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solution by a regenerable biochar-titania nanotube
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Perfluorooctanoic acid (PFOA), a recalcitrant perfluoroalkyl substance, presents escalating challenges for aquatic
decontamination due to its extreme persistence and bioaccumulation. A biochar-titania nanotube
(TNTs@biochar) combining the advantages of biochar and TNTs was synthesized for the first time via an
alkaline hydrothermal approach and explored for the adsorption and photodegradation of PFOA in aqueous
solution. Titania nanotubes interacted with biochar to form TNTs@biochar. The optimal composite was
obtained at a biochar: TiO, mass ratio of 1:1 and a calcination temperature of 550 °C. The composite
efficiently adsorbed ~99% of PFOA through hydrophobic and anion—m interactions and hydrogen bonding,
concentrating PFOA on photoactive sites. The incorporation of biochar with TNTs enhanced light absorption
in the 200-700 nm range, lowered the band gap energy to 3.10 eV, improved the formation rate and
separation efficiency of e —h* pairs, and enhanced interfacial charge transfer, resulting in promoted
photocatalytic activity. The degradation of pre-concentrated PFOA on TNTs@biochar reached up to 99%.
The photodegradation also regenerated the composite, allowing for four successive adsorption—
photodegradation cycles. Hydroxyl radical and h*-driven oxidation played a paramount part, leading to
decarboxylation and C—F bond cleavage. The byproducts of the photodegradation demonstrated lower acute
and chronic toxicity compared with PFOA. The composite exhibits synergistic adsorption and photocatalytic
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1 Introduction

Perfluorinated compounds (PFCs) are persistent organic
substances in which all the hydrogens of the carbon chain are
substituted by fluorine atoms. Owing to their extraordinary
stability and surface active properties, PFCs have been extensively
applied in industrial processes and consumer products. Per-
fluorooctanoic acid (PFOA) is one of the most universally studied
long-chain PFC owing to its widespread distribution, environ-
mental persistence, and bioaccumulative potential." It is mainly
employed in the synthesis and fabrication of fluoropolymers and
fluorine-based waterproof/oil-proof/antifouling finishing agents
for fabrics and consumer products® but results in water contam-
ination. For instance, Pelch et al® reported a maximum PFOA
concentration of 2100 ng L™ " in drinking water samples collected
from 16 states in the United States. Stefano et al.* found that the
PFOA concentration in groundwater samples collected from
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activity as well as offers efficiently and economically scalable solutions for PFOA-laden water remediation.

southern Brazil reached up to 249 ng L™". PFOA has been asso-
ciated with various detrimental health effects, including liver and
kidney disease, reproductive effects, a compromised immune
system, and cancers.’ From the view of human health protection,
PFOA was listed in Annex A of the Stockholm Convention in May
2019. The water quality limit of PFOA is stipulated to be 80 ng L™
in drinking water according to the new edition of Standards for
drinking water quality in China (GB 5749-2022) (State Adminis-
tration for Market Regulation and Standardization Administra-
tion, 2022).

Perfluorooctanoic acid is hardly biodegradable owing to the
high C-F bond energy (531.5 kJ mol ). Various physicochem-
ical technologies have been explored, including adsorption,
photocatalytic degradation, reverse osmosis, and nano-
filtration. Adsorption is easily applied in practice owing to the
low cost and simple operation.® Adsorbents including activated
carbon,” graphene,® ion exchange resins,” mineral materials,*
organic framework materials," and biochar'* are capable of
removing PFOA. Biochar is a carbon-rich and highly aromatic
solid derived from pyrolysis and carbonization of biomass
under oxygen-limited or anaerobic conditions, and is one of the
most researched adsorbents. It has the advantages of a large
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specific surface area, high porosity, rich surface functional
groups, thermal stability, and economic and environmental
benefits.”* Zhang et al.** revealed that the theoretical maximum
adsorption capacity of acid-modified biochar derived from
sludge for PFOA was 45.88 mg g~ . Yet, the adsorption does not
degrade PFOA and the regeneration of the adsorbent is costly.
To overcome these obstacles, composite materials combining
both high adsorption capacity and reactivity have been devel-
oped to adsorb and catalytically degrade PFOA.

Photocatalytic degradation has been reported as a promising
technique to decompose PFOA. Many efforts have been tried to
develop photocatalysts, including In,0s," ZnO," and CeO, (ref.
17) for photodegradation of PFOA. Titania nanotubes (TNTs)
derived from TiO, have great potential as a photocatalyst due to
the large specific surface area, specific tubular structure, great ion
exchange capacity, good photoelectron response, and high elec-
tron-hole separation efficiency.”® Chen et al.*® synthesized TNTs
through a microwave hydrothermal method from TiO, and found
that 44% of PFOA (initial concentration = 50 mg L") was
degraded by a 254-nm UV light at pH 4 with 0.25 g L™" TNTs
whereas the PFOA photodegradation was only 19% with TiO,. Liu
et al.”® conceived an activated charcoal-supported TNTSs composite
(TNTs@AC) through a one-step hydrothermal approach. The
composite absorbed 96.8% of phenanthrene in water within
180 min and completely degraded phenanthrene preconcentrated
on the composite within 2 h under UV irradiation (365 nm, 1.42
mW cm 2). Li et al® reported a maximum PFOA adsorption
capacity of 84.5 mg g ' via Fe/TNTs@AC and a PFOA degradation
percentage of 91.3% under UV light (254 nm, 21 mW cm ™). To
the best of our knowledge, no studies have been reported about
biochar-TNTs (TNTs@biochar). The preparation of TNTs@bio-
char is efficient and economically beneficial, and TNTs@biochar
is expected to demonstrate the huge adsorption capacity of PFOA
and great photocatalytic degradation of the adsorbed PFOA.

