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Porous carbons based on activated reduced graphene oxide (rGO) have been demonstrated as excellent
sorbents for U(vi), with their sorption capacity correlating with the degree of their oxidation. Herein, we
demonstrate an extraordinarily high U(v) sorption of ~7050 pmol g~ for super-oxidized porous carbon
(SOPC) with a specific surface area (SSA) of ~970 m? g™t and an extremely high degree of oxidation
(C/O = 2.1), similar to graphene oxide. The SOPC materials were prepared using an oxidation treatment
applied to activated carbon produced from spruce cones. The extremely high SSA of the precursor
activated carbon (~3400 m? g% as well as its microporous structure and mild oxidation treatment
allowed for the preservation of a significant part of the surface area, providing materials with rather
narrow pore size distribution (~7.5 A). The SOPC prepared from spruce cone biochar is similar to
defective graphene oxide but with a significantly higher surface area, resulting in superior U(vi) sorption.
Analysis of EXAFS and XPS data shows that U(v) likely binds to carboxylic groups on the opposite sides
of the micropores. The small size of the micropores and irregular pore wall structure are the main
factors affecting pore sorption. The spruce-cone biochar has a strong advantage compared with earlier
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Introduction

Environmental pollution due to radionuclides, particularly U(vi),
mostly originates from mining, nuclear plant incidents, waste
storage and other industrial processes."” Moreover, a large
amount of waste solutions contaminated with radionuclides is
produced during nuclear waste reprocessing and the decontami-
nation of construction parts of nuclear plants.® Therefore, the
removal of radionuclides, including U(wi), from aqueous solutions
is an important industrial and environmental issue that requires
the design of new materials with high sorption capacity.*®
Porous carbon materials are excellent sorbents for the
removal of certain contaminants.”® A very high specific surface
area (SSA) is a key property that enables the application of
porous carbon as a sorbent. It is well known that porous
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used rGO as a precursor for the preparation of SOPC.

carbons with an SSA of up to ~2000-3300 m* g~ ' can be
prepared using various activation procedures.’ ™ These carbons
can be further chemically modified for the removal of different
pollutants.*>*

Our recent studies have demonstrated that almost any pure
carbon precursor can be used for producing activated carbons
with an SSA exceeding ~3000 m> g~ ' using the optimized KOH
activation procedure. This treatment was successfully applied
to reduced graphene oxide, wood and cone-derived biochar and
spent mushroom planting substrates."”™7**?* An extremely
high BET surface area of these ACs exceeds the theoretical
value for graphene (~2600 m> g~ '), indicating that pore walls
are composed of extremely defective monolayers of carbon
atoms. The pore wall structure of ACs is completely disordered,
most likely curved and somewhat uncertain, in contrast to
graphene, which has a rather regular 2D structure.”*>°

The three-dimensional structure of activated carbons is an
advantage for sorption applications compared to 2D materials
such as graphene and graphene oxide.'® 2D materials must be
dispersed in solutions to expose the entire surface area, which
is not always possible. In contrast, the 3D structure of ACs
exhibits the entire surface for any atom or molecule capable of
penetrating their pores. However, the hydrophobic nature of AC
is a limiting parameter for the sorption of many contaminants,
such as radionuclides, due to the lack of suitable sorption sites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Our recent studies demonstrate that porous carbon can be con-
verted into hydrophilic materials via strong surface oxidation."®*’

Oxidized carbon materials show improved sorption of radio-
nuclides and in particular for U(vi). For instance, graphene
oxide (GO) is an effective sorbent for the removal of actinides
from solutions.**° The sorption capacity for U(vi) correlates
with an increased number of hole and vacancy defects.*'** The
defects facilitate U(vi) sorption due to the termination of hole
edges with carboxylic groups, which are absent in defect-free
GO. Carboxylic groups are known to bind metal cations, as
reported in several previous studies.**** The number of defects
in GO cannot be increased infinitely due to the breakup of 2D
sheets into extremely small fragments.*> Moreover, the SSA of
GO in aqueous dispersions is much smaller (700-800 m* g~ *)
compared to the theoretical value of about 2400 m* g~ ' for
single-layered GO.>>°

An alternative approach to increase radionuclide sorption is
the surface oxidation of carbons, which has been tested with,
e.g., carbon nanotubes,>’® activated carbons®* and natural
carbon materials.*® However, oxidized materials often have
relatively small SSA®® and a degree of oxidation that is much
smaller than those of GO.

