnetically stirred in a beaker containing
DIW at a mass ratio of 2:1 for 1 h before being dried in an oven at 80 °C. Next, the mixtures were placed in
a corundum boat and maintained for 2 h in a tubular furnace at the desired temperature, such as 600, 700,
and 800 °C, with a heating rate of 5 °C/min. The pyrolysis temperature and the ratio of KHCO, to biomass
were selected according to the pre-experiment [Supplementary Figure 1]. After natural cooling to room
temperature, the solid products were rinsed with 0.1 M HCl and DIW until the pH of the filtrate was neutral
before being dried in an oven. The resulting modified pine sawdust and corn stalks biochar were denoted as
PBC-T and CBC-T, respectively, where T represents the pyrolysis temperatures.

Characterization of biochar

The morphologies of porous biochars were observed by scanning electron microscopy (SEM, Zeiss Supra
55-VP). The pore structure of porous biochars was analyzed using the Brunauer-Emmett-Teller method
(BET, QuadraSorb Station 1 analyzer). Biochars were heated for 4 h at 750 °C in a muffle furnace in order to
measure their ash content. The functional groups of porous biochars were identified by Fourier transform
infrared spectroscopy (FTIR, Nicolet iS10 spectrometer). The content of elements in porous biochars was
obtained by an elemental analyzer (Euro Vector EA300), and the O content was inferred from the residual
mass of these elements and ash content. The graphitization degree and defects of porous biochars were
analyzed by Raman spectra (inVia Reflex, UK). This study used a zeta potential analyzer to measure the zeta
potential of porous biochars (NanoBrook Omni).
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Adsorption experiments

The PFOA solution was configured with 10 mM NaCl as the background solution, and 0.1 M HCI and
NaOH were used to adjust the pH to 7 + 0.2. Biochars (0.2 g/L) were added to glass bottles containing
50 mg/L PFOA solution for adsorption kinetics experiments and shaken at 25 °C and 180 rpm for two days
to reach equilibrium. At certain time intervals, 1 mL of supernatant was extracted and filtered through a
0.45 um polyether sulfone filter into a brown vial to quantify the PFOA concentration.

For adsorption thermodynamics, an accurate 10 mg of biochar was added to glass bottles containing 50 mL
of PFOA solution at a range of concentrations (30, 50, 80, 120, 160, 200, and 240 mg/L) and shaken in a
shaker at desired temperatures (15, 25, 35 °C) at 180 rpm for 1 day. After equilibrium, the supernatant was
extracted to quantify the PFOA concentration. In addition, the desorption experiments were performed
immediately after adsorption reached equilibrium. Specifically, the liquid in the centrifugal tube was
carefully removed, and different desorption solutions (DI water, 0.5 M NaOH, and 25%-95% ethanol) were
added, and the PFOA concentration was determined after shaking for 48 h. The pH effect experiments on
PFOA adsorption by biochar were investigated by changing the initial pH (3, 5, 7, 9, 11) of the solution. The
influence of co-existing ions was compared by changing the concentrations of NaCl, CaCl,, NaNO, and
Na,SO, (0, 5, 25, and 50 mM, respectively).

To further assess the PFOA removal efficiency of CBC-800 at low concentrations, CBC-800 (0.2 g/L) was
added into a glass bottle containing 50 mL of PFOA solutions at concentrations ranging from 0.01 to
1 mg/L. After 24 h, the supernatant was extracted to quantify the PFOA concentration. For the recycling
experiment, 0.2 g/L of CBC-800 was added to a centrifuge tube containing 50 mL of PFOA solution
(40 pg/L), and the supernatant was sampled after 24 h to quantify the PFOA concentration. Subsequently,
the solution in the centrifuge tube was replaced with 50 mL of fresh PFOA solution (40 pg/L), and the
adsorption process was repeated for six consecutive cycles to evaluate the long-term adsorption
performance of CBC-800. All the experiments were conducted in triplicate.