To this end, the overall objective of this study was to prepare
a regenerable TNTs@biochar and explore its adsorption and
photodegradation ability of PFOA. The specific objectives were
to: (1) synthesize and characterize TNTs@biochar; (2) investi-
gate the effects of supporting material, biochar:TiO, mass ratio,
and calcination temperature on the sorption and photo-
degradation of PFOA via TNTs@biochar; (3) investigate the
adsorption of TNTs@biochar, the subsequent destruction of
PFOA, and reusability of TNTs@biochar; (4) clarify the under-
lying adsorption and photodegradation mechanisms; and (5)
predict the toxicity of photodegradation products of PFOA in
comparison with that of PFOA.

2 Materials and methods
2.1 Chemicals and reagents

All chemicals used in this study were of analytical grade or
higher. The details are provided in Section S1 of the ESL}

2.2 Synthesis and characterization of TNTs@biochar

Biochar was synthesized following a previously reported
approach.” TNTs@biochar was prepared following a revised
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hydrothermal method.** The details were provided in Section
S2.1 The details of the characterization tests were provided in
Section S3.F

2.3 Adsorption of PFOA by TNTs@biochar

Batch adsorption kinetic experiments of PFOA by TNTs@bio-
char (a biochar : TiO, mass ratio of 1:1) were performed using
40 mL polypropylene (PP) tubes in duplicate at room tempera-
ture (23 £ 2 °C). The initial concentrations of PFOA and
TNTs@biochar were set at 100 ug L " and 0.3 g L', respectively.
The pH of the mixture was kept constant at 7.0 + 0.3 using HCl
and NaOH. The tubes were then mixed on an end-to-end rotator
at 40 rpm. At predetermined times (i.e., 0, 0.083, 0.17, 0.5, 1, 2,
4, 8,12, and 24 h), duplicate tubes were centrifuged at 4000 rpm
for 2 min, and the supernatants were analyzed for PFOA.

Adsorption isotherms of PFOA by TNTs@biochar were carried
out following the same procedure as in the kinetic tests. The
experimental conditions were: initial PFOA = 0-2.0 mg L™},
TNTs@biochar = 0.3 g L', pH = 7.0 4 0.3, and equilibrium time
= 24 h. Following the sorption equilibrium experiments,
desorption isotherms were conducted by replacing 95% of each
supernatant with an equal volume of water, adjusting the mixture
PH to 7.0 + 0.3, and re-equilibrating the mixture for 24 h.

2.4 Photodegradation of TNTs@biochar-adsorbed PFOA

After establishing an adsorption equilibrium (initial PFOA =
100 pug L' and TNTs@biochar = 1.5 g L"), the mixtures
underwent centrifugation at 4000 rpm for 2 min, and 90% of the
supernatant was discarded. The residual mixture was intro-
duced into a quartz-covered Petri dish, and diluted with ultra-
pure water to reach a total volume of 10 mL. The pH was
maintained at 7.0. Photodegradation was performed using
a 254 nm UV source with an intensity of 30.0 mW cm™>. The
reaction temperature was maintained at 23 + 2 °C. Aliquots
were collected at designated time intervals, centrifuged at
4000 rpm for 2 min, and the supernatants were subjected to
PFOA quantification. The solids were extracted using methanol
(40 mL, 70 °C, 4 h) followed by the analysis of PFOA and its
degradation products. M2PFOA was applied as the recovery
standard, and 90-103% mass recovery was achieved. To inves-
tigate the effects of light intensity on photodegradation, pho-
todegradation experiments were conducted with light
intensities varying from 16.4 to 57.0 mW cm 2.

Scavenger tests were carried out to explore the roles of h',
'0O,", and "OH during the photodegradation of PFOA. The
following scavengers were applied: KI for h', ascorbic acid (AA)
for "O,", and isopropanol (IP) and tert-butanol (TB) for ‘OH.
Electron spin resonance (ESR) assays were carried out to
confirm the production of *OH and "0, (Section S47).

The acute and chronic toxicities of PFOA and its photo-
degradation products to green algae, daphnid, and fish were
predicted using USEPA ECOSAR v1.11 software (Section S57).

The reusability of the photo-regenerated composite was
investigated by repeating adsorption and photodegradation
experiments in four consecutive cycles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5 Effects of TNTs@biochar dosage and pH

To evaluate the effect of TNTs@biochar dosage, adsorption
experiments were conducted with a dosage of TNTs@biochar
ranging from 0 to 1.5 g L™ (initial PFOA = 100 pg L' and pH =
7.0 £ 0.3). The photodegradation tests were carried out with
PFOA-laden TNTs@biochar at a dosage from 2.4 to 6.0 g L™ *. To
determine the impact of pH, sorption experiments were con-
ducted with 0.3 g ™! of TNTs@biochar and 100 pug L™ of PFOA
at pH values from 4.0 to 11.0. The photodegradation tests were
carried out with pH varying from 5.0 to 9.0 (pH in the adsorp-
tion process = 7.0 + 0.3, TNTs@biochar = 6.0 g L™*, and initial
PFOA = 66.7 ug g ).

