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ABSTRACT

Rapid increases in municipal and industrial waste pose significant environmental challenges, prompting the need
for sustainable technologies. This study reports a framework that combines the production of adsorbents with
value-added processes to be used in the remediation of water streams polluted by perfluorooctanoic acid (PFOA)
as a target compound. This framework is based on adsorption and regeneration cycles using thermally persulfate-
activated advanced oxidation process. Carbon-rich waste, including olive pomace and urban plastic residues, was
used to synthesize five carbonaceous materials—activated carbon, hydrochar, pyrochar, activated carbon from
hydrochar, and carbon nanotubes—via hydrothermal carbonization and pyrolysis. The adsorbents demonstrated
PFOA adsorption capacities ranging from 55 to 303 mg-g™ , with activated carbon achieving the highest
(303 mg-g™!) due to its microporous structure. Adsorption equilibrium followed the Langmuir model, while
adsorption kinetics were best described by a pseudo-second-order model. Regeneration was performed using
thermally activated persulfate at 60°C. Activated carbon recovered over 70 % of its adsorption capacity with
lower oxidant consumption, whereas hydrochar and carbon nanotubes exhibited higher oxidant use and greater
structural changes. These results underscore the potential of waste-derived carbon materials for sustainable
water treatment and circular economy applications, providing effective removal of persistent pollutants like
PFOA with great promise.

1. Introduction

produced in 2022, mainly from Spain, Italy, Greece, and Portugal, with a
production of more than 65 % in the case of Spain [17], generating a

The significant increase in the production of urban and industrial
wastes has created urgent environmental challenges [1-3]. Developing
sustainable technologies to valorise residues is essential to reduce solid
waste and minimise environmental impact [4-6]. A promising strategy
is transforming solid waste into value-added carbonaceous material
(CM). In this context, the pyrolysis of the raw material with high carbon
content or other interesting components can be used to develop catalysis
[7] and adsorbents [8-12], being raw materials such as olive oil
manufacturing process solid wastes [13-15], or plastic urban wastes [9,
16].

Europe is a leading olive oil producer, with over two million tonnes

* Corresponding author.

https://doi.org/10.1016/j.jece.2025.120084

significant oil mill effluents and olive pomace residues [18], with a high
carbon content for CM production [13]. This adsorbent can be obtained
by hydrothermal carbonisation (HTC), employing temperatures in the
range 180-250 °C under autogenous pressured [15,19,20], or pyrolysis
at high-temperatures (800-1100°C) employed quartz reactors under
inert (N3) or oxidative (CO2) atmospheres [13,15]. Similarly, urban
plastic waste, projected to exceed six million tonnes daily by 2025 [21,
22], is a carbon source for heterogeneous catalysts [23-26]. The main
production process of this CM is chemical vapor deposition (CVD) on a
metal catalyst under pyrolysis conditions (800 °C) [24].

The CM derived from the valorisation can be applied in the treatment

Received 18 September 2025; Received in revised form 21 October 2025; Accepted 31 October 2025

Available online 5 November 2025

2213-3437/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-1785-4980
https://orcid.org/0000-0002-1785-4980
https://orcid.org/0000-0002-7804-5677
https://orcid.org/0000-0002-7804-5677
https://orcid.org/0000-0002-4235-9308
https://orcid.org/0000-0002-4235-9308
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2025.120084
https://doi.org/10.1016/j.jece.2025.120084
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2025.120084&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Sanchez-Yepes et al.

Journal of Environmental Chemical Engineering 13 (2025) 120084

600 @ PC | b) AC & AC-HC
600 -
I 400 1 -
200 ]
0 F E T T T T T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
time (h) time (h)

Fig. 1. Temperature ramps used in the a) Pyrochar (PC) and b) Activated carbon (AC) and AC-Hydrochar (AC-HC): pyrolysis process.

of contaminated effluent with persistent organic pollutants (POPs) [27,
28], being an efficient system that allows the remediation of large vol-
umes of wastewater, concentrating the pollutants in the CM [29].
However, the contamination is transferred to the CM, which must be
appropriately managed as a residuum in secure landfill cells or incin-
erated [30-34]. Solvent extraction can recover adsorbents, but addi-
tional treatment is required to treat the solvent-contaminant mixture
[35]. In this scenario, advanced oxidation processes (AOPs) have
emerged as a sustainable alternative to regenerating CMs, removing the
adsorbed POPs, promoting their reuse, minimising environmental im-
pacts, and increasing these new CMs circular economy [36-39].

Perfluorinated compounds (PFCs), classified as persistent organic
pollutants (POPs), were selected as model contaminants due to their
environmental persistence, resistance to degradation, high toxicity, and
bioaccumulative properties [40-42]. Perfluorooctanoic acid (PFOA) is
one of the most prevalent PFCs in contaminated waters. The key chal-
lenge in treating PFOA-contaminated effluents lies in their low con-
centrations, which result in significant unproductive losses of reagents
(oxidants) during direct degradation in the aqueous phase. In the liter-
ature, Santos et al. [41] demonstrated the elimination of PFOA (0.1 mM)
and defluorination using thermally activated persulfate (PS) as an AOP
in 18 h. However, the process required a high oxidant-to-contaminant
ratio (1:530) and a 70 °C activation temperature due to PFOA recalci-
trant nature. Hybrid treatment strategies could be a promising solution
to overcome this challenge. The proposed approach in this work con-
centrates PFOA from the aqueous phase onto adsorbent materials and
then regenerates the spent adsorbents. This method addresses dilution
challenges and enhances sustainability by enabling adsorbent reuse,
reducing waste, and improving overall process efficiency while ensuring
effective PFOA removal.