PFOA analysis

The PFOA was quantitively measured according to our previous study”. Briefly, the concentration of
PFOA was quantified by HPLC (Shimadzu LC-20 A, Kyoto, Japan) equipped with a C18 column (250 mm x
4.6 mm, 5 pm). The iso-volumetric elution of acetonitrile/20 mM NaH,PO, (50/50, v/v) (pH 2) was
performed at a flow rate of 1 mL/min with an injection volume of 25 uL, and the UV wavelength was
210 nm.

RESULTS AND DISCUSSION

Characterization of biochar

The microscopic morphologies of biochars are shown in Supplementary Figure 2. Both pine sawdust-
modified biochars (PBC) and corn stalks-modified biochars (CBC) exhibited abundant etched pits and well-
developed pore structures on their surfaces, indicating that the porous structures of biochars were largely
improved after being activated with KHCO,, as evidenced by the comparison with the pristine corn stalk
biochar in our previous study"”. Additionally, biochars produced at higher pyrolysis temperatures displayed
more intensive pits. This can be attributed to the decomposition of KHCO, into K and K,O at high
temperatures, with the K and K,O embedded in biochar promoting the formation of micropores [Equations
(1)-(4)]®. As pyrolysis temperature increased, the decomposition rate of KHCO, accelerated, leading to a
more thorough decomposition and consequently a larger SSA. This enhancement in SSA was favorable for
the efficient transport of PFOA.
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KHCO, — K,CO, + CO, + H,O (1)
K,CO, > K, +CO, +O (2)
K,CO, + C - K,0 + CO (3)

KO+C—CO+K (4)

To further clarify the pore structure of porous biochars, the N, adsorption/desorption curve was conducted,
and the results were presented in Table 1 and Figure 1. The Sy of PBC and CBC increased significantly
with the pyrolysis temperature, from 672.38 to 1,253.46 m*/g for PBC, and from to 1,471.6 m*/g for CBC,
when the pyrolysis temperature was raised from 600 to 800 °C. Notably, the Sy of CBC-800 obviously
exceeded that of the corn stalk biochar (404.10 m?/g) reported in our previous study””. This increase in S,
could be attributed to the reaction between KHCO, and biochar, resulting in the formation of K and K,O,
which become embedded in the biochar and promote the formation of micropores®”. Furthermore, at the
same pyrolysis temperature, CBC exhibited a higher SSA than PBC due to its higher content of cellulose’.

The elemental analysis data and ash content for porous biochars are presented in Table 2. It was found that
the ash content of PBC was lower than that of CBC, which could be attributed to the difference in the
cellulose content of biomass. The atomic ratios analysis could indicate the aromatics and polarity of porous
biochars””. The atomic ratio of H/C for PBC and CBC decreased from 0.219 to 0.065 and 0.141 to 0.048,
respectively, demonstrating the enhancement in the aromaticity of porous biochars as the pyrolysis
temperatures increased from 600 to 800 °C. Moreover, the aromaticity of CBC-800 was notably higher than
that of the other biochars, suggesting that CBC-800 was favored for adsorbing aromatic pollutants. Based on
Table 2, the analogous O/C and (O + N)/C atomic ratios of PBC (0.055-0.075 and 0.064-0.084) and CBC
(0.058-0.154 and 0.072-0.168) indicated the porous biochars possessed similar hydrophilicity.

To further investigate the defects and the graphitization degree of biochars, Raman spectra were
characterized, as shown in Figure 2. The I,/I; ratio could measure the graphite defects of porous
biochars"”. The 1,/1; ratio of CBC (0.98-1.01) was obviously higher than PBC (0.90-0.99), indicating that
CBC possessed more graphite defects. Both PBC and CBC showed an increase in the I,/ ratio with
increasing pyrolysis temperature, from 0.90 to 0.99 for PBC and 0.98 to 1.01 for CBC. This suggested that
higher pyrolysis temperature contributed to the formation of graphite defects in biochars, which may
explain the observed increase in Sy and pore formation. The graphite defects in the pores of porous
biochars can provide rapid diffusion channels for the organic compounds, thereby promoting the
adsorption of organic compounds®®.

