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Abstract 

This study investigated the degradation of perfluorooctanoic acid (PFOA) on zerovalent iron-laden 

biochar (BC-ZVI) prepared by carbothermal reduction. Results show that over 99% PFOA can be 

removed by BC-ZVI in hydrothermal conditions under 240 ℃ within 6 h. The maximum 

defluorination rate of 63.2% was achieved after 192 h, and this outcome was significantly better 

than biochar (BC) and zero-valent iron (ZVI) alone. The short-chain perfluorinated compounds 

(PFCs) and perfluoroheptanal were detected in the liquid phase after degradation, 

suggesting that the degradation of PFOAs by BC-ZVI followed the Kobel decarboxylation process. 

XRD and SEM-EDS analyses strongly suggested that carbothermal reduction could avoid the 

agglomeration of ZVI loaded onto biochar, which helped make the PFOA degradation more 

efficient. The frontier molecular orbital theory calculated by density functional 

theory revealed there were two possibilities for ZVI loading on BC (edged or internal loading), 

while the edge loaded ZVI had a greater tendency to provide electrons for the defluorination 

of PFOA than internally loaded ZVI. 
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Introduction 

Per- and polyfluoroalkyl substances (PFASs) are persistent organic chemicals 

that are widely employed in antifouling coatings, surfactants, and fire-fighting foams 

(Kwok et al., 2013; Lindstrom et al., 2011; Prevedouros et al., 2006). Of these PFASs, 

perfluorooctanoic acid (PFOA) is the most common perfluorinated compound 

characterized by high thermal, chemical and biological stability owing to the 

abundance of recalcitrant fluoride-carbon bonds (Armitage et al., 2009; O'Hagan, 

2008). As a new type of persistent organic pollutant, PFOA is found worldwide in 

multi-media environments, such as surface water (Zhang et al., 2016), soil (Chen et 
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al., 2017), groundwater (Houtz et al., 2013) and riverbed sediments (Loi et al., 2011). 

It has also been detected in human blood and breast milk due to the enrichment via 

food chain (Chimeddulam & Wu, 2013; He et al., 2015; Xu et al., 2014; Zhao et al., 

2011). For these reasons, the U.S. Environmental Protection Agency (EPA) set a 

drinking water advisory on the combined level of PFOA and PFOS at 70 ng L
-1

 (EPA, 

2016). 

PFOA is resistant to most wastewater biological treatment processes 

(Zareitalabad et al., 2013) such as activated sludge (Guo et al., 2010) and membrane 

bioreactor (Yu et al., 2009). To date there are several physicochemical methods 

deemed to be valid for PFOA removal (Chularueangaksorn et al., 2013; Stasinakis et 

al., 2013; Tian et al., 2016; Trojanowicz et al., 2019; Trojanowicz et al., 2018; Wang 

et al., 2014; Zhuo et al., 2017). Of these, adsorption using engineered adsorbents such 

as biochar (Askeland et al., 2020), powdered activated carbon (Bo et al., 2016) and 

layered double hydroxides (Yun et al., 2020), membrane separation such as 

nanofiltration (Bao et al., 2019) and reverse osmosis filtration (Liu et al., 2012) have 

demonstrated significant PFOA removal efficacy. However, both adsorption and 

membrane separation will only transfer PFOA from one medium to another instead of 

completely detoxifying them. In order to alleviate the polluting effects of PFOA, 

oxidation treatment to completely mineralize or partially decompose the PFOA 

molecules has been the subject of many studies (Trojanowicz et al., 2018; Zhang et 

al., 2016). It was reported that advanced oxidation processes, such as Fenton reaction, 

could degrade PFOA into short chain perfluoroalkyl carboxylic acids (PFCAs) 

(Trojanowicz et al., 2018) via hydroxyl radical (·OH). Similarly, sulfate radical (SO4
·-
) 

produced from persulfate (S2O8
2-

) was also proven to be effective in PFOA 

degradation (Zhang et al., 2019).  
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In recent years, a lot of studies have reported that zero-valent metals (e.g., Fe
0
 

and Zn
0
) are effective in the reductive defluorination of PFOA (Blotevogel et al., 

2018). For example, Hori et al. (2006) found high temperature treatment could 

promote the degradation of PFOAs by zero-valent ion (ZVI), where the defluoridation 

efficiency reached 51%. Xia and Liu. (2020) indicated that the degradation of PFOA 

by ZVI nanoparticles could be accelerated by the irradiation of UVC light. Liu et al. 