Various studies have explored PFOA adsorption from the aqueous
phase using carbonaceous materials [43-48]. However, the regenera-
tion of these adsorbents, combined with the simultaneous removal and
degradation of PFOA, remains underexplored. Efficient and sustainable
regeneration techniques are needed to restore the adsorbent function-
ality and ensure the complete removal and degradation of the adsorbed
PFOA. Thermal-activated PS (TAP) was selected to regenerate the spent
CMs saturated in PFOA. PS was catalytically decomposed by heat,
generating SOze radicals with a high redox potential (2.6 V) [39,49-52].
TAP has demonstrated potential for regenerating spent CMs. Jatta et al.
[49] investigated the regeneration of spent carbon in toluene, achieving
a 90 % carbon regeneration when applying a 100 mM PS solution at 80
°C. Sanchez-Yepes et al. [39] achieved a 60 % regeneration of highly
saturated commercial granular carbon in chlorinated organic com-
pounds using an initial PS concentration of 166 mM and a 60 °C. Simi-
larly, Huling et al. [52] studied the regeneration of a spent GAC in
MTBE, achieving a recovery more significant than 40 % after a single PS

application of 40 g-L ! of initial oxidant concentration at 55 ° C. Despite
these advancements, limited attention has been given to the structural
and functional changes in adsorbents through multiple TAP regenera-
tion cycles. Moreover, no studies have examined the regeneration of
activated carbons after the adsorption of highly recalcitrant or haloge-
nated organic pollutants like PFOA.

Given the urgent need to develop robust frameworks for addressing
persistent contaminants, this study focuses on the development of sus-
tainable CMs derived from industrial and urban wastes for the adsorp-
tion of PFOA. The main objective is to systematically investigate the
behavior and application of these materials, including their potential for
regeneration. Five novel CMs, synthesized from olive pomace and plastic
residues were characterized and evaluated for their efficiency in PFOA
adsorption. Following adsorption, the spent materials were regenerated
using TAP to assess their recovery capacity, potential for reuse in sub-
sequent cycles, and structural changes resulting from the regeneration
process.

2. Experimental section
2.1. Materials

Dried olive pomace residues and High-Density Polyethylene (HDPE)
were used to prepare the CM. These wastes were provided by an olive
pomace oil extraction industry (Mirabaga) and by the company
responsible for the waste management system (Residuos do Nordeste) in
northeastern Portugal. The N» and CO- of first grade, used in the prep-
aration of the carbon material, were supplied by Air Liquid. A COM-
ERCIAL Fe/Ni catalyst was employed for the carbon nanotube synthesis.
HCl, NaOH, and KBr provided by Sigma-Aldrich were used as reagents in
the pH point zero charge (PZC) and FTIR characterisations of the
different CMs.

Sigma-Aldrich purchased analytical-grade PFOA, NayBr407-10 H,0,
phenolphthalein, methylene blue, and chloroform used in the PFOA
measurement. Sigma-Aldrich supplied PS. Potassium iodide (KI), and
sodium carbonate (NaHCO3) were the reagents used to quantify PS. The
concentration of fluoride and short-chain organic acids was determined
by ion chromatography. Sodium carbonate, sodium bicarbonate, sulfu-
ric acid, and acetone were all from Sigma-Aldrich.

2.2. Procedure

2.2.1. Preparation of carbon materials

Five CMs were prepared from industrial and urban waste. Hydrochar
(HC), Pyrochar (PC), Activated carbon (AC), and AC from Hydrochar
(AC-HC) were obtained from olive oil production residues. HDPE was
used to prepare carbon nanotubes (CNT) as plastic urban waste. The
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Table 1
Experimental conditions carried out with the CM synthetized. The experiments
were carried out in batchwise magnetically stirred reactor.

Exp. Objective v, [PFOA] T, [PS], [CM], Time,
mL  mglL? °C gL! gL h

1 Adsorption5 10 400 25 0 3a 72
CM

2 PFOA 10 350-600 25 0 0.1-5a 48
Isotherms

3 PFOA kinetic 10 600 25 0 5a 48

4 TAP 50 0 40-80 30 5a 0-6
oxidation

5 PFOA 50 600 25 0 5a 48
saturation

6 CM 50 0 60 30 5b 24
regeneration

7 CM 50 600 25 0 5c 48

resaturation

a) CM not previously saturated in PFOA.
b) CM previously saturated in PFOA.
¢) CM previously regenerated with PS.

CM saturation
cM:5gL"!
T=25°C t=24h

CM regeneration

PS: 30 mg-L™!
CcM:5gL" S ?gng
T=60°C t=6h
CM rinsed
Pure water CM: 5 g-L“
T=60°C t=6h

CM saturation
cM:5gL!
T=25°C

Fig. 2. Experimental workflow (exp. 5, 6 and 7 in Table 1) for evaluating the
adsorption and regeneration of carbon materials (CM) for PFOA removal, using
persulfate (PS) as an advanced oxidation process (AOP).
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procedures for the preparation of these materials is summarized as
follows:

Hydrochar (HC): 4 g of dry olive pomace and 30 mL of distilled
water were placed in a Teflon reactor, sealed within a steel reinforce-
ment vessel. The reactor was heated in an oven at 230 °C for 3 h to carry
out the hydrothermal carbonization process. The resulting hydrochar
(HC) was filtered and thoroughly washed with distilled water.

Pyrochar (PC): 10 g of dry olive pomace were placed in a quartz
reactor, which was inserted into a temperature-programmed furnace for
pyrolysis. To ensure an oxygen-free atmosphere, nitrogen (N2) was fed
into the reactor at room temperature for 2 h. Pyrolysis was carried out
under a continuous Nz flow following a three-step temperature program:
Ramp 1: The temperature was increased from ambient to 400 °C over 1 h
and held constant for an additional hour. Ramp 2: The temperature
gradually rose from 400 °C to 600 °C and maintained for 1 h. Ramp 3:
The temperature was increased to 800 °C and held constant for 4 h. The
reactor was then cooled over 12 h under a continuous N> flow. The
temperature ramps used to produce pyrochar (PC) are schematically
represented in Fig. 1a.