Our previous studies demonstrated that materials with a
surface oxidation degree similar to that of GO can be prepared
using activated reduced graphene oxide (arGO), which is alter-
natively called “activated graphene”. Mild but prolonged oxida-
tion treatment with ammonia persulphate allowed us to
produce materials with a C/O ratio similar to that of standard
graphene oxides (C/O = 2.4-3.3) with relatively high BET SSA up
to ~800 m?* g *.1%%7

Strongly oxidized arGO exhibited exceptionally high sorption
of U(vi) (~5400 pmol g~ at pH = 5.1). Moreover, a correlation
between the degree of oxidation and the sorption of U(vi) has
been reported.'® Following this trend, the theoretical possibility
of a further 2-3 fold increase in U(vi) sorption has been suggested
for hypothetical materials with similarly high degrees of oxida-
tion and SSA close to the theoretical value of GO.'® Notably,
oxidation treatment resulted in a 3-4-fold decrease in SSA due to
the collapse of mesopores.'® The stronger the oxidation, the more
likely some pores will collapse because some C-C bonds break up
due to a reaction with oxygen.'®*” Therefore, a further increase of
sorption could be achieved if a smaller sacrifice of surface area
during the oxidation treatment is combined with a higher oxida-
tion degree.'®

However, graphene oxide is not an attractive precursor for the
industrial production of SOPC due to its high cost, complicated
and environmentally unfriendly synthesis involving strong acids.
Attempts to oxidize commercial activated carbon (Kuraray) were
not successful due to the collapse of porous structure evident from
a strong decrease in BET SSA (~2500 m* g~ " to ~40 m* g~ ")."%*”
Further studies revealed that microporous carbons activated the
same way as arGO can be oxidized to the same degree while
preserving relatively high SSA.*® The material previously reported
as “activated graphene”*"*> appeared to be nearly identical to
activated carbons synthesized from wood- and cone-based biochar
subjected to the identical activation treatments."
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Pine and spruce cones, wood chips, bark'®> and spent mush-
room substrate** precursors were used successfully to produce micro-
porous activated carbons with SSA exceeding 3000 m? g~ 1. Surface
oxidation treatment applied to porous carbons has been demon-
strated in our earlier study to result in improvement of Cu(u)
sorption.*® However, super-oxidized activated carbons have never been
tested for radionuclide sorption.

Here, we report the extremely high sorption of U(vi) by super-
oxidized activated carbons produced from spruce cones. The
procedure included three steps: pyrolysis of the bio-precursor
(spruce cone scales) to prepare biochar, then KOH activation to
synthesize microporous activated carbons with SSA up to
~3300 m> g ' and prolonged oxidation treatment, which
resulted in SOPC with C/O = 2.1 and SSA of ~970 m* g~ . The
characterization of SOPCs shows that the degree of oxidation
and type of oxygen functionalities in these materials are similar
to those of defect-rich GO. Our experiments revealed exception-
ally high sorption of U(vi) of SOPC (~7000 umol g~ '), exceeding
the sorption capacity of all previously reported sorbent materials.
The mechanism of U(vi) sorption by super-oxidized activated
carbons was studied using EXAFS data and XPS analysis, revealing
a correlation between sorption and a high abundance of carboxylic
groups on the surface of SOPC. The low cost of activated carbons
produced from wood industry waste is a strong advantage com-
pared to the expensive rGO precursor, which opens the road to the
mass production of SOPC for sorbent applications.

Experimental
Materials

Synthesis of spruce cone activated carbons. The preparation
of spruce cone-activated carbons (SCAC) was performed using a
detailed procedure reported in our earlier publications.>*®
Briefly, spruce cones were collected in the Umeé region (Swe-
den). The cone scales were separated from the core, washed
several times with ethanol and water and dried at 60 °C over-
night. Pyrolysis of the scales was performed in a tube furnace at
500 °C (heating rate 5 °C min~ ") for 2 hours under Ar flow. Next,
the biochar produced by the pyrolysis was ball milled for 5 min
using an oscillatory machine. Activation was performed using a
carefully pre-mixed sample of 5 g of milled biochar and 40 g of
KOH. The biochar/KOH sample was magnetically stirred over-
night in 200 mL of 75% ethanol to provide a homogeneously
mixed sample. The sample was vacuum-dried at 60 °C for
48 hours before the activation treatment.

The sample was heated inside a tube furnace under argon
flow to 200 °C at a heating rate of 5 °C min~ ' to remove water
and other volatile impurities and then kept at this temperature
for 30 min. The temperature was then increased to 850 °C at a
heating rate of 4 °C min~ ' and maintained at this temperature
for 3 h, and then cooled down. Washed overnight with 1 L of
acetic acid solution (10 vol%) under stirring was applied to the
activated sample to remove acid soluble impurities. Final
washing was performed using 4 L of deionized (DI) water,
which was passed over the sample using a vacuum filtration
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setup. The samples were dried in a vacuum oven at 60 °C
overnight.