(2020c) reported that the removal of PFOA could be increased by 20% when ZVI 

mixed with biochar. However, the application of ZVI in practice is limited by the high 

cost and difficulty in material preparation. To resolve these drawbacks, Lawrinenko et 

al. (2016) developed a novel method of pyrolyzing bio-renewable feedstocks and iron 

oxides to produce biochar-zero valent iron (BC-ZVI), where the prepared material 

exhibited both the physicochemical properties of ZVI and biochar. In contrast to ZVI 

prepared by borohydride reduction approach, BC-ZVI obtained from the co-pyrolysis 

of biomass with iron oxides is more environmentally friendly and economical because 

it does not require additional chemical reagents (Marrero-Alfonso et al., 2009). 

However, the application of the engineered materials on PFOA degradation and the 

accompanying mechanisms have not yet been well documented.  

Recently, density functional theory (DFT) has been widely used to understand 

the complex mechanism which cannot be proven by experimental investigation, 

identify the degradation mechanism and reaction rate of pollutant removal (Chen et 

al., 2017; Niu et al., 2013; O'Hagan, 2008; Yuan et al., 2017). In their work, Zhang et 

al. (2019) combined DFT calculation with experiment to characterize the reaction 

process of SO4·
-
 to degrade PFOA. Blotevogel et al. (2018) estimated the half-lives 

for the reductive PFOA defluorination step by Fe
0
 and Zn

0
 through DFT calculations. 

Bentel et al. (2020) calculated the degradation rate of different types of PFASs 
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through DFT, and proposed new designs for easily degradable PFASs. On the other 

hand, material structure and reaction performance could be evaluated by DFT analysis. 

Wu et al. (2017) analyzed the catalytic reduction ability of Pt/Pd nanoalloy for oxygen 

through frontier molecular orbital theory utilizing DFT calculation. It is expected that 

DFT theory can provide insightful information on the degradation of PFOA by 

BC-ZVI from the perspective of structural morphology, which could add critical 

information to the experimental results.  

In this study, we prepared BC-ZVI through simultaneous pyrolysis of corn stover 

and ferric chloride, and used it to degrade PFOA. In order to study the mechanisms of 

BC-ZVI on PFOA degradation, the removal of PFOA, apparent defluoridation 

efficiency and degradation intermediates were assessed. The morphology and 

structural changes of BC-ZVI before and after the reaction were characterized. 

Moreover, DFT calculation served to optimize the structure of BC-ZVI clusters with 

different Fe loading status. Meanwhile, the effect of loading status on the degradation 

of PFOA was studied through frontier molecular orbital theory. This paper could 

provide useful information for the application of BC-ZVI to effectively treat PFOA. 

 

2. Materials and Methods  

Perfluorooctanoic acid (96%) and the standards of perfluoroheptanoic acid 

(PFHpA), perfluorohexanoic acid (PFHxA), perfluorovaleric acid (PFPeA), 

perfluorobutyric acid (PFBA), perfluoropropionic acid (PFPrA) and perfluoroacetic 

acid (TFA) were purchased from Shanghai Aladdin Biochemical Technology Co., 

China. Other commonly used chemical reagents such as ammonium acetate, methanol, 

ferric trichloride, sodium fluoride and zero-valent iron powder (marked with ZVI) 

were of analytical grade and obtained from Sinopharm Chemical Regent Co, China.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

2.1 Biochar preparation  

Corn straw was used for the preparation of biochar. The raw biomass was 

collected from Chongming Island, Shanghai, rinsed with tap water, ground and passed 

through a 0.15 mm sieve. To load Fe species onto sample, 10.0 g biomass and 

equivalent ferric chloride (10.0 g) were transferred into 200 mL deionized water, 

thoroughly mixed and oven dried at 105 ℃ for 48 h. Subsequently, the dried sample 

was evenly mixed with 10.0 g sieved raw biomass. The mixture was then loaded in a 

corundum boat, and heated with 5 ℃ min
-1

 in a temperature programmed furnace to 

900 ℃ and remained for 2 h under 100 mL min
-1

 N2 flow (99.99%). The obtained 

carbon was zero-valence iron loaded biochar (marked with BC-ZVI), and stored under 

N2 for further use. Pristine biochar without Fe loading was also prepared (marked with 

BC) and subsequently included as a reference. 