Activated carbon (AC) and AC-Hydrochar (AC-HC): 10 g of dry
olive pomace were placed in a quartz reactor for the preparation of
activated carbon (AC). The same temperature program used for pyro-
char (PC) production was applied, with an additional CO: activation
stage at 800 °C. Upon reaching 800 °C, the Nz flow was switched to CO:
for 1 h, after which the N2 flow was reintroduced for an additional 3 h.
The temperature ramps used for AC production are schematically shown
in Fig. 1b. For AC-HC preparation, 10 g of hydrochar (HC) was used as
the raw material and subjected to the same temperature program and
CO: activation stage as for AC.

Carbon nanotubes (CNT): Carbon nanotubes (CNTs) were synthe-
sized via chemical vapor deposition (CVD) using a Fe/Ni-based catalyst.
Specifically, 5 g of high-density polyethylene (HDPE) were combined
with a NiFe20a catalyst in a quartz reactor. The pyrolysis process was
conducted at 800 °C for 1.5 h under a nitrogen (N2) atmosphere. Post-
synthesis, the resulting material was subjected to reflux in 50 % v/v
sulfuric acid (H2SO4) at 140 °C for 3 h to leach out any unincorporated
Fe/Ni residues.

The materials production yield (Ycy) was calculated by relating the
mass of CMs obtained to the mass of raw material used as described in
Eq.(1).

8cmi

Yemi = 100 i= {HC,PC,AC,AC—HC and CNT} (D)
gmw material
450
b) key: Carbon Material
400 -
—— AC-Original
350 4 |—— HC-Original
—— NT-Original
< 300
)]
-
£
2
%)

0:6
P/PO

0,2 0,4 0,8 1,0

Fig. 3. a) FTIR spectra of the synthesized CMs: HC, PC, AC-HC, AC, and CNT. b) N, Adsorption isotherm for original CMs.
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Table 2
Characterisation of the structural properties of the synthesised materials.
SpET Sext Ve Smic Wwic TPV
(m*g™") (m*g™) (em®g™) (m*g™) (em®m™?) (em®g™)
AC 527.3 329 0.269 494.39 2.18:1073 0.313
HC 13.5 9.8 0.000 3.77 4.25.107* 0.016
CNT 118.6 118.6 0.000 0.00 0.00 0.657

Table 3
PFOA Adsorption Capacity of HC, PC, AC, AC-HC, and CNT. Using a Cgm;
=3 gL, Cprono = 400 (pHy = 2.66) mg-L ' and t = 72 h.

CM PHs Cproa.t QPFOA,t
(mg-L™") (mg-g™")
HC 3.35 292.24 35.92
PC 10.31 400.00 0.00
AC 10.74 74.28 108.37
AC-HC 3.24 400.00 0.00
CNT 2.93 297.54 32.84
a) m HC
2501 @ AC [
A CNT 4
~ 2004
> .
()]
£ 150
=
T
2
£100{ ¢
[}
(on
504
0

0 100 200 300 400 500 600
Ceproaj (mg-L™)

2.3. Adsorption experiments

Two sets of experiments were carried out to test the adsorption ca-
pacity of PFOA. The msin experimental conditions are summarized in
Table 1. In the first set (exp. 1 in Table 1), a vial containing 10 mL of a
solution of PFOA (400 mg-L ™) was put in contact with 30 mg of the CM
(3 gL 1. The vials were magnetically stirred and immersed in a ther-

mostatic bath to maintain the temperature at 25 + 1 °C during 72 h. The
adsorbed amount of PFOA on the CM was calculated with Eq.(2).

Qeron = (Crrono — Ceronc)Vag/Wemi 1= {HC,PC,AC,AC — HC,CNT}

@

being qproa (mgpFoA-gEﬁ[) the amount of PFOA adsorbed on CM, Cproa o
and Cppoa ¢ (mgpFOA-L*I) the initial and final PFOA aqueous

b)150
125

0-
0

5

time (h)

10 15 20 25 30 35 40 45 50

Fig. 4. a) PFOA adsorption isotherms for the HC, AC, and CNT materials, b) PFOA concentration adsorbed on CM: HC, AC, and CNT. Cppoa,0 = 600 mg‘L’l,
Cev= 5 gL}, pHo = 2.56, t = 48 h, 500 rpm, and 25 ° C. Symbols depict experimental values and lines corresponding to predicted values with the PSO adsorption

model and the Langmuir isotherm described in Table 4 and Table 5.

Table 4
Parameters Adsorption Isotherms tested and statistical parameters for each CM.
Model Parameter HC AC CNT
Langmuir Gm (mg.gfl) 61.85 + 1.09 303.12 +£17.29 55.65 + 0.72
@ = qmK1.Ce Ki103(L-mg™) 4.254+0.19 7.33 +£1.07 5.63 4+ 2.22
1+K.Ce R2 0.996 0.958 0.997
Freundlich L 3.69 £ 0.23 15.64 + 2.29 5.35 £0.39
qr = KsGL/ Kp | mg'n-Ln-g! 2.55 + 0.07 2.22+0.13 3.05+0.11
0.994 0.946 0.994
n( —)
R2
Javanovic G103 (mg-g™?) 4.44 +0.16 7.47 +0.91 5.25 +0.13
Ge = qumj(1 —€9°C) K;10-2(Lmg™) 0.47 + 0.07 2.38 +0.11 0.44 + 0.04
R? 0.993 0.926236 0.997
Halsey Ky-10% 4.97 £ 2.89 213 +1.46 1.87 +£1.10
~ex InKy — InC, n 3.10+£0.16 2.23+£0.13 3.37 £ 0.16
9e = Xp n R? 0.981 0.961 0.989610
Temkin br-10%(kJ-mol 1) 9.61 +1.89 36.76 + 7.95 9.51 £ 2.76
_ E Kr (L.gfl) 98.36 + 10.01 29.95 + 2.65 100.10 + 14.91
e = (len(KTCE) R? 0.970 R? = 0.960 0.936
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Table 5
Estimated kinetic parameters obtained by fitting data in Fig. 4b, j = HC, AC, CNT [58,62].
Model Parameter HC AC CNT
PFO k(,_j~102 3.36 £ 0.05 7.62 £0.11 5.68 + 0.08
log(q. —q,) = ()
kaj R? 0.839 0.935 0.844
log(a.) — 5303
PSO ka_]--IO2 0.823 + 0.012 0.050 + 0.001 4.03 £ 0.006
t_ 1 + L gCM'mg}:I}OA'hil)
a4 ki a2 g
Lo e R? 0.991 0.942 0.999
Elovich Model a 5.02 + 0.07 1.87 + 0.03 2152.92 + 32.29
1 1 (mgproa-h-gciy)
9: = gln(ap) + 5ln(t) B 8.02 +0.12 22.48 + 0.34 3.49 + 0.05
(8cmMgriion)
R? 0.921 0.908 0.961
Intra-particle diffusion kqj 5.92 + 0.09 18.05 + 0.27 3.66 + 0.05
= k"jto's +1 (mgproa 'g51%4'h71//2)
1 6.90 £ 0.10 3.90 20.21 + 0.30
(mgproa-gary) +0.06
R? 0.709 0.929 0.514
Modified PSO k,,.j-102 1.63 + 0.025 2.56 £ 0.038 3.65 £+ 0.06
log(g. ~q,) + (B
. kqe Qej 53.31 £ 0.80 96.74 + 1.45 59.36 + 0.90
= log(q.) — knt (mgproa-&ary)
R? 0.906 0.833 0.929
Film diffusion model kF_j-lol 491 +0.01 0.79 + 0.01 9.59 +0.11
)\ _ (D)
ln(l W) -
q. A-10' —0.77 £ 0.01 —1.75 £ 0.01 —1.31 £ 0.02
—krj +A (—)
R? 0.839 0.935 0.844