Biochar had a lot of functional groups that played a critical role in the adsorption of organic pollutants®.
The FTIR spectra of the porous biochars before adsorption of PFOA was shown in Supplementary Figure
3A. Typical functional groups exhibited large absorption peaks on the spectrum, such as -OH and -CH,
stretching vibration at 3,483 cm™ and 2,822-2,971 cm”, respectively. In addition, the absorption peaks of
C-O-C and C=C were observed at 1,097 and 1,573 cm’, respectively”. Despite variations in biomass types
and pyrolysis temperatures, the functional groups of the porous biochars showed minimal differences.

PFOA adsorption
The adsorption kinetics could reflect the rate at which adsorbates were adsorbed on the adsorbents,
providing valuable information such as the kinetic adsorption constant. The adsorption kinetics of biochars
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Table 1. Physical properties of porous biochars

Biochars S,."(m%’/g) S, °(m%/g) S (m%/g) V.. (m’/g) V_°(m’/g) Ave-pore diameter (nm)

PBC-600 672.39 619.99 52.39 0.32 0.25 1.92
PBC-700 955.89 892.73 63.14 0.51 0.42 215
PBC-800 1,253.46 1173.81 79.65 0.60 0.49 1.91

CBC-600  765.48 67291 92.56 0.42 0.28 217
CBC-700 119719 1,015.54 181.65 0.81 0.57 2.71
CBC-800  1,471.64 1,361.86 109.78 0.81 0.62 2.20

®Sger is the SSA analyzed by BET method. bSm‘vC is the microporous surface area. S is the mesoporous surface area by the t-plot method external
surface area (S,.c = Sger = Spic)- de is the total volume acquired at P/P, =0.99. °V, . is the microporous pore volume and calculated by t-plot
method. BET: Brunauer-Emmett-Teller; PBC: pine sawdust-modified biochars; CBC: corn stalks-modified biochars; SSA: specific surface area.

Table 2. Elemental composition, atomic ratio, ash content and yield of biochars

Biochars c E:Iement': onten; ¢6) ° H/C oﬁ?mlc ::;I: N)/C Ash content (%) Yield (%)
PBC-600 90.09 1.65 0.89 022 6.6l 0.219 0.055 0.064 0.54 20.53
PBC-700 88.70 0.89 088 025 892 0.121 0.075 0.084 0.36 13.71
PBC-800 89.35 0.49 108 0.24 7.68 0.065 0.064 0.075 116 12.72
CBC-600 84.18 099 103 0.15 12.07 0.141 0.108 0ng 1.58 21.45
CBC-700 78.63 0.91 1.22 0.24 16.20 0.139 0.154 0.168 2.80 14.87
CBC-800 86.17 035 142 0.27 6.69 0.048 0.058 0.072 5.10 10.04

PBC: Pine sawdust-modified biochars; CBC: corn stalks-modified biochars.
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Figure 1. (A) N, adsorption-desorption isotherm of biochars and (B) pore size distribution curve measured by BJH method. BJH: Barrett-
Joyner-Halenda.

for PFOA are shown in Figure 3A and B. It was observed that different biochars exhibited a similar trend in
PFOA adsorption, with rapid PFOA removal occurring within the initial 60 min due to the abundance of
active sites on their surfaces, facilitating swift uptake. Subsequently, as these sites were occupied, the
adsorption rate gradually decreased until equilibrium was reached. Therefore, the PFOA adsorption process
can be divided into distinct phases: an initial phase characterized by rapid adsorption (0-1 h) and a slower
phase (1-24 h). The adsorption kinetics data for the porous biochars were fitted to the kinetic models, and
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Figure 2. Raman spectra of porous biochars.

the kinetic constants were shown in Supplementary Table 2. From the correlation coefficient (R*) in
Supplementary Table 2, compared with the pseudo-first-order kinetic model (0.891-0.958), both the
pseudo-second-order kinetic model (0.963-0.993) and the Elovich model (0.963-0.985) showed better fits.
Furthermore, the experiment data better fitted the pseudo-second-order kinetic model, suggesting that
chemisorption was the rate-limiting stage of biochar adsorption”"*”. The « value of the Elovich model
exceeded B, indicating a faster adsorption rate compared to the desorption process, suggesting a strong
affinity between the PFOA and the adsorbent™.