Oxidation of carbon materials

The surface oxidation treatment applied to the SCAC sample
was optimized in our earlier studies.">*® A new batch was
prepared for the U(vi) sorption study presented here using the
same procedure as in ref. 40. Ammonium persulfate, (NH,),S,0s
(>99%) was obtained from Sigma-Aldrich (Germany). Carbon
materials were oxidized using the following standard procedure:
30 mL of saturated ammonium persulfate solution (~0.85 g of
(NH,),S,0g per 1 mL of H,0) was added to 0.5 g of carbon
material in a glass beaker and covered with plastic foil to reduce
water evaporation. The mixture was stirred for 14 days at
ambient temperature. After oxidation, the SOPC materials were
washed by passing DI water through the sample in a vacuum
filtration setup. Finally, the samples were dried in a vacuum
oven at 60 °C for 24 hours.

Sorption

Plastic vials were used in all sorption experiments to minimize
water retention on the walls. A mixture of >*>***U and natural
uranium was used in sorption experiments to record isotherms.
The solid-phase concentration was 0.5 ¢ L™". A 0.1 M NaClO,
electrolyte solution was used to maintain constant ionic
strength. The pH was monitored using a combined glass pH
electrode (InLab Expert Pro, Mettler Toledo) connected to a pH
meter (SevenEasy pH S20-K, Mettler Toledo). The pH was
adjusted using small amounts of diluted HCIO, or NaOH.
The pH was monitored over several days to ensure that it
remained stable at 5.1 + 0.1. Sorption was measured after
equilibration under constant pH conditions. The solid phase
was separated from the solution using centrifuging of the
suspension aliquots at 40 000g for 20 minutes (Allegra 64R,
Beckman Coulter). Sorption was calculated as the difference
between the initial radionuclide activity and the activity in the
solution after centrifugation. Liquid scintillation spectroscopy
was used to measure the radionuclide activity using Quantulus-
6220 (PerkinElmer). The experimental uncertainty in the sorp-
tion experiment was assessed based on the systematic uncer-
tainty in measuring the uranium content, weighing the carbon-
contained sample, and taking aliquots. In the above experi-
ments, this value was determined to be 4%.

Characterization

The N, sorption isotherms were recorded using an Autosorb iQ
XR sorptometer (Quantachrome) at 77 K. The interval of relative
pressure (P/P,) for the evaluation of BET surface area was selected
using a procedure based on Rouquerol parameters® specifically
designed for microporous materials. This procedure was also
verified using BETSI software,** thereby providing agreement
within 2-3 m? g~ ".'® The cumulative surface area, pore volume
and pore size distribution were evaluated using the slit-pore
QSDFT equilibrium model from the Quantachrome software
package. Fourier transform infrared (FTIR) spectra were recorded
using a Vertex 80v spectrometer in attenuated total reflectance
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(ATR) mode equipped with a diamond crystal under vacuum
conditions. The Mettler Toledo TGA/DSC1 STARe System was
used for the TGA scans. Typically, a heating rate of 5 °C min~*
was used for scans performed under a nitrogen flow with a rate of
40 mL min~". The error in the estimation of the surface area of
the samples characterized in this study was limited to +£5 m> g~ *
and pore volume to 40.01 cm® g~

X-ray photoelectron spectroscopy (XPS) spectra were
acquired using an Axis Ultra DLD spectrometer (Kratos Analytical,
UK) with a monochromatic AlK, radiation source (hv = 1486.7 eV,
150 W). The pass energies of the analyzer were 160 eV and 40 eV
for the survey spectra and high-resolution scans, respectively.
Double-sided nonconductive adhesive tape was used to support
the powder samples. The Kratos charge neutralizer system was
used because of its charging effects. The spectra were referenced
to take into account charging issues by setting the C-C compo-
nent of the C1s spectra to 285.0 eV. CasaXPS software was used to
process all spectra. FTIR spectra of the samples after sorption
were recorded using the FT-801 IR Fourier spectrometer (Simex,
Russia) equipped with a diamond attenuated total internal reflec-
tion detector. Fifty scans were collected for each spectrum using a
range of 4000-600 cm ™~ with a spectral resolution of 4 cm™". The
errors in the element concentrations provided by XPS for our
samples are within 0.1 at%.

The Structural Materials Science beamline of the Kurchatov
Synchrotron Radiation Source (Moscow, Russia) was used to
collect the XAFS spectra.”” The beamline was connected to the
storage ring with an electron beam energy of 2.5 GeV and a
current in the range of 80-100 mA. XAFS was recorded using a
monochromatic X-ray beam produced with a Si (220) channel-
cut monochromator, which provided an energy resolution of
AE/E =~ 2 x 10~ *. The damping of the higher-energy harmonics
was achieved via distortion of the monochromator geometry.
Energy calibration was performed using the XAFS spectrum of
UO,. FEFF8.5L and IFEFFIT 1.2.11 software were used for
fitting experimental spectra.*®