concentration, V,q (L) the aqueous volume and Wy (g) the mass of each
CMs. The five CMs prepared were tested, and the corresponding
adsorption capacity was compared for these conditions.

PFOA kinetic adsorption and equilibrium isotherms were evaluated
in the second set of experiments using the three CMs (exp. 2 and 3 in
Table 1), which showed the best adsorption capacity from the first set.
Equilibrium isotherms were determined batchwise, with 10 mL vials
containing 10 mL of aqueous solution of initial PFOA concentrations in
the range 350-600 mg-L! and CM loading from O (control) to 5 g-L™".
The vials were agitated for 48 h, after which the remaining PFOA con-
centration in the aqueous phase was measured, and the PFOA adsorbed
in CM was calculated by Eq.(2). All experiments were conducted in
triplicate to ensure reproducibility. Kinetic adsorption experiments were
conducted batchwise with vials but using 600 mg-L-' PFOA solution and
5 gL' of the adsorbent material (CM). Vials were and sacrificed at
different times, and the remaining PFOA concentration in the aqueous
phase was measured.

2.4. Oxidation experiments: thermal activated persulfate (TAP)

Two oxidation experiments were conducted: the first focused on
investigating the reaction between the oxidant and the carbonaceous
material (CM) without adsorbed PFOA. In contrast, the second examined
the interaction between the oxidant and PFOA adsorbed onto saturated
CM. The experimental conditions are summarized in Table 1.

The reaction between PS and CM in the absence of adsorbed PFOA
(exp. 4 in Table 1), was studied in batch mode at three different tem-
peratures (40, 60, and 80 °C) with a CM loading of 5 g-L™! . A total of
50 mL of distilled water and 0.25 g of CM were placed in a closed 50 mL
glass reactor, which was well-mixed and maintained in a thermostatic
bath (IKA 7 mixing plate with PID temperature controller) to ensure a
constant temperature and adequate mixing of the aqueous phase. Once
the target temperature was reached, PS was added to the aqueous phase
to achieve an initial concentration of 30 g-L™' , marking the start of the
reaction (time zero).

The reaction between PS and the spent CMs after PFOA adsorption

was investigated as follows (exp. 5, 6 and 7 in Table 1). The experi-
mental woflow carried out in this experiment is summarized in: First, the
CMs were saturated with PFOA by contacting 0.5 g of each CM with
50 mL of a 600 mg-L™! PFOA solution for 48 h. After PFOA saturation,
the CMs were filtered, and the residual PFOA concentration in the
aqueous phase was measured to calculate the amount of PFOA adsorbed
using Eq.(2). Saturated CMs were then air-dried for 24 h. Afterwards,
the spent CMs were regenerated batch-wise using thermally activated
persulfate (TAP) using the same procedure previously described in the
absence of PFOA in the CM. The PS concentration in the aqueous phase
was monitored over time during 6 h in all the runs. Samples of 0.25 mL
were collected at regular intervals.

The regenerated CM was recovered and washed in 50 mL of milli-Q
water for 2 h at 60 ° C. Then, 0.25 g of regenerated CM was placed in
contact with 50 mL of fresh PFOA solution (600 m g-L’l). After 48 h of
contact, the remaining PFOA concentration in the aqueous phase was
measured, calculating the amount of PFOA adsorbed, qproa re-saturated; By
Eq.(2). The efficiency of the regeneration step was calculated using the
recovered adsorption capacity (RAC) defined in Eq.(3)

RAC = qPFOA,re—saturated/qPFOAfinitial'100 3

being qPFOA-initial and JPFOAre-saturated (mgPFOA'gal\lll) the amount of PFOA
adsorbed in the original CM and after TAP regeneration, both at equi-
librium conditions.(Fig. 2)

2.5. Analytical methods

2.5.1. Characterisation of the carbon materials

The PZC for the synthesised CM, was assessed via the pH drift
method [53]. Specifically, 75 mg of powdered of each CM was combined
with 10 mL of 0.01 M NacCl solution in glass flasks, with the initial pH
adjusted between 2 and 10 using 0.1 M HCI or NaOH. The mixtures were
agitated and equilibrated for 24 h at 300.15 + 2 K. The final pH was
recorded, and the PZC was defined as the pH point remaining constant
post-equilibration. Each trial was conducted in triplicate under
controlled laboratory conditions utilizing triple distilled water to
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Fig. 5. Remaining PS with a) HC, b) AC, and c¢) CNT. Ccy;=5 g~L’1,
Cps= 30 gL 1. Symbols depict experimental values, and lines simulate pre-
dicted values using the kinetic PS consumption model in, the kinetic constants
are provided in the equations of the Figure.

mitigate background conductivity. Eleven magnetically steering vials
containing 7.5 g-L’1 of the CM and 10 mL of NaCl (0.01 M) solution
were prepared for each material. The initial pH of each vial was adjusted
between 2 and 12 with HCI (0.1 M) and NaOH (0.1 M). The vials were
agitated, and the pH was measured after 24 h. The final pH values were
compared with the initial pH values of the different adjusted NaCl
solutions.