2.6 Analytical methods

Perfluorooctanoic acid, M2PFOA, and photodegradation
byproducts analysis were performed using an ultra-high-
performance liquid chromatography system (UHPLC, Shi-
madzu Corporation Inc., Kyoto, Japan) equipped with an AB-
Sciex 5500 triple quadrupole mass spectrometry system
(Applied Biosystems, Foster City, CA, USA). The methods are
detailed in Section S6.f The detection limits of PFOA and
M2PFOA were 100 ng L™ " and 0.3 ng L™, respectively.

3 Results and discussion
3.1 Characterization of TNTs@biochar

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of biochar, TNTs, and TNTs@biochar
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are shown in Fig. 1 to obtain a clear perspective on the surface
morphology and microscopic structure. As shown in SEM
images, biochar demonstrated a cylinder structure with loose
pores on its surface (Fig. 1a) and TNTs presented as scattered
irregular aggregates (Fig. 1b). Dispersed TNTs with slight
agglomeration were observed on the surface of TNTs@biochar
(Fig. 1¢). As shown in TEM images, biochar showed a multi-layer
sheet structure (Fig. 1d). TNTs exhibited uniformly hollow and
open-ended tubes with an elongated tubular structure. They
have an outer diameter of 10 nm and a length of 100 nm
(Fig. 1e). The TEM image of TNTs@biochar revealed that the
tubular TNTs presented as an interwoven network spreading all
over the surface, indicating co-growth of TNTs and biochar
particles.” Free biochar nanoparticles were also observed in the
composite, with particle sizes ranging from 10 to 30 nm (Fig. 1f).
AFM was employed to explore the surface topography of
TNTs@biochar (Fig. S11). The average roughness was revealed
to be 146 nm, demonstrating an obvious roughness. Enhanced
surface roughness leads to a higher surface area, which is
beneficial to adsorption and degradation of organic pollut-
ants.> The elemental compositions (Table S17) revealed three
major elements (C (62.35%), Ti (23.37%), and O (13.64%)) on
the surface of TNTs@biochar. The fairly high carbon content
indicated that TNTs were not simply coated on the surface of
biochar; rather, some biochar nanoparticles were also coated on
TNTs.>

The BET specific surface areas of biochar, TNTs, and
TNTs@biochar with various biochar:TiO, mass ratios are
compared in Table S2.1 Based on the specific surface areas of
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)
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Fig. 1 SEM images (a—c) and TEM images (d—-f) of biochar, TNTs, and TNTs@biochar.
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biochar (295.18 m® ¢~ ') and TNTs (63.00 m? g~ *), the theoretical
specific surface areas of TNTs@biochar with biochar: TiO,
mass ratios of 2:1, 1:1, and 1: 2 were calculated to be 217.79,
179.09, and 140.39 m* g™, respectively, if they were combined
without distortion. The measured specific surface areas were
339.90, 298.32, and 141.52 m* g~ ', respectively. Since they are
higher than the theoretical values, this indicates that TNTs
impregnation affected the pore structure or activated the pore
opening on the surface of the TNTs@biochar.”® TNTs and bio-
char intermingled with each other to form TNTs@biochar. On
the one hand, the impregnation of TNTs may narrow or block
some interior pores of the biochar, favoring the adsorption of
PFOA on the outer shell of TNTs@biochar and subsequently
resulting in photodegradation. On the other hand, during the
preparation of TNTs@biochar, the oxygen-containing func-
tional groups may be removed and the biochar layer may be
expanded, resulting in the increase of surface area.”® Moreover,
the formation of nanosized biochar particles can lead to an
increase in the specific surface area.

The N, adsorption-desorption isotherms and pore size
distributions of biochar, TNTs, and TNTs@biochar with various
biochar:TiO, mass ratios are depicted in Fig. S2a.f Biochar
demonstrated a type IV isotherm with a type H2 hysteresis loop,
which was primary attributed to complex pore structure and
capillary condensation.”” TNTs@biochar with biochar: TiO,
mass ratios of 2:1, 1:1, and 1:2 demonstrated a type II
isotherm, reflecting unrestricted monolayer-multilayer adsorp-
tion. The type H3-hysteresis loop was related to the slit aperture
structured by the accumulation of flake particles.” The pore
size distribution profile of biochar demonstrated a single peak
at 3.8 nm (Fig. S2bt). Enlarged pore size distribution was
observed for TNTs@biochar, peaking at 0.8, 1.4, 1.8, and 2.8 nm
(Fig. S2ct). The preparation of TNTs@biochar may partially
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block the interior pores of biochar and produced nanosized
carbon particles. The average pore diameter was decreased from
4.12 nm for biochar to 0.79 nm for TNTs@biochar.

The characteristic stretching frequencies of biochar, TNTs,
and TNTs@biochar before and after PFOA adsorption were
compared in Fig. 2a. For biochar, the peaks observed at 3433,
1627, 1554, 1093, and 879 cm ™' corresponded to the stretching
vibrations of -OH, C=0, C=C, C-0O, and the aromatic C-H
bending, respectively.” For TNTs, the bands observed at 3433
and 1639 cm ™" were assigned to the stretching and deformation
vibrations of the OH groups present at the TNTs surface and
from adsorbed water, respectively.®® The peak observed at
2376 cm™ ' corresponds to carbon dioxide adsorbed from air.**
The absorption band at 536 cm ™' corresponds to Ti-O vibra-
tion.* Three peaks (3433 cm ™" for -OH, 1627 cm™ " for C=O0,
and 528 cm ! for the Ti-O functional group) were observed for
TNTs@biochar. The Ti-O group shifted from 536 cm ™" for TNTs
to 528 cm™ ' for TNTs@biochar. The peaks of C=C (1554 cm™ "),
C-0 (1093 cm ), and C-H (879 cm™") for biochar were not
observed for TNTs@biochar. Meanwhile, the peak intensities of
-OH and Ti-O for TNTs@biochar were decreased compared
with that of TNTs. All these changes were due to the combina-
tion of biochar and TNTs. The stretching intensities of -OH and
C=0 for TNTs@biochar before calcination were decreased
after calcination (TNTs@biochar), indicating the removal of
negatively charged functional groups, which was beneficial to
PFOA adsorption.**