Results and discussion

Characterization of activated carbons before and after
oxidation

Surface oxidation treatment was applied to activated carbons with
extremely high BET SSA values, which exceeded 3000 m* g "
These activated carbons were synthesized in two steps, starting
from the pyrolysis of spruce cone scales, followed by KOH activa-
tion of biochar. The optimization of the synthesis procedure for
achieving maximum SSA of SCAC was performed in our earlier
studies.”>"”*° The most important optimized parameters are the
loading ratio of KOH/biochar, temperature and duration of activa-
tion. The SCAC material prepared using an identical procedure
was characterized in detail before and after a 14-day oxidation
treatment in our previous publication using XPS, TGA, XRD, FTIR,
and analysis of N, sorption isotherms.'>*° Characterization of two
new batches (denoted as SCAC1 and SCAC2) used here for U(vi)
sorption experiments confirmed the reproducibility of the material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1l List of SCAC samples, duration of oxidation treatment, BET surface area, cumulative surface area, cumulative pore volume and oxidation degree

provided by the C/O ratio (before and after oxidation)

Sample Duration of oxidation, days BET SSA, m®> g~  Cumulative SSA area®, m?> g~!  Cumulative pore volume®, cm® ¢! C/O ratio®
SCAC1 0 3560 2640 1.90 17.60
SCAC2 0 3280 2375 2.10 18.14
5D-SCAC1 5 1820 1510 0.89 2.63
10D-SCAC1 10 1120 1084 0.47 2.51
14D-SCAC2 14 970 950 0.41 2.08

¢ Cumulative SSA by QSDFT method. ® Cumulative pore volume by QSDFT method. ¢ Carbon/oxygen ratio calculated based on at% determined

using XPS (Fig. 2).

synthesis, demonstrating only some slight batch-to-batch varia-
tions. The BET SSA values of SCAC1 and SCAC2 batches evaluated
from the N, sorption isotherms were 3280 and 3560 m* g '
(Table 1). These values are among the highest values reported in
the literature for activated carbons. Surface oxidation of SCAC was
performed using a saturated solution of ammonium persulfate
(APS) following the procedure optimized in our earlier studies.">*°
The treatment was performed at ambient temperature for 5, 10
and 14 days.

The surface area and pore size distribution of SCAC before
and after oxidation treatment were analyzed using nitrogen
sorption isotherms (Fig. 1). Two main features are found in the
plot of the volumetric pore size distribution of the precursor SCAC
materials: a narrow peak corresponding to ~ 8.5 A micropores and
a broader peak corresponding mostly to mesopores (15-35 A). The
oxidation treatment resulted in almost complete disappearance of
all mesopores, while the narrow peak of micropores shifted to a
lower width of ~7 A. It can be concluded that mesopores are not
stable and collapse during oxidation treatment, whereas micro-
pores are likely narrow due to oxygen functionalization (Fig. 1).

The strong surface oxidation of ammonium persulfate-
treated SCACs was confirmed by XPS analysis of the SCAC1
and SCAC2 samples before and after oxidation for 10 and 14
days, respectively. The C/O ratio calculated from the XPS spectra
correlates with the duration of oxidation treatment. Moreover, a
very high oxidation degree (C/O = 2.08) was achieved for the
sample 14D-SCAC2 while preserving a relatively high BET SSA
value (970 m” g~ '). The oxidation degree and surface area of this
sample significantly exceed those of the oxidized arGO samples
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previously tested for U(vi) sorption in our earlier studies."® There-
fore, a high sorption capacity for U(vi) is expected for oxidized
14D-SCAC2 (C/O = 2.08 and SSA = 970 m” g~ *). The 10D-SCAC1
sample exhibited a lower oxidation degree (C/O = 2.51) and
higher SSA = 1120 m® g™,

Analysis of Cls XPS spectra (Fig. 2 and Table 2) show that
strongly oxidized SCAC is similar to graphene oxides in terms of
the type of oxygen functionalization. Therefore, the spectra were
deconvoluted using the recommendations in ref. 47 for oxidized
carbons. The Cls spectra were interpreted using three compo-
nents: the first was assigned to C-C/C—C of non-oxidized carbons
(285.0 eV), and the second was assigned to single bonded carbons
(hydroxyl, epoxide, ether) (286.9 eV). Finally, the component
assigned to double-bonded oxygen C—O0O groups (including both
carbonyls and carboxyl) is found at 288.9 eV. The 290.8 eV feature
corresponds to n-* satellites (Fig. 2).*”*® The relative amounts of
functional groups are provided in Table 2 as the % of carbon
atoms in each of the three main deconvolution components. The
data demonstrate that the sample subjected to the longest oxida-
tion also showed the maximal relative number of carbons in
double-bonded oxygen groups (21.9%). These types of oxygen
functional groups bind U(vi) in graphene oxides.>"

Remarkably, sulfur impurity was found either as rather
small traces (0.1%) or not at all. In contrast, the sulphate
anions attached to graphene layers are typically found in
graphene oxide due to H,SO, used in the Hummers oxidation
procedure.*® Using ammonia persulfate does not lead to the
functionalization of the carbon surface with sulfate groups, as
confirmed by the FTIR data (see below).
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Fig. 1 Volumetric pore size distributions of SCAC before and after oxidation treatment: (a) SCAC1 before and after 10 days of oxidation; (b) SCAC2

before and after 14 days of oxidation.
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Fig. 2 Cls XPS spectra of SCAC before (a) and (b) and after oxidation treatment (c) and (d) for 10 days (10D-SCAC1) and 14 days (14-SCAC2).