The porous texture of the CM was characterised by adsorption-
desorption of Ny at —196 °C in a Quantachrome instrument NOVA
TOUCH LX4 quantum instrument (Quantachrome Instruments, Florida,
USA). The samples were outgassed at 150 ° C for 8 h. From this data the
apparent surface area (SBET, m2-g-1) the external surface area (Sgxr,
m2~g‘1) and the micropore volume (Vyc, cm3-g_1) were obtained.

The Fourier-transform infrared spectroscopy (FT-IR) was obtained by
Perkin Elmer FT-IR spectrophotometer UATR Two, with a resolution of
4 cm™! and scan range of 3500 — 500 cm ™.

Journal of Environmental Chemical Engineering 13 (2025) 120084

The concentration of PFOA in the aqueous medium was measured by
spectrophotometry using methylene blue as an indicator. Given the
surfactant nature of PFOA [42,54], it was analysed using the method-
ology developed by Jurado et al. [55]. Three solutions were used for the
measurement of PFOA: Buffer I: 1 L. NayB407-10 HoO (50 mM adjusted
to pH 10.5 with NaOH), buffer II: 3.13 mM methylene blue in 100 mL
NayB407:10 H,O (10 mM adjusted to pH 5.5) and 100 mL phenol-
phthalein (1 g-L 7! in ethanol). In 5 mL of aqueous sample with PFOA,
200 pL of buffer I, 50 uL of phenolphthalein and 100 uL of Buffer Il were
added. A liquid extraction was performed with 4 mL of chloroform, and
the absorbance of the extract was measured in a UV-vis spectrum
(UV-VIS Spectrometer, T70, PG Instrument Ltd., Lutterworth, UK) at
650 nm wavelength.

The concentration of PS was determined by colorimetric titration
using an indicator solution of KI (100 g-L-1) and NaHCO3 (5 g-L-1).
Ionic organic by-products, such as fluorides, were measured by ion
chromatography (Metrohm 761 Compact IC) with anionic chemical
suppression and a conductivity detector. The pH was measured with a
Basic 20-CRISON pH electrode.

3. Results and discussions
3.1. Carbon materials: production and characterisation

3.1.1. Carbon material production yield

The production yields of the five CM calculated with Eq. (1). HC was
the CM with the highest Ycy, losing 50 % of the initial row material due
to removing natural oils in the olive pomace in the hydrothermal car-
bonisation. AC, PC, and AC-HC were the pyrolysis materials with the
lowest Y (25 %), associated with the burn-off solid effect. In the case
of AC-HC, the 25 % Y obtained was associated with a prior 50 % loss
of row material during HC preparation. The Y¢y for the CNTSs obtained
was 35 %. This value was obtained by considering the percentage of
burn-off from the CVD pyrolysis and the weight lost in the acid-washing
step.

3.1.2. Carbon material characterization

The CM synthesised was characterised by measuring the PZC pH,
identifying the main functional groups on the CM surface by FTIR, and
analysing the structural properties, such as specific surface area and
pore volume.

The PZC of the CM prepared was determined using the experimental
values. HC and CNT presented a PZC pH < 7, meaning the surface of
these materials was positively charged, attracting anions from the me-
dium and donating protons (H+), acidifying the solution. For the rest of
the materials, AC, PC, and AC-HC, the PZC-pH was higher than 7 since
the surface of these CMs presented a negatively charged surface and was
more likely to attract protons and donate OH-.

FTIR spectra of the CMs are represented in Fig. 3. The bands in the
spectrum of HC are more defined than the rest of the CMs prepared. It
was attributed to the colour of the HCs final product (light brown),
which was lighter than the rest of the CM synthesised (dark black),
making it more suitable for FTIR analysis. Spectra are inherently limited
by the highly graphitic nature and low infrared absorbance of these
materials, which results in weak or overlapping signals. HC presented
bands located at 2920 and 2853 cm ™! related to the symmetric and
asymmetric stretching vibration of the CH bonds, which indicate the
-CH; groups and aliphatic hydrocarbons on the carbon surface [26,56].
HC also presented bands around 1580 cm ™! associated with C=C bonds,
which are typical of aromatic rings, indicating graphitic structures
within the carbon material, while bands around 1620 cm™! are associ-
ated with the stretching vibrations of the olefinic groups of the carbo-
naceous materials. Between 1700 and 1300 cm™!, vibrations were
attributed to the bending of O-H group, as observed at 1386 cm™! [56,
57]. AC, PC, and AC-HC presented similar low-resolution trends of the
bands associated with C-H and C-O groups due to the higher C content



A. Sanchez-Yepes et al.

Journal of Environmental Chemical Engineering 13 (2025) 120084

100

M (1-CesCps")-100 [ RAC

PS RAC PS

RAC PS RAC

HC

AC CNT

Fig. 6. Experimental results of a) Recovery adsorption capacity (RAC, Eq.(3)) and b) PS consumption. Maintaining Ccy = 5 g~L’1, Cps,0 = 30 g-L’1 and PS activation

temperatures: 60 ° C and 360 min of reaction.

Table 6
Final pH, and theoretical versus experimental sulfate and fluoride ions con-
centrations in the aqueous reaction medium.

Theorical Experimental
Material  pHg Sulfates Fluorides Sulfates Fluorides
L™ gL (gL™ (gL™
HC 3.24  10.50 95.81 9.38 55.2
AC 10.28  17.40 286.12 16.89 206.64
NT 2.86 10.14 94.40 8.75 38.28

due to the pyrolytic process [26]. These bans were also observed in the
CNT spectrum. CNT showed a depression between the 1000 and
500 cm ™! bands corresponding to the Fe and Ni residues that are part of
the catalyst used in the CVD.