The maximal adsorption capacities of porous biochars were evaluated through the adsorption isotherm. The
experiment data were fitted to the Langmuir and Freundlich models [Figure 3C and D], and the parameters
obtained from these models offer valuable insights into the adsorption mechanism. According to the R* in
Supplementary Table 3, PFOA adsorption on porous biochars prepared at pyrolysis temperatures of 700
and 800 °C showed a better fit to the Freundlich model (0.969-0.995) than the Langmuir model (0.837-
0.920), indicating the presence of multilayer adsorption”?. The Langmuir and Freundlich models are based
on the assumption of homogeneous and heterogeneous adsorbent surfaces, respectively. The Raman spectra
of porous biochars possessed high enough D bands [Figure 2], suggesting the existence of heterogeneous
surface sites, which was consistent with the model fitting results. In the Langmuir model, the adsorption
affinity coefficient (K;) was obtained, with CBC-800 exhibiting a higher K, value (0.14) compared to other
biochars (0.04-0.08). This suggested a stronger binding affinity between CBC-800 and PFOA". In the
Freundlich model, the n of porous biochars (0.26-0.35) indicated nonlinear sorption isotherms. The
maximal adsorption capacities of porous biochars were significantly impacted by the pyrolysis
temperatures. Specifically, PBC-800 and CBC-800 displayed impressive adsorption performance of 440.3
and 514.8 mg/g, respectively, whereas CBC-600, PBC-700, and CBC-700 exhibited lower adsorption
capacities ranging from 82.1 to 239.7 mg/g. Notably, CBC-800 demonstrated exceptional adsorption
performance (514.8 mg/g) compared to other adsorbents, such as unmodified corn stalks biochar
(13.9 mg/g), polyethyleneimine modified graphene oxide (10.1 mg/g), magnetic activated carbon
(372.6 mg/g), etc. [Supplementary Table 4]. The superior PFOA adsorption performance of CBC-800
highlighted that KHCO, modification was an efficient approach for enhancing the adsorption capacities of
biochars for the removal of PFOA from contaminated water.
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Figure 3. (A and B) Adsorption kinetics; (C and D) adsorption isotherms of biochars for PFOA; and (E and F) adsorption
thermodynamics of PBC-800 and CBC-800 for PFOA. PFOA: Perfluorooctanoic acid; PBC: pine sawdust-modified biochars; CBC: corn

stalks-modified biochars.

Furthermore, to investigate the spontaneity of biochar adsorption of PFOA, the superior adsorption
capacities of CBC-800 and PBC-800 were selected for adsorption thermodynamics analysis
[Figure 3E and F]. It was shown that the adsorption capacity at equilibrium decreased with increasing
temperature, indicating that higher temperatures could have a certain inhibitory impact on the biochar
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adsorption process. This could be due to the increased movement frequency of PFOA in solution at higher
temperatures, making it less susceptible to being bound by the pores of biochar™. By calculating the
parameters of the thermodynamic formula, the adsorption behavior and mechanism were discussed. The
thermodynamic formulas for parameter calculation are presented in Supplementary Text 1.