Upon PFOA adsorption, similar absorption band character-
istics were observed, namely, the -OH group (3433 cm ™), C=0
group (1627 ecm™'), and Ti-O (520 cm™'). Yet, the Ti-O
stretching band deviated from 528 cm ™' for TNTs@biochar to
520 cm ! for PFOA-laden TNTs@biochar, and the peak inten-
sity of the ~-OH group increased. These changes were attributed
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(a) FTIR spectra and (b) XRD patterns of biochar, TNTs, and TNTs@biochar before and after calcination and PFOA-laden TNTs@biochar.
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to the hydrophobic and anion-m interactions between
TNTs@biochar and PFOA** as well as the hydrogen bond
formed between PFOA and the functional groups, e.g., -OH on
TNTs@biochar.??

The XRD patterns of biochar, TNTs, TNTs@biochar before
calcination, TNTs@biochar, and PFOA-laden TNTs@biochar
are displayed in Fig. 2b. For biochar, the peak at 14.1° was
assigned to the typical crystalline structure of the cellulose I,
(triclinic).** For TNTs, the peaks at 25.3°, 37.8°, 48.0°, 53.8°,
55.1°, and 62.7° were assigned to the (101), (004), (200), (105),
(211), and (204) crystal planes of anatase, respectively (JCPDS
No. 83-2243).*® For TNTs@biochar, the broad peak at 14.1° of
biochar disappeared, and the characteristic peaks of anatase at
25.3°, 48.0°, 53.8°, and 55.1° were still observed, confirming
that the anatase crystal was covered on the biochar. The char-
acteristic peak for biochar was not observed for TNTs@biochar,
probably due to the formation of nanosized biochar particles
coated on the TNTs. No diffraction peak of TNTs@biochar was
observed before calcination. Evidently, titanate was trans-
formed into anatase after calcination (TNTs@biochar).** Upon
PFOA adsorption, the XRD diffraction peaks remained the
same, confirming that TNTs did not contribute to the adsorp-
tion of PFOA.

The UV-vis-DRS spectra of TNTs, biochar, and TNTs@bio-
char are depicted in Fig. 3a. TNTs showed a significant
absorption peak at 290 nm, whereas the peak red shifted to
310 nm for TNTs@biochar. TNTs@biochar demonstrated an
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enhanced absorption in the visible light region compared with
TNTs, owing to the presence of biochar. Therefore, the
composite can be excited to produce more e -h" pairs, resulting
in higher photocatalytic activity.>® The optical band gaps of the
samples were obtained via fitting the experimentally deter-
mined absorption coefficient to the Tauc equation®” (Fig. S37).
TNTs@biochar obtained a narrower band gap energy of 3.10 eV
compared with 3.18 eV for the TNTs, which was probably caused
by the introduction of biochar and the formation of Ti** in the
surface disordered layer.*® The band gap energy of TNTs@bio-
char was narrower than other reported photocatalytic materials
for PFOA removal; for instance, 3.34 eV for TiO, quantum dots
loaded sulfonated graphene aerogel®* and 3.12 eV for F-
functionalized MOF with in situ-growth TiO,.** The PL spectra
(Fig. 3b) show a significant decrease of PL intensity for
TNTs@biochar compared with that of TNTs, indicating lower
recombination of e -h" on the composite. In the presence of
TNTs@biochar, photogenerated electrons can be transferred
from TNTs to biochar, enhancing the separation efficiency of
e-h’". On the other hand, biochar can absorb photo-
luminescence, leading to a quenching effect. Moreover, the
maximum PL peak red-shifted from 508 nm to 512 nm,
consistent with a wider absorption range of TNTs@biochar and
might be attributed to the lower energy gap of TNTs@biochar.*
Fig. 3c compares the CV curves of TNTs and TNTs@biochar.
The higher peak intensity of TNTs@biochar meant higher
oxidation and reduction potentials, indicating that the
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introduction of biochar enhanced the oxidation and reduction
properties of the composite.”” The CV integrated area for
TNTs@biochar was larger than that for TNTs, indicating an
enhanced charge storage capability.** Electron transfer behavior
and diffusion characteristics of TNTs and TNTs@biochar were
compared by EIS analysis as shown in Nyquist plots (Fig. 3d).
The incorporation of biochar increased the curvature of the arc
compared with that of TNTs. The charge transfer resistance (R.)
was calculated by fitting with a Randles equivalent circuit (inset
in Fig. 3d). The R, value of TNTs@biochar (451 Q) was signifi-
cantly decreased compared with TNTs (2348 Q). These changes
indicated that the combination of biochar and TNTs led to
a lower impedance, an enhanced number of e -h", and a faster
interfacial charge transfer.*>*

3.2 Effects of preparation conditions of TNTs@biochar on
PFOA sorption and photodegradation

3.2.1 Effects of supporting material. Fig. S4f compares the
PFOA adsorption by TNTs@biomass and TNTs@biochar. No
adsorption was observed for TNTs@biomass whereas 87.6% of
PFOA was removed by TNTs@biochar. Based on our FTIR
analysis, TNTs@biochar removed PFOA via hydrophobic and
anion-7 interactions, as well as hydrogen bonding. Biomass
contains a large amount of water and volatiles. After pyrolysis of
the biomass, the moisture was significantly reduced whereas
the carbon content was significantly increased, which was
conducive to the hydrophobic and anion-m interaction with
PFOA.* In addition, TNTs@biochar was rich in functional
groups such as -OH, which can form hydrogen bonds with
PFOA. TNTs@biochar was applied in the subsequent
experiments.