In the FTIR spectra, the presence of bands associated with oxygen-
containing groups (-OH, -COOH, -C=0, -C-0-) indicates the exis-
tence of active sites that can interact with PFOA through hydrogen
bonding or electrostatic interactions. For example, the broad band
around 3400 cm™ , attributed to hydroxyl groups, and the signals in the
1700-1720 cm™! region, corresponding to carbonyl or carboxyl groups,
are desirable features that favour adsorption of the polar end of PFOA
[26,67].

In more hydrophobic carbonaceous materials, such as carbon
nanotubes or activated carbons treated at high temperatures, the bands
related to oxygenated groups are usually less intense, but peaks associ-
ated with aromatic C=C bonds can be observed, which promote n—x
interactions with the PFOA chain. This type of hydrophobic and van der
Waals dispersion interaction becomes relevant when the dominant
adsorption mechanism is governed by affinity between nonpolar regions
[26].

In the case of Hydrochar, which retains a higher amount of oxygen-
containing functional groups due to its lower degree of carbonization,
FTIR spectra show more pronounced signals in the
1000-1300 cm™ (C-0) and 1600-1700 cm™ (C=0) regions. These
groups increase surface polarity and can enhance PFOA adsorption in
aqueous media through electrostatic interactions between the carbox-
ylate end of the contaminant and the protonated surface groups of the
material [26,67].

The structural characteristics of the CMs are summarised in Table 2,
and the adsorption isotherm is represented in Fig. 3b. From the analysis,

the specific surface area (Sggr, mz'g_l), external surface area (Sgxr,
mz-g’l), micropore surface area and the volume (Syc, rnz~g’1 and Ve,
em®.g lrespectively), the ratio between the micropore volume and
surface area (cm>-m~2) and the total pore volume of the material (TPV,
cm3-g*1) were obtained.

The CM with the highest surface area was AC, as shown in Table 2.
With a predominantly microporous structure, over 93 % of its total
surface area and 86 % of its total pore volume (TPV) are attributed to
micropores. In contrast, HC and CNT exhibited significantly smaller
surface areas, with HC presenting only 13.58 m?.g™! . The external sur-
face area dominates for these two materials, especially in CNT, where
the entire measured area is external. The latter can be explained taking
that it is mainly due to their tubular structure with graphitic walls and
nanometric inner cavities, which are often partially blocked or inac-
cessible because of impurities, residual catalysts, or closed tube ends
formed during synthesis. The thermal treatment applied during CNT
production also plays an important role reducing, oxygen-containing
functional groups and structural defects, increasing the degree of
graphitization and reducing the number of active sites within the inner
walls or defect regions [24].

Reliable surface area measurements could not be obtained for pitch-
based carbon (PC) and the composite AC-HC. In both cases, the esti-
mated values were very low (below 10 m*.g™), preventing a viable
result from being recorded.

As shown in Fig. 3b, the adsorption isotherm for AC corresponds to
Type I, which is characteristic of microporous materials [58,59],
aligning with the values presented in Table 2. In contrast, HC and CNT
exhibit adsorption isotherms closer to Types II and III, typically associ-
ated with macroporous materials and strong or weak adsorbate in-
teractions [58,60]. Although the CNT AD was classified as type III
according to the IUPAC classification. This decision is based on the
overall shape of the isotherm, which lacks a defined plateau and shows a
continuous increase in adsorption at higher relative pressures, indi-
cating weak adsorbate-adsorbent interactions. The small hysteresis
observed can be attributed to textural effects such as interparticle voids
or narrow slit-like spaces between aggregated nanotubes, rather than to
a true mesoporous network typical of type IV materials [58,60]. Table 2
further confirms that these materials possess virtually no microporous
surface area.
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Table 7
Structural changes in the CM samples tested after regeneration with TAP.
SgeT SExT Smic TPV Vmic Wiic-103
(m*g™) (m*g™) (m*g™) (em>g™ (em>g™ (em®m™?)
Original AC 527.31 32.92 494.39 0.313 0.269 2.180
PFOA-AC 518.04 26.17 491.87 0.305 0.265 2.160
Regenerated and Washed AC 513.53 29.46 484.06 0.312 0.267 2.210
PFOA Resaturated AC 489.37 24.23 465.13 0.299 0.262 2.250
Original HC 13.58 9.81 3.76 0.016 >1 0.425
Regenerated and Washed HC 11.69 9.99 1.70 0.015 >1 0.120
PFOA Resaturated HC 12.18 11.57 0.61 0.014 >1 0.655
Original CNT 118.66 118.66 0.000 0.657 0.000 0.000
PFOA-CNT 129.79 129.79 0.000 0.545 0.000 0.000
Regenerated and Washed CNT 160.45 160.45 0.000 0.501 0.000 0.000
PFOA Resaturated CNT 149.80 149.80 0.000 0.600 0.000 0.000

3.2. Adsorption of PFOA

on synthesised CM

To compare the adsorption capacity of the synthesised CMs, a PFOA
concentration of 400 mg-L™! in the aqueous phase and a CM loading of
3 gL', was used, measuring the final aqueous PFOA concentrations in

the aqueous phase after 72h of contact. Table 3 summarises the
adsorption capacity (qproa,t), and the final solution pH (pHy).

Among the tested materials, AC displayed the highest adsorption
capacity (108.37 mg-g™"), attributed to its large specific surface area. In
contrast, adsorption on AC-HC and PC was negligible, likely due to their
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low specific surface areas. Consequently, the adsorption equilibrium
isotherm and kinetics study were conducted only for AC, CNT, and HC.