2.2 Degradation experiment 

The degradation of PFOA was carried out in 50 mL stainless steel reaction kettle 

lined with a para-polyphenol (PPL) tube, where accommodating 20 mL PFOA 

solution (100 mg L
-1

) and 1.0 g solid sample (BC, ZVI or BC-ZVI). The adsorption of 

PFOA by the PPL tube was found to be negligible (Figure S1). After N2 purging (50 

mL min
-1

) for 15 min, the reactor was screwed up and heated in an oven at 10 ℃ min
-1

 

to a predefined temperature (80-240 ℃) and kept for PFOA degradation. After the 

desired time (6-192 h), the reactor was quickly cooled down to room temperature by 

immersion into cold tap water. Afterward, 1 mL methanol was added to the liquid to 

quench the reaction. The solid sample was recovered by suction filtration, oven dried 

under 80 ℃ overnight and stored free from air. The filtrate was further filtrated with a 

0.45 μm membrane (Aqueous, polyethersulfone PES), and a small aliquot was used to 

detect fluoride ion content immediately, while the rest was refrigerated under 4 ℃ for 
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the determination of PFOA and intermediates. All batch tests were carried out in 

triplicate and the control test free from solid sample was included. 

Fluoride ion adsorption on solid sample was examined by batch test in the same 

reactor contained 20 mL sodium fluoride solution with a F
-
 content of 68.83 mg L

-1
 

(the theoretical value of complete mineralization of 100 mg L
-1

 PFOA) and 1.0 g solid 

sample (BC, ZVI or BC-ZVI). F
-
 adsorption test was carried out in triplicate under the 

same condition as PFOA degradation. Control test free from solid sample (with 

sodium fluoride solution only) was also included. The dissolution of F- from the 

reactor (PPL tube) using 20 mL deionized water as background liquid was under the 

detection limit. 

2.3 PFASs and F
-
 analysis  

The concentration of PFOA and intermediates (C2-C8) in liquid were detected 

by an ultra-performance liquid chromatography (Agilent 7890 UHPLC) equipped 

with a triple quadrupole mass spectrometry (Agilent 6460 QQQ MSD) and Agilent 

Eclipse Plus C18 column (3.0 mm×100 mm, 3.5 μm). Prior to analysis, 50 μL 

13C4-PFOA (MPFOA) (2 mg L
-1

) was added to each sample and standard as an 

internal standard (IS). The recovery rate of final IS was 95%. Detailed procedure and 

the quality assurance and quality control procedures were provided in the Supporting 

Information. 

The analysis of fluoride ion in liquid was carried out on an ion chromatography 

(IC) by conductivity detection (ICS-90, Dionex, Sunnyvale, CA) with a detection 

limit of 0.19 μg L
-1

. The apparent defluoridation efficiency of PFOA was calculated 

by the following equation: 

100%×
19××15

414
=

0C

C
R

-F  (1) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

where R represents the apparent defluoridation efficiency of PFOA, %; CF
-
 represents 

the concentration of F
-
 in solution, mg L

-1
; C0 denotes the initial concentration of 

PFOA in solution, mg L
-1

; factor 15 corresponds to the number of fluorine atoms 

contained in one PFOA molecule, factor 19 is the atomic weight of fluorine, and 

factor 414 is the molecular weight of PFOA. 

2.4 Solid phase characterization 

X-ray diffraction (XRD) patterns of BC-ZVI and ZVI were obtained at 2θ of 

5-90° with a D/max PBX ray diffraction (Rigaku Co.) using CuKα (k = 0.15406 nm) 

radiation operating with 40 mA and 40 k, and the test angle with a scan rate of 8 °/min 

were employed. X-ray photoelectron spectroscopic (XPS) analysis of fluorine element 

on sample was conducted using AlKα radiation on an X-ray photoelectron 

spectrometer (ESCALAB 220iXL, UK). Scanning electron microscopy coupled with 

energy dispersive X-ray analysis (SEM-EDS) was done on a FEI QUANTA FEG 250 

scanning electron microscope using a 10 kV beam of about 1 nA. Images were 

collected using secondary electrons. Elemental maps were obtained by energy 

dispersive X-ray analysis using an Oxford Aztec EDS. 