3.2.2 Effects of biochar:TiO, mass ratios. Fig. 4a compares
the equilibrium uptake of PFOA by TNTs@biochar at various
biochar:TiO, mass ratios. TNTs did not remove PFOA due to the
inorganic structure and negative surface charge (the point of
zero charge pH, pH,, = 176 (Fig. S51)*') under the
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experimental pH of 7.0. Biochar (0.3 g L™") removed 99% of
PFOA (100 pg L™'). As the biochar:TiO, mass ratio was
increased from 1:2 to 2:1, the PFOA removal percentage was
enhanced from 34.55% to 99.62%. The adsorption of PFOA was
facilitated by the biochar phase via hydrophobic and anion-m
interactions, as well as hydrogen bonding. With the increasing
biochar : TiO, mass ratio from 1:2 to 2:1, the specific surface
area of the composite increased from 141.52 m* g~ to 339.90
m?* g ' (Table S21). Meanwhile, a decreased biochar : TiO, mass
ratio meant an increased TiO, : biochar mass ratio and some of
the biochar sites were blocked due to the patching and/or
blocking effects of TNTs, resulting in a decline in PFOA uptake.

Following the adsorption equilibrium (initial PFOA = 100 pg
L' and sorbent = 1.5 g L', and 99% PFOA removal was
reached (Fig. S67)), the photodegradation effectiveness of pre-
concentrated PFOA on TNTs@biochar at various biochar:TiO,
mass ratios (i.e., 66.7 pg PFOA per g sorbent) was compared
after 7 h UV irradiation (Fig. 4b). Evidently, increasing the
biochar: TiO, mass ratio from 1:1 to 2:1, and further to 1:
0 resulted in a sharp drop of the photodegradation percentage
from 39.03% to 23.82%, and further to 16.49%. The abundant
photoactive surface oxygen-containing functional groups such
as -COOH,*® semiquinone,* cyclopentadienyl, and phenoxy*®
on the surface of biochar endowed it with a photocatalytic
ability to degrade PFOA. TNTs have photoelectric responses
under UV light. The combination of biochar with TNTs could
affect PFOA photodegradation in the following ways: (1) biochar
as a supporting material can decrease the aggregation of TNTs
and increase the photocatalytic active sites;" (2) the high
specific surface area of biochar harvested the PFOA and
concentrate them close to the active sites of TNTs; (3) the
addition of biochar can promote the absorption of light
(Fig. 3a); (4) biochar can transform photogenerated electrons to
TNTs, facilitating the electron transfer from the active site to the
target PFOA;> (5) biochar has a large electron storage capacity
and can serve as an electron scavenger, separating the
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Fig. 4 (a) Effects of biochar:TiO, mass ratios on the adsorption of PFOA by TNTs@biochar. Experimental conditions: initial PFOA = 100 pg L%,
material dosage = 0.3 g L™, solution volume = 40 mL, reaction time = 24 h, pH = 7.0 + 0.3, and temperature = 23 + 2 °C. (b) Effects of
biochar:TiO, mass ratios on photodegradation of pre-adsorbed PFOA by TNTs@biochar. Experimental conditions: initial pre-adsorbed PFOA
quantity = 66.7 ug g, material dosage = 6 g L™, solution volume = 10 mL, pH = 7.0 & 0.3, temperature = 23 + 2 °C, reaction time = 7 h, UV

wavelength = 254 nm, and light intensity = 30.0 mW cm 2.
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photogenerated electrons and holes (Fig. 3b); and (6) the
formation of a carbon-oxygen-titanium linkage between bio-
char and TNTs can narrow the band gap and extend the
absorption band into the lower energy range (Fig. S37).
However, excess biochar may prevent light from reaching the
photoactive sites of the composite.”® Considering both the
adsorption capacity and photodegradation ability, the optimal
biochar : TiO, mass ratio was determined to be 1:1.

3.2.3 Effects of calcination temperature. Fig. 5a compares
the equilibrium uptake of PFOA by TNTs@biochar at various
calcination temperatures. As the calcination temperature was
increased from 250 °C to 550 °C, the PFOA removal percentage
was enhanced from 4.03% to 82.43%. The increased calcination
temperature further removed the oxygen-containing functional
groups on the surface of the biochar due to dehydration and
decarboxylation.”® Table S1f revealed that the C content was
enhanced from 51.92% to 89.26% for the biochar after calci-
nation, whereas the O content was decreased from 47.67% to
8.95%. The increment of C content was conducive to the
interactions between TNTs@biochar and PFOA. In addition,
increasing the calcination temperature from 250 °C to 550 °C
can result in an enhancement in the specific surface area of
TNTs@biochar,” providing more adsorption sites for PFOA.

