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Humic acid (HA), as a represent of natural organic matter widely existing in water body, dose harm to
water quality and human health; however, it was commonly treated as an environmental background
substance while not targeted contaminant in advanced oxidation processes (AOPs). Herein, we inves-
tigated the removal of HA in the alkali-activated biochar (KBC)/peroxymonosulfate (PMS) system. The
modification of the original biochar (BC) resulted in an increased adsorption capacity and catalytic ac-

Keywords: tivity due to the introduction of more micropores, mesopores, and oxygen-containing functional groups,

Humic acid particularly carbonyl groups. Mechanistic insights indicated that HA is primarily chemically adsorbed on

Persulfate the KBC surface, while singlet oxygen (10,) produced by the PMS decomposition served as the major

ig’Cth reactive species for the degradation of HA. An underlying synergistic adsorption and oxidation mecha-
sorption

nism involving a local high concentration reaction region around the KBC interface was then proposed.

Nonradical oxidation This work not only provides a cost-effective solution for the elimination of HA but also advances our

understanding of the nonradical oxidation at the biochar interface.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Humic acid (HA) is a polyphenolic substance that forms through
the microbial decomposition of organic residues and a series of
chemical processes, and is the primary component of humus [1].
While HA itself is non-toxic, it can affect the behavior of other con-
taminants in water environments. For example, it can react with
halogens, act as a precursor to carcinogenic and mutagenic disin-
fection by-products, and inhibit the purification ability of disinfec-
tants [2,3]. Previous researches in water treatment mainly focused
on the influence of HA on disinfectants or the adsorption removal
processes of HA [4]. Recently, AOPs have shown enormous appli-
cation promise in degrading organic impurities in water. However,
few investigations directly targeted HA as the pollutant of inter-
est. Instead, HA was typically introduced as an influencing factor to
assess the anti-interference ability of oxidation processes in most
cases [5-7]. This, to some extent, reflected that HA could be de-
graded in AOPs. Therefore, it is necessary to explore the perfor-
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mance and mechanism of AOPs for the removal of HA in order to
further ensure water safety.

In the last decade, peroxymonosulfate (PMS)-based AOPs have
garnered widespread attention from the academic community.
While activation methods based on metal catalysis are the most
classical, they still have disadvantages such as metal leaching pol-
lution and susceptibility to the water environment [8-11]. Metal-
free heterogeneous catalysts for PMS activation have gradually be-
come a topic of interest due to the lack of these problems [12]. Car-
bon materials were commonly studied as nonmetal activators for
persulfate due to their controllable electronic structures and sta-
ble physicochemical properties [13]. Activation efficiency could be
significantly improved through simple chemical modifications such
as acid/alkali treatment and heteroatom doping [14,15]. Biochar, a
solid product derived from the pyrolysis of waste biomass, on the
one hand, was considered to be a cost-effective and environmen-
tally friendly platform material for promoting the application of
carbon-induced AOPs [16]. At this stage, there is a high demand
for the development of biochar catalysts with high PMS activation
performance.
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Besides, insights into PMS activation processes on the biochar
interface have been a hot topic of research for several years. Gen-
erally, oxidation of contaminants could be divided into radical and
nonradical pathways. Radical pathways typically involved two reac-
tive oxygen species (ROS): hydroxyl radical ("OH) and sulfate rad-
ical (SO4™), which could be derived from the dissociation of the
peroxy bond of PMS. Nonradical pathways included singlet oxy-
genation and mediated electron transfer (MET) processes [17,18].
Although nonradical oxidation was thought to be milder and more
selective than the radical pathway, the specific nonradical mech-
anism of PMS activation remains ambiguous [16]. For example, it
was reported that singlet oxygen (10,) could be produced by the
reactions between ketone groups and PMS while the adsorption
of organics was reported to play a critical role in the MET pro-
cess [7,19]. In contrast, the possible contribution of adsorption was
seldomly concerned in 10, dominated PMS-based AOPs [19-21]. A
previous study pointed out that there did exist a synergistic effect
of pollutant adsorption and singlet oxygenation in the NiOOH/PMS
system [22]. Therefore, we speculate that the excellent adsorption
nature of biochar could facilitate the interaction between targeted
organics and the in-situ generated 10,, thereby improving the oxi-
dation efficiency of the entire system.