Adsorption isotherms for CMs-PFOA with HC, AC, and CNT were
evaluated at 25 °C and a contact time of 48 h and represented in Fig. 4.
The experimental data were used to fit the parameters of the models
presents in Table 4. Statistical evaluation demonstrates that the Lang-
muir model offers the most accurate representation of the experimental
data, as indicated by superior R? values across all three CMs. Langmuir
isotherms constants were used to predict the concentration of PFOA in
both phases. PFOA adsorption kinetics were analysed using experi-
mental data from the adsorption tests. The aqueous PFOA concentration
was monitored over time and the adsorbed amount was calculated by
Eq.(2) and represented in Fig. 4b. Kinetic model parameters and statis-
tical indicators are summarized in Table 5.

Among the tested models, the pseudo-second-order model (PSO)
achieved the best fit. CNTs exhibited the highest kinetic constant, likely
due to trace Fe and Ni from the synthesis catalyst, which enhance PFOA
adsorption through stronger interactions with the carbon surface, as also
reported by Ahn et al. [61].

AC exhibited the highest adsorption rate constant. This result in-
dicates that AC possesses a high affinity for PFOA molecules, which can
be attributed to its well-developed microporous structure and the
abundance of oxygen-containing surface groups that facilitate electro-
static and hydrogen-bonding interactions with the polar head of PFOA.
Although the Langmuir model assumes monolayer adsorption on ho-
mogeneous sites, the elevated kinetic constant observed for AC may also
reflect the contribution of fast surface adsorption and partial pore
diffusion processes.

3.3. TAP oxidation of carbon materials

3.3.1. PS reactivity with unpolluted CM

The reactivity of PS with synthesised CMs (without PFOA adsorbed)
was studied at three activation temperatures (20, 40, and 60 ° C), using
an aqueous solution of 30 g-L. ! of PS with CM loading concentrations
5 g-L7L. As seen in Fig. 5, within the studied temperature range (20-60
°C), PS decomposed upon contact with the carbon materials (CMs),
consistent with the findings of Sdnchez-Yepes et al. [62]. For all mate-
rials, PS consumption increased with rising temperature. Additionally,
materials with larger surface areas exhibited higher oxidant
consumption.

At 60 °C and 360 min, more than 70 % of the initial PS was consumed
for AC at both loading concentrations. In contrast, HC and CNT
consumed less than 60 % of the initial PS under the same conditions.

The kinetics of PS reaction with HC, AC and CNT without adsorbed
pollutants was investigated through the results in Fig. 5. The rate
equation for PS decomposition is assumed to follow first-order hetero-
geneous kinetics

-~ dCps
dt

Being Cpg o and Cps (g~L_1) the PS concentration at zero and t time,
respectively, kypg (L- glﬁlgh’l) the heterogeneous kinetic constant for PS
decomposition, Ccy (gCM’jL’l) the CM loading of material j and t (h)
the reaction time. The rate constant for persulfate decomposition, kyps is
described by the Arrhenius equation:

= k/w'CPS,t ;k;v = kaS’CCM.j (] = HC,AC, CNT) (4)

—Ea

kWps = kWpso -eRT (5)

being kyps,o (L-glﬁloh_l) the preexponential, factor and E, the activation
energy. Both values were fitted from the experimental results and the
values of this parameters are given in Fig. 5 for the 3 CM. Kin the latter,
the predicted data are represented as lines. A good agreement between
the experimental and predicted PS consumption values validates the
kinetic model proposed.
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3.3.2. Regeneration of PFOA saturated CMs by TAP

As described in the experimental Section 5 g-L ! of each CM material
(HC, AC and CNT) were first saturated in PFOA (600 mg‘L’1 aqueous
initial concentration). This elevated concentration of PFOA was chosen
to assess the practical applicability of the proposed framework and the
synthesized CMs for the processes of adsorption and regeneration in the
removal of PFOA from aqueous environments. The amount of PFOA
adsorbed was calculated using Eq. (2). The saturation of the CMs
resulted in 114.24, 39.57 and 37.43 mgpF0A~g61\1/[ for AC, CNT, and HC,
respectively.

Saturated CMs were regenerated as described in the experimental
section and washed with water to remove the sulfates deposited on the
surface of the materials, as previously observed by Sanchez-Yepes et al.
[62]. The regenerated materials were saturated in a new PFOA solution,
and the RAC was calculated using Eq. (3). The PS consumption in the
regeneration step and the RAC values for each CM are represented in
Fig. 6.

As shown in Fig. 6, RAC values were consistently above 70 % of the
initial adsorption capacity for all three materials, with minimal differ-
ences among CMs observed after the thermal activation process (TAP).
However, PS consumption differed notably: HC and CNT consumed over
60 % of the initial PS, while AC consumed only 40 %. This finding in-
dicates that AC was the most efficient material, achieving a higher RAC
with lower PS consumption. In contrast, HC and CNT were less efficient,
as their higher PS consumption did not translate into additional
adsorption recovery, rendering a higher PS unproductive consumption.

To further assess regeneration efficiency, the ratio of moles of PS
consumed to moles of PFOA removed was calculated. The moles of PFOA
removed were determined from the amount of PFOA re-adsorbed after
regeneration. The calculated ratios were 131.23, 72.82, and
128.61 molpg-molppoa~* for HC, AC, and CNT, respectively. A lower
ratio reflects better PS utilisation, indicating that AC exhibited the
highest efficiency in TAP regeneration.

The final aqueous reaction medium was analysed for pH and ion
concentrations. The concentrations of sulfates and fluorides were
compared with theoretical values derived from PS consumption, and the
amount of PFOA re-adsorbed after regeneration was assumed to be
equivalent to the PFOA removed during regeneration. These results are
summarised in Table 6.

Final pH values (Table 6) revealed acidification of the aqueous phase
for HC and CNT, which can be attributed to sulfate species generated
during PS thermal decomposition. Conversely, the aqueous medium for
AC showed a basic pH after regeneration, consistent with its strong
negative surface character (pHpzc = 10.5). The sulfate species generated
during regeneration only slightly reduced this value to 10.28 (Table 6).

A good agreement was observed between experimental and theo-
retical sulfate concentrations, calculated from PS consumption during
TAP regeneration. However, experimental fluoride concentrations were
lower than the theoretical values predicted from the amount of PFOA re-
adsorbed. This discrepancy suggests that some fluorides may have been
retained within the material structure and not released into the aqueous
medium. The literature has reported similar behaviour when regener-
ating activated carbons adsorbing chlorinated compounds [38].