Following the adsorption equilibrium (initial PFOA = 100 pg
L' and sorbent = 1.5 g L™, and 99% PFOA removal was
reached (Fig. S71)), the photodegradation effectiveness of pre-
concentrated PFOA on TNTs@biochar (ie., 66.7 pg PFOA
per g sorbent) prepared at various calcination temperatures was
compared after 7 h UV irradiation (Fig. 5b). Evidently,
improving the calcination temperature from 450 °C to 550 °C
enhanced the photodegradation from 17.87% to 39.03%.
Calcination temperature can induce phase transformation.
Upon calcination at 550 °C, the titanate phase was converted
into the anatase phase, which was more photoactive.>® Mean-
while, increasing the calcination temperature formed anatase
with a larger crystal size and higher crystallinity.>® The
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calcination temperature of 550 °C was applied in the subse-
quent experiments.

3.3 Adsorption and desorption of PFOA by TNTs@biochar

The adsorption of PFOA via TNTs@biochar depicted a rapid
initial rate during the first 0.5 h and then slowed down until it
reached equilibrium at 8 h (Fig. 6a). Upon equilibrium, 86.05%
of PFOA was removed. Readily accessible adsorption sites were
occupied first. The pseudo-first-order (eqn (S1)f), pseudo-
second-order (eqn (S2)t), external mass transfer (eqn (S3)t),
and intraparticle diffusion models (eqn (S4)) (Section S77) were
applied to interpret the data. The pseudo-second-order kinetic
model better fitted the sorption kinetic data (R* = 0.989) than
the pseudo-first-order kinetic model (R> = 0.807) (Table S37),
indicating that chemisorption involving valence forces through
sharing or exchanging electrons between TNTs@biochar and
PFOA was the potential rate-controlling step during adsorp-
tion.”® The equilibrium PFOA uptake calculated from the
pseudo-second-order kinetic model (250.58 ug g ') was
comparable to that experimentally obtained (276.23 pg g ).
The external mass transfer model (R* = 0.972) outperformed the
intraparticle diffusion model (R*> = 0.926 for the first stage and
R? = 0.908 for the second stage) (Table S31), indicating that the
adsorption was external mass transfer limited. The k¢ value was
3.02 x 10 *em s

Fig. 7a displays the adsorption isotherms of PFOA by
TNTs@biochar. The classical Langmuir (eqn (S9)}), Freundlich
(eqn (S10)T), and dual-mode (eqn (S11)T) models (Section S8t)
are employed to fit the data. Table S4t presents the best-fitted
sorption isotherm model parameters. The Freundlich
isotherm model (R* = 0.982) best simulated the experimental
data with a 1/n value of 0.364 + 0.025, revealing that the
adsorption sites of TNTs@biochar were energetically heteroge-
neous and the PFOA adsorption by TNTs@biochar was favor-
able.” The lack of a clear plateau (Fig. 7a) suggested that multi-
layer adsorption occurs.
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Fig. 5 (a) Effects of temperature of calcination on adsorption of PFOA by TNTs@biochar. Experimental conditions: initial PFOA = 100 pug L%,
material dosage = 0.3 g L™, solution volume = 40 mL, reaction time = 24 h, pH = 7.0 + 0.3, and temperature = 23 + 2 °C. (b) Effects of the
temperature of calcination on photodegradation of pre-adsorbed PFOA by TNTs@biochar. Experimental conditions: initial pre-adsorbed PFOA
quantity = 66.7 pg g, material dosage = 6 g L%, solution volume = 10 mL, pH = 7.0 & 0.3, temperature = 23 + 2 °C, reaction time = 7 h, UV

wavelength = 254 nm, and light intensity = 30.0 mW cm 2.
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(a) PFOA adsorption kinetics on TNTs@biochar; (b) pseudo-first-order, (c) pseudo-second-order, (d) external mass transfer, and (e)

intraparticle diffusion models applied for simulating PFOA adsorption kinetics. Experimental conditions: initial PFOA = 100 pg L™, material
dosage = 0.3 g L™, solution volume = 40 mL, reaction time = 24 h, pH = 7.0 + 0.3, and temperature = 23 + 2 °C.

Fig. S5 compares the zeta potential of TNTs@biochar, bio-
char, and TNTs. The introduction of biochar suppressed the
negative surface potential of TNTs and elevated the pHp,. value
from 1.76 for TNTs to 3.12 for TNTs@biochar. Under the exper-
imental pH of 7.0, TNTs@biochar was negatively charged and
PFOA existed in an anionic form, with electrostatic repulsion
existing between PFOA and TNTs@biochar. TNTs itself did not
remove PFOA. The introduction of biochar during the prepara-
tion of TNTs@biochar induced adsorption sites for PFOA. FTIR
analysis (Fig. 2a) demonstrated that TNTs@biochar effectively
removed PFOA from aqueous solutions via hydrophobic interac-
tions, anion-7 interactions, and hydrogen bonding.

The desorption isotherm of PFOA from TNTs@biochar is
shown in Fig. 7b. Evidently, PFOA adsorption on TNTs@biochar
was irreversible during desorption. The hysteresis was probably
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Fig. 7

attributed to the hydrogen bonding between TNTs@biochar
and PFOA, which was not susceptible to desorption.’” Moreover,
the porous structure of biochar may swell during adsorption
and collapse during desorption, contributing to the desorption
hysteresis.”® It should be noted that the sorption hysteresis is
beneficial to the subsequent photodegradation of pre-
concentrated PFOA by TNTs@biochar.