2.5 Computational modeling  

Density functional theory (DFT) calculation was applied to optimize the 

molecular model and calculate the molecular frontier orbit through Gaussian 16 

software by the B3LYP function in combination with 6-311++G (2d, 2p) basis set. 

The structure was optimized for the smallest amount of energy without using any 

symmetry constraints. Since biochar obtained under 900 ℃ usually contains marginal 

surface functional groups (Liu et al., 2020b), the defective graphene structure with 

unsaturated edge-carbon was constructed as a model of BC (Ding et al., 2020). The 

optimized structures of PFOA and BC-ZVI used in this work are illustrated in Table 
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S2. 

 

3. Results and Discussion 

3.1 Degradation of PFOA by BC-ZVI  

Figure 1A displays the residue content of PFOA in liquid after 6 h of reaction 

with BC, ZVI, and BC-ZVI at 80-240 ℃. As observed, about 21%-33% PFOA was 

removed within 6 h under the control test free from adsorbent (BC) and reductant 

(ZVI), and the removal of PFOA seems to have little relevance to the reaction 

temperature. Similar phenomenon was also reported by Hao et al. (2021) and deemed 

to be related to the decomposition of less recalcitrant PFCAs. The limited PFOA 

removal from the control test suggested the sole hydrothermal treatment is ineffective 

for the degradation of this recalcitrant containment. BC alone received a better 

elimination performance of PFOA than the control test, and higher temperature was 

indeed favorable for the removal of PFOA. It was suggested that this is related to the 

active thermal motions of PFOA molecules under high temperature, which enhances 

the diffusion of PFOA and increases the contact between biochar (Ying et al., 2015). 

Similar to BC, the removal of PFOA by ZVI also presented a temperature-dependent 

pattern but much greater under 200-240 ℃, suggesting the removal of PFOA by ZVI 

could be significantly enhanced under high temperature, probably because the break 

of C-F bond is highly endothermic (Hori et al., 2006). One study reported that the iron 

oxides generated from the oxidization of Fe
0
 have strong affinity to PFOA molecules, 

which may also contribute to the removal of this refractory contaminant (Zhang et al., 

2018).  

Among the materials investigated in this experiment, BC-ZVI revealed the best 

efficiency in removing PFOA. Notably, about 60%-70% PFOA was removed by 
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BC-ZVI under low temperature, and a maximum removal over 99% was achieved at 

240 ℃. This is probably due to the high temperature provides abundant energy for the 

cleavage of C-F bond when reacting with BC-ZVI (Blotevogel et al., 2018). Inyang 

and Dickenson. (2017) reported that pinewood biochar could achieve a maximum 

removal efficiency of 94% for PFOA. As well, only 20% of input PFOA was removed 

by ZVI, and as BC was mixed to ZVI, the PFOA removal efficiency rose to 60% (Liu 

et al., 2020c). About results are less than the removal efficiency obtained by BC-ZVI 

in this study, demonstrating it is a promising material for the removal of PFOA. In a 

previous study (Wu et al., 2019), it was reported that a slight higher temperature 

(250 ℃) could achieved a PFOA degradation efficiency more than 99% within 30 min 

without any amendment. This result verified that reaction temperature is a critical 

factor affecting the removal efficiency of PFOA (Bentel et al., 2019), and more effort 

should be paid to develop efficient PFOA degradation methods to reduce energy 

input. 

Fluoride content in liquid phase was monitored to identify the degree of PFOA 

destruction during the reaction. As observed from Figure 1B, the produced F
-
 ions in 

the control test were fairly low and depended scarcely on reaction temperature. The 

result of the test with BC was similar even though a slightly higher F
-
 content was 

detected. This suggests that only limited PFOA could be destroyed under 

hydrothermal conditions no matter the presence of biochar, which agrees well with 

PFOA removal results from Figure 1A. For ZVI tests, insignificant amounts of 

fluoride ions were generated after the reactions under low temperatures, while F
-
 

concentration rose slightly with increasing temperature. This outcome verified that the 

thermo-induced reaction can promote the degradation of PFOA by ZVI alone as 

reported by Hori et al. (2006). However, the amount of F
-
 ions generated from the 
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reductive defluorination of PFOA by ZVI was still at a low level even at 240 ℃, 

which is inconsistent with the prominent removal of PFOA achieved by ZVI as 

indicated in Figure 1A. It was tentatively inferred that iron oxides resulting from the 

corrosion of ZVI during the reactions could adsorb the degradation products of 

PFOAs or fluoride ions (Liu et al., 2020c; Zhang et al., 2018). 