Table 2 Percentages of carbon atoms according to deconvolution with
three main components for pristine and oxidized SCAC samples calculated
from Cls XPS spectra (Fig. 2)

Sample name C-C/C=C (%) C-O-C, C-OH (%) COOH, C=0 (%)

SCAC1 71.8 18.7 9.5
SCAC2 70.0 24.3 5.7
5D-SCAC1 58.1 27.6 14.3
10D-SCAC1 57.7 25.1 17.2
14D-SCAC2 48.2 29.9 21.9

The similarity between super-oxidized ACs (10D-SCAC1 and
14D-SCAC2) and graphene oxides was also confirmed by ana-
lysis of the FTIR spectra and TGA scans.

Several strong peaks appeared in the spectra of the SCAC
samples after oxidation treatment, whereas the precursor spec-
tra were almost featureless (Fig. S2 in the ESIf file). The FTIR
spectra were recorded under vacuum to reduce the amount of
water typically physisorbed by hydrophilic SOPC at ambient
conditions. Despite the dynamic vacuum, the 1618 cm™* peak
originating from water was still observed in all three oxidized
SCAC samples (Fig. 3), indicating the presence of water strongly
bound to the material surface. This peak overlaps the signal arising
from C-C bonds (1568 cm™'). The main features found in the
spectra of oxidized SCAC are assigned here to C=0 (1714 cm™ ),
C-OH (1134 ecm™', 1348 em ' and 1421 ecm ') and G-O-C
(1027 em ' and 940 ecm™ ") bonds.”® The peak at 1230 em™ " is
more intense in the stronger oxidized samples and likely originated
from carboxylic and epoxy groups. A similar type of functionaliza-
tion with oxygen-containing groups was reported in our earlier
studies of persulphate-oxidized arGO.'® The FTIR spectra of super-

3922 | Mater. Adv, 2025, 6, 3918-3928
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Fig. 3 Part of the FTIR spectra of SCAC samples oxidized for 5 days (5D-
SCAC1), 10 days (10D-SCAC1) and 14 days (14D-SCAC2) (some back-
ground subtracted). The original spectra (no background subtraction) of
the pristine (non-oxidized) SCAC2 and 14D-SCAC2 samples are shown in
the ESI+ file (Fig. S2). The positions of the main features in the 14D-SCAC2
spectrum are shown for deconvolution.

oxidized SCAC also show a certain similarity to the spectra of
graphene oxide.**

TGA scans recorded from 10D-SCAC1 and 14D-SCAC2 sam-
ples (Fig. 4) reveal three distinct temperature regions similar to
earlier published TGA of super-oxidized arGO and graphene
oxides."®>%*® The low-temperature region (<110 °C) is due to
evaporation of water (~20 wt%) sorbed by hydrophilic carbons

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at ambient humidity,>* the 110-260 °C region (~20 wt%) is
assigned to deoxygenation with the breakup of C-OH and
C-O-C functional groups.

A gradual weight loss at temperatures above 260 °C is related
to the removal of remaining C=0 groups.’® The overall weight
loss observed for the 14D-SCAC2 sample was approximately
58%, confirming a very high degree of oxidation. Note that the
weight loss recorded in TGA scans cannot be directly used for the
estimation of the oxygen content of super-oxidized carbons and
graphene oxides since it is known that deoxygenation proceeds
with the formation of carbon oxides (CO and CO,).>> Notably,
the TGA data recorded here for SCAC samples are nearly identical
to the data previously reported for super-oxidized arGO with a
similar degree of oxidation (Fig. S1 in ESI¥ file). The TGA data also
provide evidence of the hydrophilic nature of super-oxidized SCAC
that absorbs a significant amount of water at ambient humidity.

Summarizing this section, the oxidation treatment of high
specific surface area (>3000 m”> g~ ') SCAC allowed us to
produce samples with an extremely high degree of oxidation
while preserving high SSA (C/O = 2.1 and 970 m? g~ * for the
most oxidized sample). The detailed characterization of these
two SOPC batches is in agreement with our earlier study on
surface oxidation applied to several types of porous carbons.
The surface oxidation of SCAC, which produces a high amount
of C—=0 functional groups (carboxyls and carbonyls), was
expected to result in an extremely large sorption capacity for
U(vi) following earlier reported trends.