3.4 Photodegradation of pre-concentrated PFOA

3.4.1 Photodegradation kinetics. The degradation of PFOA
pre-adsorbed on TNTs@biochar was enhanced with the
increase of UV (254 nm) exposure time (Fig. 8a). After 7 h of UV
irradiation, 39.43% of PFOA was degraded. The pseudo-first-
order (eqn (S12)f) and retarded first-order kinetic models (eqn
(S137) (Section S9t) were applied to simulate the degradation

14

PFOA uptake (mg/g)

0.2 —O0— Adsorption isotherm
—e— Desorption isotherm
0.0 T T T T T
0.0 0.3 0.6 0.9 1.2 15 1.8
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(a) Adsorption isotherms for PFOA on TNTs@biochar and (b) adsorption and desorption isotherms of PFOA on TNTs@biochar. Experi-

mental conditions: initial PFOA = 0—2.0 mg L%, material dosage = 0.3 g L™, solution volume = 40 mL, reaction time =24 h, pH = 7.0 & 0.3, and

temperature = 23 + 2 °C.
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Fig. 8 (a) Photodegradation kinetics of pre-adsorbed PFOA on TNTs@biochar; (b) pseudo-first-order and (c) retarded first-order kinetics models

applied for fitting degradation data. Experimental conditions: initial pre-adsorbed PFOA quantity = 66.7 pg g, material dosage = 6 g L™},
solution volume =10 mL, pH =7.0 £ 0.3, temperature = 23 4+ 2 °C, reaction time = 8 h, UV wavelength = 254 nm, and light intensity = 30.0 mW

cm—2.

data. The latter model which incorporates a factor of « into the
reaction rate constant provided a better fitting (R> = 0.997)
(Table S5t). The deviation may arise from multiple factors: (1)
the reactivity is reduced; (2) the concentration of the reactant at
the reactive site is diluted; (3) the site for further reaction is
deeper and less accessible; and (4) the intermediate products
may compete for reactive sites.

Increasing the light intensity significantly enhanced the
PFOA photodegradation. As the light intensity was increased
from 16.4 to 30 mW cm ™2, the PFOA degradation was improved
from 7.84% to 38.97%. As the light intensity was further
increased to 48.3 and 57.0 mW cm %, the PFOA degradation was
elevated to 80% and 99%, respectively. The enhancement was
attributed to a faster generation rate of holes and more
production of oxygen-containing radicals (e.g., ‘OH),”® which
contributed to the photodegradation of PFOA (Section 3.4.2).

3.4.2 Photodegradation  mechanisms. The photo-
degradation of PFOA pre-sorbed on TNTs@biochar was carried
out with a variety of scavengers. As shown in Fig. 9a, the addi-
tion of KI, a scavenger for h', inhibited the PFOA photo-
degradation from 36.16% to 31.38% (a 4.78% decrease; p <
0.05). The addition of tert-butanol (TB) and isopropanol (IP),
scavengers for ‘OH, reduced the degradation by 2.94% (p < 0.05)
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Fig. 9

and 5.99% (p < 0.05), respectively. Meanwhile, the addition of
ascorbic acid (AA), a scavenger for ‘O, had a negligible effect
on the photodegradation of PFOA (p > 0.05). The ESR spectrum
(Fig. 9b) further confirmed the formation of ‘OH whereas ‘O,
was not detected. These results suggested that direct h'-driven
oxidation and "OH played an important role in PFOA photo-
degradation by TNTs@biochar.

The intermediates and products after 7 h of PFOA photo-
degradation were analyzed and summarized in Table S6.} Per-
fluoroheptanoic acid (PFHpA), perfluorohexanoic acid (PFHxA),
perfluoropentanoic acid (PFPeA), and perfluorobutyric acid
(PFBA) were detected. Accordingly, the photocatalytic degrada-
tion process of pre-concentrated PFOA by TNTs@biochar is
proposed:

C;FsCOO™~ + TNTs@biochar —
C;FsCOO /TNTs@biochar (1)

TNTs@biochar + hv — ¢~ (CB) + h™ (VB) (2)
h* (VB) + H,O —» ‘OH + H* (3)
h™ (VB) + OH — "OH (4)

Signal intensity (a.u.)

3390 3420 3450 3480 3510

Magnetic field (G)

3330 3360

(a) Effects of various scavengers on photodegradation of PFOA pre-sorbed on TNTs@biochar and (b) electron spin resonance (ESR)

spectra of TNTs@biochar. Scavengers experimental conditions: initial PFOA pre-adsorption quantity = 66.7 ug g%, material dosage = 6 g L™,
solution volume = 10 mL, pH = 7.0 + 0.3, temperature = 23 + 2 °C, UV wavelength = 254 nm, light intensity = 30.0 mW cm™2. KI, tert-butanol
(TB)/isopropanol (IP)/ascorbic acid (AA) concentration = 2 mM and reaction time = 7 h.
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C,F,;5CO0™ + h* (VB) - C,F,5COO’ (5)
C,F;5C00" — ‘C,Fys + CO, (6)

"C;Fs + 'OH — C,F;;OH 7)
C,FsOH — C¢F;COF + H* + F~ (8)
C¢F3COF + H,0 — C¢F5CO0™ + 2H" + F~ 9)