From Figure 1B, it is evident that the fluorides generated from the test using 

BC-ZVI at 80-120 ℃ were almost identical to the test of BC, suggesting that the 

removal of PFOA by BC-ZVI at low temperature is dominated by adsorption. 

Although the loading of ZVI will reduce the specific surface area of biochar (Dong et 

al., 2017a), ZVI can serve as an active site for chemical adsorption to adsorb PFOA at 

low temperatures (Parenky et al., 2020). With increasing temperature, however, the 

amounts of fluoride increased, which coincides with the decay of PFOA under the 

presence of BC-ZVI. As a whole, the produced F
-
 ions by BC-ZVI after 6 h of 

reaction with PFOA (1.65 mg L
-1

) accounted for only 2.4% of fluorides from the 

complete mineralization of 100 mg L
-1

 PFOA (68.83 mg L
-1

), which reveals a large 

gap between PFOA removal. Therefore, the tests of F
-
 adsorption on BC, ZVI and 

BC-ZVI were carried out. The result (Figure S2) indicated about 9.1%, 4.3%, and 

7.8% of F
-
 could be adsorbed within 6 h by BC, ZVI, and BC-ZVI, respectively. F- 

adsorption by biochar and ZVI was also reported by other researchers (Liu et al., 

2020c), and which brings difficulty for the accurate evaluation of the extent of PFOA 

degradation. However, based on the limited sorption capacity of F
-
 ions, we strongly 

believed that the removal of PFOA by BC-ZVI is dominated by adsorption within 

limited reaction time (6 h). 

 

Figure 1 
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To illustrate the dynamics, the removal of PFOA by BC-ZVI, ZVI and BC were 

further investigated under a prolonged period (24 h) under 240 ℃. As shown in Figure 

2A, PFOA removal by BC-ZVI, ZVI and BC achieved equilibrium at about 6, 8 and 

12 h, respectively. Both BC-ZVI and ZVI could achieve the maximum removal of 

PFOA (about 100 mg g
-1

) despite the latter requiring a little longer reaction time, 

probably because BC-ZVI has more adsorptive sites than ZVI resulting from the 

special surface structure of biochar (Dong et al., 2017b; Petala et al., 2013; Zhu et al., 

2009). For BC, a maximum PFOA removal capacity of 80.12 mg g
-1

 was reached at 

12 h.  

The pseudo-first-order and pseudo-second-order models were used to fit the 

kinetics of PFOA removal. As shown in Table 1, the decay of PFOA on BC-ZVI and 

ZVI followed the pseudo-second-order kinetics (R
2
 = 0.999 and 0.997, respectively), 

suggesting the dominance of multi-molecular layer chemisorption in the removal of 

PFOA. The rate constant (K2) followed the order of BC-ZVI (0.011) > ZVI (0.004), 

indicating the removal of PFOA by BC-ZVI was much faster in contrast to ZVI. The 

removal of PFOA by BC coincided more likely with the pseudo-first-order kinetics 

(R
2
 = 0.998), revealing the privilege of monolayer physical adsorption of PFOA onto 

biochar surface. The fitting rate constant (K1) of the adsorption of PFOA by biochar 

was 0.303, while the equilibrium adsorption amount (Qe) reached 82.1 mg g
-1

. 