The obtained thermodynamic parameters are shown in Table 3. Within the temperature range of 298-318 K,
all AG® values (-10.59 to -12.30 kJ/mol) were negative, confirming that the adsorption processes were
spontaneous™. In addition, the negative AH’ values (-9.20 and -18.30 kJ/mol) for PBC-800 and CBC-800
indicated that the adsorption process was exothermic". The negative AG® and AH" values for both PBC-800
and CBC-800 represented that the adsorption was dominated by physical adsorption™. The parameter AS°
could quantify the degree of disorder during the biochar adsorption process. The positive AS® values
(5.92 J-mol™"-K™") for PBC-800 indicated the PFOA adsorbed on biochar was still free to move.. In contrast,
the negative AS® values (-20.61 J-mol™-K") for CBC-800 showed a strong interaction between PFOA and
CBC-800, indicating that PFOA was more tightly bound to the surface of CBC-800.

The ionization degree of PFOA molecules and the charge of the biochars were impacted by the pH of the
solution''!. The influence of pH on porous biochar adsorption performances is illustrated in Figure 4A. It
was shown that the PFOA adsorption capacity of CBC-800 (244.8 mg/g) and PBC-800 (240.6 mg/g) was
optimal at pH 3, with adsorption gradually declining as pH increased. Although the adsorption
performance of biochars decreased as the pH increased, both CBC-800 and PBC-800 also possessed
considerable adsorption capacities of 160.6 and 164.4 mg/g, respectively. This demonstrated that CBC-800
and PBC-800 were capable of effectively adsorbing PFOA across a wide pH range.

The adsorption of PFOA by biochar was also influenced by the presence of ions in the solution, except pH.
The impact of co-existing Na" and Ca* ions at varying concentrations on the porous biochar adsorption
performances is illustrated in Figure 4B and C. It was observed that the adsorption performance of porous
biochars increased as the concentrations of Na* and Ca* increased. This was due to the fact that the
compressed double electric layer effect resulted in a decrease in the negative charge of biochars, thus
weakening the electrostatic repulsion between biochars and PFOA molecules (and between the adsorbed
PFOA anion)". In comparison with Na‘, Ca* demonstrated a more pronounced enhancement of the
adsorption capacities of biochars for PFOA, with this effect becoming more evident at higher Ca*
concentrations. PFOA molecules contained carboxyl groups, while the surface of biochar contained
hydroxyl and carboxyl functional groups [Supplementary Figure 3A]. Ca* could serve as a bridge bond
between the deprotonated PFOA molecules and the functional groups of biochars, thereby promoting the
adsorption of PFOA!. The influence of NO, and SO, on the adsorption of PFOA by biochar was
investigated [Supplementary Figure 4]. As the concentrations of NO, and SO,” increased from 0 to 50 mM,
the adsorption of PFOA by biochar was significantly enhanced. This increase was mainly due to the salting-
out effects””. Furthermore, it was observed that the enhancement of Na,SO, for adsorption was lower than
NaNO.. This may be due to the fact that SO, was more likely to compete with PFOA for adsorption sites
on biochar!.

To validate the application of CBC-800 in relevant environment concentrations, an adsorption experiment
was conducted at low concentrations (10-1,000 pug/L) [Figure 5A]. The results demonstrated that CBC-800
exhibited an excellent removal rate (87.4%) even at an initial concentration of 10 pug/L. Furthermore, the
removal efficiency of CBC-800 exhibited a positive correlation with the initial concentration. This was due
to that at higher concentrations, there was a larger mass transfer driving force. This meant that the
concentration gradient between the bulk solution and the adsorbent surface is greater, which facilitates the
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Table 3. Thermodynamic parameters of adsorption of PFOA by biochars

Biochars T (K) ____ Freundlich — AG°(kJ/mol)  AH®(kJ/mol)  AS® (J-mol™K")
K; (mg™-g-L") n R
PBC-800 288 10211 +£5.67 0.30+0.01 0.994 -11.08 -9.20 592
298 71.89+10.16 0.35+0.03 0.975 -10.59
308 79.97 £ 6.55 0.26 +£0.02 0.982 -1.22
CBC-800 288 170.38 = 23.47 0.25+0.03 0.956  -12.30 -18.30 -20.61
298 141.67 £8.93 0.28 £0.01 0.991 -12.27
308 103.57 £13.77 0.33+0.03 0.974  -11.88