C¢F13COO™ +h* (VB)/"OH/H,0 —
CsF;;COO™ + 2F + CO, + 3H" — ... » F~ + CO, (10)
Fig. 10 exhibits the photocatalytic degradation mechanisms.
First, PFOA is adsorbed on the TNTs@biochar via hydrophobic
and anion-T interactions as well as hydrogen bonding (eqn (1)).
Second, electrons (e, conduction band) and holes (h*, valence
band) are produced under UV irradiation (eqn (2)).* The photo-
generated h' reacts with H,0 and OH™ to produce "OH radicals
(eqn (3) and (4)).** Third, C,F;5COO™ is oxidized by the photo-
generated h* to produce C,F,5CO0" (eqn (5)). C,F;5CO0" under-
went a Kolbe decarboxylation reaction to produce "C,F;5 and CO,
(eqn (6)). The resultant "C,F;5 further reacts with "OH to generate
highly unstable C,F;50H (eqn (7)), which leads to the cleavage of
a C-F bond and the release of F~ (eqn (8)). The C¢F,3COF inter-
mediate conveniently reacts with H,O to produce CgF;3COO™
(eqn (9)).®* The shorter-chain C¢F;3COO™ experiences the same
decarboxylation/defluorination cycle and each cycle eliminates
one carbon and two fluorine atoms (eqn (10)).*
3.4.3 Toxicity of PFOA and its photodegradation products.
The toxicities of PFOA and the identified degradation products
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to aquatic organisms (namely, fish, daphnid, and green algae)
were evaluated using ECOSAR software. The predictive acute
and chronic toxicity data were summarized in Table S7.7 For
PFOA, the acute and chronic toxicity for fish, daphnid, and
green algae were 10.1 mg L " and 1.34 mg L ", 7.43 mg L " and
1.50 mg L', and 16.22 mg L' and 7.58 mg L™ ", respectively.
Clearly, the acute and chronic toxicity of the PFHpA, PFHXA,
PFPeA, and PFBA degradation products to fish, daphnid, and
green algae was lessened compared with that of the parent
compound, PFOA. For instance, the acute and chronic toxicity
for PFBA for fish, daphnid, and green algae were 408.94 mg L™
and 43.65 mg L', 250.18 mg L' and 30.02 mg L', and
253.58 mg L' and 78.39 mg L™ ', respectively.

3.5 Effects of TNTs@biochar dosage and pH on PFOA
sorption and photodegradation

Fig. S8 compares the adsorption and photodegradation of
PFOA via TNTs@biochar at various dosages. Clearly, increasing
the dosage from 0.25 to 0.6 g L' significantly enhanced the
sorption from 29.02% to >99% (Fig. S8af). Higher dosage
provided more sorption sites for PFOA. As the composite dosage
was increased from 2.4 to 4.8 g L', the photodegradation of
pre-concentrated PFOA declined from 39.13% to 27.61%
(Fig. S8b¥). The lower degradation was attributed to reduced
light penetration caused by an enhanced shading effect of
denser suspended composites.®* Yet, the photodegradation
reached 38.97% as the dosage was further increased to 6.0 g L.
Although the light penetration was diminished at higher
dosage, the gain in the amount of holes and "OH produced with
increasing dosage outweighs the loss in light penetration.
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Fig. 10 Conceptualized illustration of photocatalytic reaction mechanisms of PFOA by TNTs@biochar.
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Fig. S9af shows effects of pH on PFOA sorption by
TNTs@biochar. The sorption rose sharply from 25.26% to 85.92%
as the pH decreased from 11.0 to 7.0, and then remained at 99%
from pH 4.0 to 6.0. As the pH increases, the electrostatic repulsion
between TNTs@biochar and PFOA was enhanced (Fig. S51). On
the other hand, more OH competed with PFOA anions for
adsorption sites. Fig. S9bt compares the photodegradation of
PFOA pre-concentrated on TNTs@biochar at various pH values.
After 7 h UV irradiation, PFOA degradation decreased from 42.0%
at pH 5.0 to 39.0% at pH 7.0 and further to 27.3% at pH 9.0.
Higher pH was less favorable for the interaction between the
photoactive sites of TNTs@biochar and PFOA. In addition, alka-
line conditions hindered the generation of holes and radicals,*
which may restrain the degradation of PFOA (Section 3.4.2).
Excessive OH~ competed with PFOA for photogenerated holes,*
impeding direct h'-driven oxidation of PFOA (Section 3.4.2).

3.6 Reusability of TNTs@biochar

Biochar-titania nanotube composite was repeatedly applied for
four consecutive adsorption-photodegradation cycles. As
shown in Fig. S10,f the PFOA adsorption was maintained at
>99%, and the PFOA degradation also remained constant. The
PFOA-laden TNTs@biochar can be regenerated via photo-
degradation, and the resultant composite can be reutilized in
several cycles. Notably, the composite demonstrated remark-
able cost advantages through sustainable biomass utilization,
energy efficiency, and material reusability.

4 Conclusion

A novel adsorptive photocatalyst TNTs@biochar was synthe-
sized through an alkaline hydrothermal approach using low-
cost biochar and TiO,, and investigated for the removal of
PFOA in water. The composite exhibited synergistic adsorption
and photocatalytic activities and was able to effectively degrade
PFOA in water via a concentration and destroy strategy.
TNTs@biochar adsorbed PFOA through hydrophobic and
anion-T interactions as well as hydrogen bonding. The incor-
poration of biochar with TNTs improved photocatalytic activity,
leading to an efficient degradation of pre-concentrated PFOA
under UV irradiation via direct h'-driven oxidation and "OH.
The generated shorter-chain PFCs demonstrated lower toxicity.
Increasing the light intensity enhanced the degradation. A
lower pH favored the adsorption and photodegradation of
PFOA. TNTs@biochar demonstrated good reusability after four
adsorption—-photodegradation cycles. Further studies can focus
on the sunlight-induced photocatalytic degradation of concen-
trated PFOA in various water matrices for practical application,
the quantification of photodegradation products, and the
development toxicity of PFOA and photodegradation products.
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