3.4. Carbon materials characterisation after regeneration by TAP

The structural properties of the CMs were analysed after the
adsorption and oxidation processes and compared with those of the
original materials. FTIR analysis evaluated surface chemistry changes,
and the resulting band groups emerging after adsorption or oxidation
are shown in Fig. 7a.

HC exhibited the best resolution in the FTIR spectra, likely due to its
natural colour. The adsorption of PFOA, both from the saturation step
and after regeneration (RAC analysis), resulted in the appearance of new
bands. A prominent band at 3422 cm™! corresponds to the -OH hydroxyl
group [26], while bands at 1558 and 1380 cm™ are associated with the
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symmetric and asymmetric carboxylate groups, respectively [63]. The
detection of acid bands at 1720 cm™ (-COOH) and 1380 cm™! (-COO")
further confirms the adsorption of PFOA onto the carbon material.
Additionally, a band at 1018 cm™ corresponds to -C-OH groups, indi-
cating carbon oxidation. Bands corresponding to CF-related groups were
also observed: CFs at 1208 cm™ , CF2at 1160 cm™ , and CF at 670 cm™ .
[64,65].A slight shift in the bands corresponding to hydroxyl groups
(-OH) was observed for all CMs, with the maximum band located at
3500 cm™ [26] after the oxidation process (PS reactivity study and TAP
regeneration). Bands associated with the symmetric and asymmetric
stretching of aliphatic -CH, CHz, and CHs groups [66] were detected at
2920 and 2853 cm '. The thermal oxidation of PS introduced
oxygen-containing functional groups, which were identified in the FTIR
spectra. A band at 1720 cm™! corresponds to C=O vibrations from ke-
tones, aldehydes, and carboxylic acid groups, while a parallel band at
1629 cm™ [66] and an additional band at 1385 cm™ can also be
attributed to carboxylic groups (-COOH and -COO") [26,67] shown at
1385 cm™!. Furthermore, the PS oxidation process generated
sulfur-containing groups, as indicated by the S-O stretching band at
1109 cm™ [68,69].

The corresponding N2 adsorption-desorption isotherms are presented
in Fig. 7b, and the summarised structural surface modifications are
detailed in Table 7. The adsorption and oxidation processes applied to
AC did not alter its isotherm type, confirming the strong stability of its
microporous structure. After PFOA adsorption, a slight 1.75 % reduction
in the total surface area was observed (Table 7). The external surface
showed the most significant decrease (20.5 %), indicating that PFOA
adsorption primarily occurred on the AC surface. Changes in micropore
volume and total pore volume (TPV) were minimal.

Following TAP regeneration, the N2 adsorption isotherms (Fig. 7b)
and external surface area values (Table 7) were largely restored,
demonstrating the successful recovery of the material. During oxidation,
sulfate radicals attacked the unoccupied AC surface, oxidising it and
losing microporous surface area. However, a further surface area
reduction was observed during RAC evaluation due to PFOA re-entering
the material surface, as noted in Table 7.

The N: adsorption-desorption isotherms for HC are presented in
Fig. 7b center. Post-PFOA adsorption, the HC isotherm and structural
values could not be obtained due to sample instability during analysis.
TAP regeneration of HC successfully recovered the external surface area
(Table 7) but led to a significant 54.8 % reduction in the micropore
surface. Subsequent re-adsorption of PFOA after regeneration caused an
additional micropore surface reduction exceeding 60 %.

Fig. 7b down shows the N2 adsorption isotherm for CNT, with the
corresponding structural properties summarised in Table 5. PFOA
adsorption on the CNT surface increased the external surface area and
caused a 17 % reduction in the total pore volume (TPV), as detailed in
Table 5. The TAP regeneration process induced significant structural
changes. During the oxidation step, PFOA was effectively removed;
however, the CNT fiber structure was altered, resulting in agglomera-
tion. After resaturation, no further significant changes in the CNT
structure were observed.

4. Conclusions

In this work, CM were synthesized from olive oil production and
HDPE residues. Of these, HC, AC, and CNT demonstrated significant
adsorption capacity for PFOA, with AC outperforming due to its exten-
sive microporous structure and large specific surface area. While HC and
CNT showed lower uptake capacities attributable to smaller surface
areas. TAP regeneration proved highly effective in restoring the
adsorption capacity of saturated materials with PFOA. This methodol-
ogy was validated experimentally: the final aqueous phase analysis
indicated the generation of sulfate and fluoride ions as a result of PS
oxidation and PFOA degradation. Agreement between experimental and
theoretical sulfate concentrations supported the process’s reliability,
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while partial retention of fluoride ions within the materials was sug-
gested by lower-than-expected measured values. Among the materials
tested, AC achieved the highest recovery of adsorption capacity with the
lowest persulfate consumption, indicating superior efficiency across
adsorption-regeneration cycles. AC also demonstrated excellent struc-
tural stability, exhibiting only minor reductions in micropore volume
and surface area even after multiple regeneration steps. In contrast, HC
and CNT, although they could be regenerated, required higher persul-
fate doses, experienced notable decreases in micropore surface area,
and, for CNT, agglomeration of fibers altered their structural integrity.
Importantly, these findings were derived from trials involving higher-
than-standard concentrations of PFOA, underlining the robustness and
promise of these waste-derived materials for real-world water treat-
ment. Nevertheless, continued research is needed to confirm their
effectiveness for adsorption and regeneration in real water matrices and
throughout multiple regeneration cycles. The valorization of waste raw
materials such as sewage sludge, urban organic residues, and industrial
by-products further highlights the importance of sustainable pathways
for producing efficient adsorbents. Collectively, this work paves the way
for the integration of waste valorization with advanced water treatment
technologies, contributing directly to a circular economy and sustain-
able environmental management. The promising results achieved here
indicate real potential for scalable, impactful solutions to pressing
environmental challenges.
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