Sorption of U(vi)

The sorption of U(vi) was studied for the two samples with the
highest degrees of oxidation (10D-SCAC1 and 14D-SCAC2). The
sorption isotherms of these samples were obtained at pH 5.1
(Fig. 5). The resulting isotherms exhibit a pattern similar to those
previously obtained for samples of oxidized “activated graphene’:
a linear increase in sorption at low uranium concentrations,
followed by a gradual flattening of the curve, indicating surface
saturation with uranium. This saturation allows us to calculate
the maximum sorption capacity using the Langmuir equation:

arGO-10D in N,

100 - 1 ! L 0.00
! : 10D-SCACT
N L -0.05
80 P
14D-SCAC2 -0.10
— ] ! [/}
£ 60 | 10D-SCAC1 - o015 B
£ ! N\ z
= ! 1020 ©
2 : 2
40 4 I
\ I 1ap-scacz 7 |05
1 1
| ! o L-0.30
20 4 | 1 Remaining at 700°C:
| I 10D-SCAC1  48.7% 0.35
| 1 14D-SCAC2 41.9% |
1 I
0 T T T -0.40

T T T
0 100 200 300 400 500 600 700

Temperature, °C

Fig. 4 TGA data for the 10D-SCAC1 and 14D-SCAC2 samples: weight loss
curves and weight loss derivative plots.
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Csorb = Qmax X Kia X Csolution/ (1 + Kpa X Csolution)y where Csorb is the
equilibrium concentration of sorbed radionuclides and Copution 1S
the equilibrium concentration of radionuclides in aqueous
solution. The obtained isotherms and their modeling (Table 3)
indicate that the sorption capacity of the SCAC1 sample is very
close to that of the previously studied AP14D sample, amounting
to 5430 umol g~ ", For the 14D-SCAC2 sample, the capacity was
even higher, reaching 7040 pmol g~ .

This value is significantly higher than U(vi) sorption
reported for other types of materials (e.g., graphene oxides,
activated carbons, carbon nanotubes, etc), see summary table in
our earlier publication.®

Thanks to the combination of extremely strong surface
oxidation (C/O = 2.08) and high specific surface area (970 m>
g '), the 14D-SCAC2 sample showed a record high sorption
capacity of 7040 umol g * for U(vi). The results of sorption
experiments presented in Fig. 5 and Table 3 confirm the trend
reported in our previous study.'®

Higher sorption of U(vi) is found for materials with a
stronger degree of oxidation, even when the specific surface
area decreases because of mesopore collapsing (Fig. 6). This
trend indicates that the sorption of U(vi) is mostly limited to
micropores, which survive after oxidation treatment.

To determine the species in which uranium was sorbed on
the studied samples, a combination of the EXAFS, FTIR, and
XPS methods was used. The U4f XPS spectra of the samples (Fig. 7a)
were characteristic of hexavalent uranium® in terms of both the
U4f,, binding energy (381.8 eV) and satellite positions, confirming
the absence of redox reactions during sorption. The spectra show
that the intense satellites are shifted by approximately 3.5 eV from
the main peaks and that the less intense satellite is shifted by
10.5 eV from the U4f;), peak. Some differences in the position and
intensity of the satellites are observed, indicating variations in the
uranium environment within the samples.

The strong changes in the FTIR spectra of the 14D-SCAC2
sample exposed to U(vi) sorption are rather obvious. The new peak
found at ~920 cm ™! is assigned to UO,>*, providing evidence of
significant sorption. The decreased intensity of the C—0O peak
(~1720 cm™ ") and the nearly complete disappearance of the broad
1230 ecm ™" feature assigned to C-O from carboxylic groups indi-
cate that sorption of U(w) is likely to occur by the interaction of
uranyl cations with double-bonded C—O groups on the surface of
SCAC. A similar mechanism of sorption was revealed in our studies
of sorption by graphene oxides, suggesting that carboxylic groups
are capable of binding U(vi). However, some differences between the
sorption of U(vi) by SCAC and graphene oxide are unavoidable
because of the differences in the structures of these materials.
Graphene oxides were dispersed in solution for the sorption tests,
thus exhibiting the entire surface of 2D flakes to U(vi). Oxidized
activated carbons are materials with a 3D porous structure.

Previously, we demonstrated that uranium binds predomi-
nantly to carboxyl groups at the edges of GO sheets or within
defects.>" However, in the case of microporous materials, an
important question remains: does uranium penetrate the micro-
pores? To address this question, the EXAFS method was used
because it allows the determination of the local environment.

Mater. Adv., 2025, 6, 3918-3928 | 3923
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Fig. 5

Isotherms of U(vi) sorption onto 10D-SCAC1 and 14D-SCAC2 in comparison with the previously studied arGO material before and after 14 days of

ammonium persulfate oxidation (AP14D).*® Error bars are smaller than the size of symbols (due to log scale).

Table 3 BET SSA, cumulative pore volume, oxidation degree and U(vi) sorption capacity of the SOPC materials studied here and for rGO-based materials

reported in an earlier study (*)

Sample BET SSA, m* ¢! Cumulative pore vol., cm® g *

C/O ratio

Formula  U(vi) sorption at pH 5.1, pmol g ' Ref.