The intermediates during the reaction between BC-ZVI and PFOA at 240 ℃ were 

monitored to make clear the degradation route of PFOA. As observed from Figure 2B, 

a series of short-chain PFASs, such as PFHpA (C7), PFHxA (C6), PFPeA (C5), PFBA 

(C4), PFPrA (C3) and TFA (C2) were consecutively detected along with time, 

suggesting the degradation of PFOA is a typical stepwise defluorination process as 

previously reported (Bentel et al., 2020). It should be noted that perfluoroheptanal 
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(C6F13COF) was also detected at the first 144 h of reaction, further demonstrating that 

the degradation of PFOA followed the Kolbe decarboxylation process (see section 

3.2). The total decomposition products reached maximum (92% of the input PFOA) at 

48 h, suggesting that PFOA were almost completely decomposed within this period. 

After 192 h, only 16.4% decomposition products remained in liquid, highlighting that 

a fairly high degree of complete mineralization can be achieved by BC-ZVI. 

Moreover, the concentration of TFA did not decline as expected, which meant that 

further decomposition of TFA was inhibited. According to Bentel et al. (2020), the 

bond energy of C-F at α-position of TFA is much larger than other short-chain PFASs, 

which required more energy to be decomposed.  

Figure 2 

Apparent defluoridation efficiency of PFOA on BC-ZVI was examined along 

with reaction (Figure S3). The ultimate apparent defluoridation efficiency was 63.2% 

and most identifiable fluorinated by-products were decomposed after 192 h. Figure 

2B and the supplementary data suggest that not all fluorinated degradation 

by-products have been accounted for. Possible examples may include 

perfluorohexanal and perfluorovaleraldehyde (Wang et al., 2021). This finding 

suggested that most of PFOA could be completely broken down after 192 h of 

reaction using BC-ZVI. Zhang et al. (2019) reported that the advanced oxidation 

process involving sulfate radicals can remove 98.9% of PFOA at 144 h, and only 

7.5% of short-chain PFCAs (relative to the initial PFOA) remain at 288 h. Lawal and 

Choi. (2018) noted that the maximum removal efficiency of PFOA by 

palladium-doped nanoscale ZVI was 92%, which was more closely associated with 

adsorption than defluorination. Compared with the PFOA degradation methods that 

have been investigated, the degradation of PFOA by BC-ZVI could achieve superior 
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removal efficiency and defluoridation efficiency without adding any other chemical 

reagents. 

3.2 Solid-phase analysis  

To elucidate the fate of fluorine, XPS analysis of BC-ZVI after the reaction at 

80 ℃ and 240 ℃ was conducted and the detailed scans of F1s spectra are shown in 

Figure 3. After 6 h reaction with PFOA at 80 ℃, a strong characteristic peak around 

689 eV was found on BC-ZVI (Figure 3A), which can be assigned to fluorine bonded 

carbon (Hori et al., 2006). This suggested PFOA or incompletely mineralized products 

were absorbed by BC-ZVI, further confirming the removal of PFOA by BC-ZVI 

under low temperature was mainly associated with physical adsorption. In contrast, 

BC-ZVI after the reaction with PFOA at 240 ℃ showed no peak corresponding to the 

species for fluorine around 678-698 eV (Figure 3B). As stated previously, PFOA was 

not detected at 240 ℃ and large amounts of fluoride ions were detected in the liquid 

phase, so it can be inferred that PFOA had already been decomposed by BC-ZVI. It 

can therefore be reasonably speculated that PFOA might be first adsorbed by BC-ZVI, 

and then decomposed by ZVI deposited on biochar to make the cleavage of 

carbon-fluoride bond under high temperature. 

Figure 3 

XRD pattern reveals a number of characteristic peaks (at 2θ of 44.77°, 65.17° 

and 82.53°) indexed to ZVI (Lawrinenko et al., 2016) can be found on BC-ZVI before 

reaction (Figure 4A), suggesting Fe
0
 was successfully loaded on BC. However, these 

peaks weakened markedly after reaction with PFOA at 240 ℃. Conversely, the 

characteristic peaks of magnetite strengthened greatly. The development of iron 

mineral phases should be ascribed to the generation of iron oxides after ZVI 

oxidization during the reaction. It is consistent with other research, which showed that 
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ZVI loaded on biochar is still redox active (Oh et al., 2016). In addition, during the 

oxidation of ZVI, it can provide electrons to PFOA, thereby promoting its degradation 

(Liu et al., 2020c). At the same time, the formation of magnetite will reduce the 

contact between ZVI and PFOA, thus limiting the removal of PFOA (Zhang et al., 

2018). 