PFOA: Perfluorooctanoic acid; PBC: pine sawdust-modified biochars; CBC: corn stalks-modified biochars.

movement of PFOA molecules toward the biochar. This leads to an increased rate of adsorption, as the
molecules are more likely to collide with and adhere to the biochar surface. However, at lower
concentrations, this concentration gradient is much smaller, resulting in a reduced driving force for
adsorption and fewer collisions between PFOA molecules and the biochar surface'!. A recycling
experiment was performed to assess the long-term adsorption performance of CBC-800 for PFOA at a
concentration of 40 pg/L [Figure 5B]. The results indicated the removal rate of CBC-800 (93.4%-94.5%) did
not significantly decline even at six consecutive adsorption cycles. The above findings showed CBC-800 had
excellent consecutive adsorption performance at low concentrations of PFOA, making it able to effectively
remediate the PFOA-contaminated water.

Adsorption stability was regarded as a key factor for practical application and economic feasibility. The
adsorption stability was evaluated through a desorption experiment. PFOA adsorbed on porous biochars
was desorbed using DIW, 0.5 M NaOH, and different concentrations of ethanol. As illustrated in Figure 5C,
CBC-800 and PBC-800 exhibited low PFOA desorption rates in 0.5 M NaOH (3.6% and 7.4%) and DIW
(19.6% and 25.9%), demonstrating CBC-800 and PBC-800 owned excellent adsorption stability for PFOA.
The lower desorption rate of CBC-800 was consistent with the result that CBC-800 showed a stronger
combination than PBC-800 according to the AS° values of adsorption thermodynamics. Additionally, the
PFOA desorption rates of CBC-800 and PBC-800 in ethanol (25%-95%) ranged from 75.5% to 95.1% and
79.4% to 93.2%, respectively, suggesting that low concentrations of ethanol could be effective for biochar
regeneration.

Adsorption mechanisms

The adsorption mechanisms of PFOA on adsorbents primarily included hydrophobic interaction, pore
filling, electrostatic interaction, and hydrogen bonding*". In this study, the porous biochar exhibited
notable adsorption performance for PFOA. However, the adsorption mechanisms between KHCO,-
modified biochar and PFOA remained unclear.

Hydrophobic interaction was expected to follow a linear isotherm, with the Freundlich nonlinearity factor
(n) approaching 1, showing that more hydrophobic interactions were involved in the adsorption of
biochars. However, the nonlinearity factor n (0.26-0.35) for all biochars was relatively low, suggesting that
hydrophobic interaction was not important for the adsorption of PFOA by porous biochars. Pore filling was
a crucial mechanism in PFOA adsorption'*. The porous biochars had an average pore size of greater than
1.9 nm [Table 1], which allowed PFOA molecules, with a size of approximately 1.1 nm [Supplementary
Table 1], to enter their pore structure. Furthermore, the Pearson correlation coefficient (R*) between the Q,,
of biochars obtained from the Langmuir model [Supplementary Table 3] and the physical properties of
biochars [Table 1] showed a strong positive correlation between Q,, and both the Sy and S, indicating
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Figure 4. Effect of (A) pH, (B) Na*,and (C) Ca’* ions on the adsorption of PFOA by biochars. PFOA: Perfluorooctanoic acid.

that biochar adsorption capacity was greatly impacted by the pore structure [Figure 5D]. Therefore, pore
filling was the dominant adsorption mechanism. For electrostatic interaction, the zeta potential of all
biochars was consistently negative across the pH range of 3-11 [Supplementary Figure 5]. Given that the
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Figure 5. (A) The removal rate of CBC-800 for different initial concentrations; (B) the adsorption cycles of CBC-800 for low
concentration of PFOA; (C) PFOA desorption by different desorption solutions and (D) correlation coefficient between the physical
properties of biochars and the maximum adsorption capacity (Q,,). CBC: Corn stalks-modified biochars; PFOA: perfluorooctanoic acid.