14D-SCAC2
10D-SCAC1
AP14D*
arGO*

970
1120
690
2680

0.46
0.47
0.31
2.27

8000

7000

S)TVO
1120

& 1690
]
1

6000
5000

838
1070 w

1600 -

.

4000

3000

Sorption, umol/g

2000+ 2340

1000 2680 .

0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Amount of oxygen X in CO,
Fig. 6 Sorption of U(v) (at pH = 5.1) vs. oxydation degree determined
using XPS. Red symbols are data from this study for super-oxidized SCAC
materials, and black symbols are for earlier published super-oxidized

arGO.*® The values of BET surface area (m? g~ are provided for each
material.

Several structural models were used to describe the recorded
EXAFS spectrum, considering uranium sorption both inside
and outside the pores, including interactions with carboxyl
groups. The best result was obtained with the structure shown
in Fig. 8c. The reverse Monte Carlo method with the evolu-
tionary algorithm (RMC/EA) was used to optimize the structural
parameters of the proposed structural model based on the
EXAFS spectroscopy data. This approach allows the extraction
of three-dimensional atomic structures from the local atomic

3924 | Mater. Adv., 2025, 6, 3918-3928

19.64

2.08 This work
2.5

2.30

C00.48
C00.4

C00.43
C00.05

7040 £ 520

5530 £ 250

5430 + 321 18
644 + 78

environment. The fitting was performed using the EvAX
program.®’

A key advantage of the RMC method is its automatic hand-
ling of multiple scattering paths. Including multiple scattering
paths in a standard EXAFS fitting procedure typically leads to a
significant increase in the number of variable parameters, often
making the results unreliable. In EvAX, the EXAFS spectrum is
averaged over a set of y(k) signals calculated using the FEFF§
multiple scattering code. Experimental and theoretical spectra
were compared in wavelet transform (WT) space. The minimi-
zation procedure was performed in WT space with a k> weight-
ing factor using a k-range of 3-14 A" and an R-range of 1-5 A.

The initial geometry proposed included a uranyl complex
positioned above a fragment of a carbon nanotube with a diameter
of 7 A, simulating a pore in the studied material. The RMC-EXAFS
procedure was applied to a supercell of size 4 x 4 x 4 without
considering periodic boundary conditions. The supercell con-
tained 64 uranium atoms. In all calculations, the amplitude
reduction factor S,> was fixed at 0.9. At each RMC iteration, new
atomic configurations were generated by randomly displacing all
atoms, with a maximum displacement of 0.4 A from their initial
positions. Eight simulations were performed using different ran-
dom initial seeds to obtain the RDF functions and their corres-
ponding statistics. The number of atomic configurations
(supercells) simultaneously considered in the EA algorithm was
32.%7 All simulations included 1000 iterations to ensure conver-
gence. The final EXAFS and RDF fitting curves were calculated by
averaging all such computations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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its Fourier transform modules; (c) structural model of U(v)) sorption onto SCAC; the radial distribution functions of (d) oxygen and (e) carbon around

uranium.

To distinguish individual coordination spheres, the result-
ing radial density function was deconvoluted into separate
Gaussian components. The deconvolution results are presented
in Table 4. The nearest oxygen atoms to uranium are axial and
belong to the uranyl complex structure. Next are the oxygen
atoms at characteristic distances for water molecules in close
proximity to uranium. Oxygen atoms at distances of 2.4-2.5 A
represent functional groups through which uranyl binds to the
carbon material. Carbon atoms are at distances characteristic
of monodentate binding of uranium with carboxyl groups and
are at the edge of the micropore. Thus, the presence of micro-
pores plays a significant role, as their edges allow for the

© 2025 The Author(s). Published by the Royal Society of Chemistry

formation of carboxyl groups, which facilitate the binding
process. Considering that activated carbon pores have a highly
irregular shape with many bends (unlike straight carbon nano-
tube pores), a high number of edge-like defects are likely
present inside each pore, providing additional sorption sites.
Oxidized SCAC maintains a three-dimensional porous struc-
ture, and sorption occurs inside irregularly shaped pores, in
contrast to sorption of U(vi) on the planes or inside hole defects
of 2D sheets of graphene oxide. Moreover, the atomically thin
walls of SCAC are very different from the relatively regular
structure of the graphene skeleton of GO. In an oversimplified
representation, the pores of SCAC can be considered

Mater. Adv., 2025, 6, 3918-3928 | 3925
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Table 4 Structural parameters obtained from the decomposition of the
radial distribution function of atoms around the absorbing atom into
Gaussians in EXAFS spectra of U(v) sorbed onto 10D-SCAC1