In contrast to BC-ZVI, the XRD spectra of ZVI (Figure 4B) suggest that part of 

ZVI was oxidized to magnetite and hematite after the reaction. In spite of this, the 

characteristic peaks of ZVI still remained stubbornly on the spectrum, which indicated 

that ZVI was no fully consumed during reaction. A possible explanation is that the 

aggregation of ZVI greatly diminished the interfaces between Fe
0
 and liquid phase. 

After the oxidization of surface Fe
0
, the internal ZVI was wrapped by the newly 

developed hematite, which further prevented the contact between ZVI and PFOA 

(Ruiz-Torres et al., 2018). The redox inert hematite is incapable of providing electrons, 

which could also inhibit the decomposition of PFOA (Phenrat et al., 2007). However, 

Zhang et al. (2018) demonstrated that hematite could facilitate the effective 

adsorption of PFOA. Therefore, these results suggested that hematite formation could 

inhibit ZVI contact with PFOA molecules and enhance the adsorption of PFOA on the 

biochar.  

Figure 4 

In addition, the dispersion of ZVI on biochar could inhibit ZVI agglomeration 

(Phenrat et al., 2007), where the even dispersion of ZVI could increase the proportion 

of surface Fe atoms and thus increase the number of surface active sites (Crane & 

Scott, 2012). On the other hand, bare ZVI was more easily oxidized during the 

reaction, which could inhibit the reactivity of ZVI with PFOA (Ruiz-Torres et al., 

2018). For this reason, it could be assumed that ZVI loaded onto biochar was 
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uniformly dispersed on the biochar surface, where full contact between the PFOA 

molecules and ZVI was achieved. 

To verify our hypothesis, SEM-EDS analysis of BC-ZVI was carried out. SEM 

image (Figure 5A) revealed that the surface of BC-ZVI had a layered and porous 

structure, which could provide abundant sites to facilitate PFOA adsorption. EDS 

mapping results (Figure 5B) suggested that Fe
0
 distributed uniformly on the BC 

surface, where the aggregation of ZVI was inhibited. It was reported that ZVI could 

appear as a type of spherical core shell-like structure on the biochar surface, and be 

uniformly dispersed in the multi-level voids or surface of the material (Liu et al., 

2020a). Thus, the formation of chain-like aggregates of ZVI was inhibited (Phenrat et 

al., 2007). This could make possible the contact between ZVI and PFOA on the 

biochar surface and further promote the complete degradation of PFOA.  

Figure 5 

On the basis of experimental results, the mechanism about the degradation of 

PFOA on BC-ZVI can be summarized as follows. First, PFOA is removed by BC-ZVI 

from the aqueous solution by adsorption. Subsequently, ZVI denotes electrons to 

promote the formation of perfluorooctanoic acid free radical (C7F15COO·) from 

PFOA. Then, it goes through the Kolbe decarboxylation process to form 

perfluoroheptyl radicals (C7F15·), and reacts with water to form C7F15OH. Finally, 

after conducting hydrolysis and defluorination twice, C6F13COO
-
 is created. This 

process repeats until PFOA is completely mineralized, as indicated in Figure 6.  

Figure 6 

3.3 Molecular orbital analysis  

The effect of different structures of BC-ZVI on the degradation of PFOA was 

studied. The elemental iron and its two loading statuses on biochar were used for 
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molecular orbital analysis by DFT calculation. 

The frontier molecular orbital theory suggested that the interaction of the lowest 

unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital 

(HOMO) of two molecules determined their possibilities to react, and the band gap 

energy (ΔE) between LUMO and HOMO can be used to describe the strength of the 

interaction. Figure 7 illustrates two things: firstly, the LUMO of PFOA and the 

HOMO of elemental iron; and secondly, the different combination of BC-ZVI clusters 

(internal load and edge load). The ΔE of PFOA and elemental iron were fairly low, 

indicating the interaction between Fe
0
 and PFOA is significant, where ZVI could 

feasibly provide electrons for the degradation of PFOA. Compared with the internal 

load, edge-loaded BC-ZVI exhibits a lower ΔE, meaning that ZVI loaded on the edge 

of biochar was more active for interaction with PFOA, while the internally loaded 

ZVI tends to react with the PFOA adsorbed on biochar. Referring to quantum 

chemistry analysis of magnetite and hematite (Nagarajan & Chandiramouli, 2016; 

Rajeevgandhi et al., 2020), the ΔE between them and PFOA was 5.113 and 5.169, 

respectively, which are greater than the ΔE of the edge-loaded biochar and PFOA. 