pKa of PFOA was 1.3, the hydrophilic head of PFOA existed as negatively charged ions when pH > pKa"’.
Consequently, as pH increased, electrostatic repulsion between the biochar and PFOA increased, leading to
a decrease in biochar adsorption capacity [Figure 4A]. Therefore, electrostatic interaction significantly
affected the PFOA adsorption by biochars. The -COOH and -OH functional groups on biochar enabled it
to serve as a hydrogen donor. Simultaneously, the deprotonation of carboxyl groups at the head of PFOA
molecules facilitates their role as hydrogen acceptors*. By comparing the FTIR of biochars before and after
PFOA adsorption [Supplementary Figure 3A and B], the -OH of biochars (3,420 cm™) showed no obvious
difference, indicating that hydrogen bonding interaction was not the dominant adsorption mechanism.

In summary, KHCO, modification significantly increased the Sy, of the biochar, resulting in pore filling
dominating the PFOA adsorption, and electrostatic interaction played an important role, while hydrogen
bonding and hydrophobic interaction also existed, as illustrated in Figure 6.

These findings demonstrated that the KHCO, modification can significantly enhance the surface properties
of the biochar, improving its adsorption capacity for PFEOA. KHCO, is a relatively mild pore-enlarging


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202503/wecn4001-SupplementaryMaterials.pdf

Hu et al. Water Emerg. Contam. Nanoplastics 2025, 4,9 | https://dx.doi.org/10.20517/wecn.2025.01 Page 13 of 16

W\gj\\ Electrostatic

- interaction

Hydrophobic
interaction

Figure 6. Schematic mechanism of PFOA adsorption on porous biochar. PFOA: Perfluorooctanoic acid.

reagent with minimal environmental impact, making the production of modified biochar economically
viable for large-scale water treatment applications'. Additionally, the porous biochar could be regenerated
with a low concentration of ethanol, which can reduce the overall cost. However, the modification also had
some disadvantages. For example, although KHCO,-modified biochar may effectively adsorb PFOA, it may
also adsorb other contaminants present in the water'®, leading to competition and reduced efficiency in
specific PFOA removal. Organic matter in water, such as HA, may interact with the biochar, and the part
adsorption sites were occupied””, leading to a decrease in the adsorption capacity. While KHCO,-modified
biochar presented a promising solution for PFOA removal, careful consideration of its advantages and
disadvantages is essential for its effective application in environmental remediation strategies.

CONCLUSIONS

In this study, low-cost and environmentally friendly porous biochar was successfully prepared by pyrolyzing
corn stalks and pine sawdust with KHCO, as a green activator. The resulting biochar, CBC-800,
demonstrated more graphite defects and a higher SSA, which provide fast diffusion channels for the
diffusion of PFOA, thereby promoting the adsorption of PFOA. The adsorption of PFOA on CBC-800 was
fast and efficient, with the maximum adsorption capacity, as obtained by the Langmuir model, reaching
514.8 mg/g, which was advantageous over other adsorbents. The adsorption kinetic and isotherm data were
better fitted by the pseudo-second-order kinetics and Freundlich models, respectively, indicating that
chemisorption was the rate-limiting stage in the adsorption process. Thermodynamic results demonstrated
that the adsorption process was both physically spontaneous and exothermic. CBC-800 demonstrated a
high adsorption capacity for PFOA across a wide pH range and in the presence of various ions.
Furthermore, the removal rate of low concentrations experiments demonstrated that CBC-800 had excellent
consecutive adsorption performance at low PFOA concentrations. The adsorption mechanism study
provided that pore filling was identified as the dominant adsorption mechanism. Given the superior
adsorption capacity and low environmental impact of CBC-800, KHCO,-modified biochar has a promising
potential application in practical water-contaminated environments and wastewater treatment processes to
remove PFOA and contribute to environmental protection.
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