Coordination Debye-Waller

Shell number N Distance R, A factor o2, A?
U-O 2.00 1.78 0.001

U-0 0.7 2.20 0.01

U-O 3.3 2.34 0.063

U-0 1.0 2.49 0.024

U-C 2.6 3.42 0.052

U-C 0.3 3.56 0.040

U-C 1.4 3.70 0.076

U-C 2.3 3.89 0.058

approximately cylindrical and composed of extremely irregular
carbon walls. Therefore, a difference in the local environment
of U(v1) sorbed on graphene oxide and SCAC is expected due to
the small size of pores (0.7-0.8 nm) in SCAC and the broad
variety of sorption sites related to oxygen functional groups
attached to rather irregular carbon pore walls. It is difficult to
model the structure of disordered materials and even more
difficult to model the sorption of U(vi) in materials with
complex and disordered structures. Nevertheless, the main
features of the EXAFS spectra recorded from SCAC after U(vi)
sorption were found to agree with the model, suggesting
nanotube-like pores and the binding of U(vi) to the opposite
sides of the pore, as shown in Fig. 8.

In summary, in this section, we assigned extremely high
sorption of U(vi) to the high abundance of carboxylic groups
attached to the walls of SOPC pores. The most essential para-
meters that affect sorption and provide a high abundance of
carboxylic groups are the rather strong oxidation degree of our
materials, along with a high specific surface area. It is also
crucial that the size of micropores is not limiting the sorption
and is sufficiently large to accommodate U(vi).

Conclusions

Extending the previously revealed trend correlating a stronger
oxidation degree of porous carbons to higher sorption of
U(v1),>® super-oxidized activated carbons with a record high
oxidation degree were produced, and superior sorption proper-
ties of these materials were demonstrated. Oxidation treatment
with ammonium persulfate over prolonged periods was used
here to convert hydrophobic activated carbons with SSA exceed-
ing 3000 m> g~ into their hydrophilic oxidized analogues,
while keeping a significant part of the surface area preserved.
The main results of this study can be summarized as follows:

- Unlike commercial activated carbons (Kuraray in ref. 18),
activated carbons produced from spruce cone biochar survive
prolonged oxidation treatment without a loss of porous struc-
ture. Mesopores collapse during prolonged oxidation, resulting
in microporous SOPC.

- Surface oxidation of the atomically thin pore walls of SCAC
results in the addition of a variety of oxygen functional groups
(epoxide, hydroxyl, carboxyl and carbonyl). These materials are

3926 | Mater. Adv., 2025, 6, 3918-3928
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very similar to graphene oxide in many properties, e.g., types of
oxygen functionalization, thermal stability and hydrophilicity.

- Extremely high oxidation degree (C/O = 2.08) and BET SSA
(~970 m* g ') of the best surface oxidized SCAC material
resulted in an extraordinarily high U(vi) sorption capacity of
~7050 pmol g~'. The sorption of U(vi) by super-oxidized SCAC
exceeds that previously reported for other materials, including
super-oxidized arGO reported in our earlier study (5400 pmol g *
(ref. 58)).

- This study confirms and extends the previously reported
general correlation between sorption capacity and degree of
carbon oxidation. However, replacing exotic arGO with acti-
vated carbon is a big advantage for scaling up the production of
inexpensive sorbent materials.

- The observed trend predicts a possible increase in sorption
capacity up to ~15000 umol g~ * for materials with an oxida-
tion degree of C/O = 2.1 if their specific surface area could be
increased up to a realistic value of about 2000 m* g™ .

- Analysis of the sorption mechanism indicates that a narrow
pore size distribution and small pore diameter enable the
bonding of U(vi) to the opposite sides of the pore walls.

- The microporous nature of SCACs with atomically thin
carbon walls enables the formation of carboxyl groups at their
defects and pore edges during oxidation. The high abundance
of carboxylic groups compared to other oxidized carbon mate-
rials enables exceptionally high cation sorption.

Our results demonstrate that SOPCs with an extremely high
oxidation degree and large surface area can be prepared using
relatively cheap activated carbons produced by the KOH activa-
tion of biochar. Scaling up the production of SOPC starting
from abundant and nearly cost-free wood waste (cones, bark,
wood chips) is much easier than synthesis based on an rGO
precursor. The production of significant amounts of rGO
requires first the strong oxidation of graphite (which involves
strong acids), followed by the thermal reduction of GO. In
contrast, biochar is produced in a single step by pyrolysis of a
carbon-rich bioprecursor. Using biochar instead of rGO will
resolve environmental issues related to the use of wood indus-
try waste. The properties of porous carbon produced from rGO
and biochar are nearly identical (SSA, pore size distribution),
and both materials exhibit similar resistance to oxidation
treatment by ammonia persulfate, related mostly due to their
microporous nature. Therefore, it is highly beneficial to use
activated carbon for producing SOPC as it opens the way to
mass production and practical sorbent applications of these
materials in water filtration, actinide recovery from waste
solutions and waste wood recycling.
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