This suggested that the interaction between oxidized ZVI and PFOA will be greatly 

reduced, which is consistent with the conclusions derived from this study. 

Figure 7 

Conclusion 

This work explored the performance of Fe
0 

loaded biochar on the degradation of 

PFOA. It was discovered that BC-ZVI prepared from carbothermal reduction could 

effectively inhibit the agglomeration of ZVI on biochar surface. The removal of 

PFOA increased significantly with the reaction temperature, where the maximum 

removal reached 99% within 6 h. Near complete degradation of PFOA could be 
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achieved after 192 h of reaction. According to the analysis, the degradation of PFOA 

with BC-ZVI was confirmed and the [-CF2] units were gradually removed from the 

carbon chains through the Kolbe decarboxylation process with electrons provided by 

ZVI oxidation. The frontier molecular orbital theory showed the HUMO of PFOA and 

the LOMO of BC-ZVI using DFT calculation, suggesting different combination forms 

of BC and ZVI could have different degradation abilities for PFOA. Finally, the 

edge-loaded ZVI was found to have a greater tendency to interact with PFOA.  
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Figures 

Figure 1 (A) PFOA removal and (B) fluoride ion production by BC, ZVI and BC-ZVI 

within 6 h (100 mg L
-1

 of PFOA with 1.0 g sample) 

Figure 2 (A) The amount of PFOA removed by BC, ZVI and BC-ZVI (100 mg L
-1 

of 

PFOA with 1.0 g sample) along with reaction under 240 ℃; (B) Profiles of by-product 

of PFOA degradation during the reaction with BC-ZVI at 240 ℃ 

Figure 3 XPS spectra of BC-ZVI after reaction with PFOA at (A) 80 ℃ and (B) 

240 ℃ 

Figure 4 XRD patterns of (A) BC-ZVI and (B) ZVI before and after reaction with 

PFOA 

Figure 5 SEM image of (A) BC-ZVI and (B) Fe elemental spot mapping of BC-ZVI 

measured by SEM-EDS 

Figure 6 The mechanism of PFOA degradation by BC-ZVI (Kobel decarboxylation 

process) 

Figure 7 Frontier molecular orbitals, and the energy of LUMO of PFOA and HOMO 

of elemental iron and different combination forms of BC-ZVI clusters 
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Figure 1 (A) PFOA removal and (B) fluoride ion production by BC, ZVI and BC-ZVI within 6 h 

(100 mg L
-1 

of PFOA with 1.0 g sample) 
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Figure 2 (A) The amount of PFOA removed by BC, ZVI and BC-ZVI (100 mg L
-1 

of PFOA with 

1.0 g sample) along with reaction under 240 ℃; (B) Profiles of by-product of PFOA degradation 

during the reaction with BC-ZVI at 240 ℃ 
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Figure 3 XPS spectra of BC-ZVI after reaction with PFOA at (A) 80 ℃ and (B) 240 ℃  
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Figure 4 XRD patterns of (A) BC-ZVI and (B) ZVI before and after reaction with PFOA 
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Figure 5 SEM image of (A) BC-ZVI and (B) Fe elemental spot mapping of BC-ZVI measured by 

SEM-EDS Jo
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Figure 6 The mechanism of PFOA degradation by BC-ZVI (Kobel decarboxylation process) 
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Figure 7 Frontier molecular orbitals, and the energy of LUMO of PFOA and HOMO of elemental 

iron and different combination forms of BC-ZVI clusters 
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Table 

 

Table 1 Kinetic parameters of pseudo-first-order and pseudo-second-order models for PFOA 

removal by BC-ZVI, ZVI and BC 

 
Pseudo-first-order model Pseudo-second-order model 

Qe K1 R
2
 Qe K2 R

2
 

BC-ZVI 98.8 0.045 0.996 112.5 0.011 0.999 

ZVI 101.0 0.032 0.994 125.9 0.004 0.997 

BC 82.1 0.303 0.991 96.2 0.004 0.962 
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