Alkali activation is one of the commonly employed chemical
activation methods, which is expected to change the pore struc-
ture and meanwhile introduce more oxygen functional groups [23].
Herein, we investigated the modifying effect of alkali-activated cal-
cination on the rice straw-derived biochar using various characteri-
zation methods. We then studied the performance and mechanism
of the biochar/PMS system, targeting HA as the contaminant, from
two aspects: adsorption and catalysis. Furthermore, we proposed
an underlying synergistic degradation mechanism on the biochar
interface. This work is expected to provide an efficient and fea-
sible elimination scheme for HA, while also offering insights into
biochar-induced singlet oxygenation processes. Experimental de-
tails can be found in the Supporting information.

Fig. S1 (Supporting information) present scanning electron mi-
croscope (SEM) images of the pristine biochar (BC) and alkali mod-
ified biochar (KBC), respectively. The alkali treatment caused dam-
age to the carbon skeleton, resulting in a roughened surface and
an increased number of surface pores. Some of the pores became
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unordered and random, which might provide more active sites.
The N, adsorption-desorption isotherms and pore size distribu-
tion of BC and KBC are shown in Fig. 1a, both exhibiting type II
isotherm curves, indicating the presence of micropores and meso-
pores. BET specific surface area increased from 369.7056 m?/g of
BC to 1281.6095 m?/g of KBC, with an increase in pore volume
and aperture size as well. The improved surface area and poros-
ity of KBC might be due to the alkali corrosion and dissolution of
the carbon skeleton and impurities. Moreover, the K element could
increase the microporosity rate by entering the carbon lattice [23-
25]. These results indicated that KBC might show better adsorption
ability than BC.

X-ray diffraction (XRD) spectra were obtained to investigate the
crystalline characteristics of BC and KBC. As shown in Fig. S2 (Sup-
porting information), three peaks were observed at 14.5°, 29.1°,
and 42.5°, corresponding to the (001), (002), and (100) lattice
planes of graphite carbon, respectively [26]. This suggested that
carbonization dissolved hemicellulose and lignin of straw, while
cellulose was cleaved and lost H, O, and free C atoms. This re-
sulted in the formation of microcrystalline carbon fiber through
aromatization rearrangement reactions and eventually the forma-
tion of a graphitic structure. The graphitic structure did not signif-
icantly change after modification. Fourier transform infrared spec-
troscopy (FTIR) analysis (Fig. 1b) revealed that alkali treatment did
not change the types of functional groups but their contents. The
broad peaks observed at 3440 cm! were associated with -OH vi-
bration, while the weak peaks between 2800 and 3000cm™ indi-
cated -CH, vibration. The moderate peaks at 1583 cm™' were at-
tributed to C=0 or C=C vibration, while the strong peaks observed
at 1050cm! represented C-OH vibration. Obviously, the intensities
of C=0/C=C, C-0OH, and -CH, increased after the modification. Ad-
ditionally, the blue shift after treatment suggested that KBC had a
stronger electrostatic attraction than BC at the interface [23,27].

X-ray photoelectron spectroscopy (XPS) analysis showed two
peaks at binding energies of 285 and 533 eV, corresponding to C 1s
and O 1s, respectively (Fig. 1c). These peaks indicated that C and
O elements were the main constituents of both materials, and the
content of O element increased markedly after treatment. Analysis
of C 1s peaks in BC and KBC (Fig. 1d) revealed four components at
around 285, 286, 288, and 290 eV, corresponding to C=C, C-0, C=0,
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Fig. 1. (a) The N, adsorption-desorption isotherms and pore size distribution of BC and KBC. (b) FTIR analysis, (c) XPS survey, (d) high resolution C 1s spectra of BC and
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Fig. 2. (a) The adsorption performance of BC and KBC. (b) The influence of HA concentration on the removal and equilibrium adsorption capacity (qe) by KBC. (c) The
adsorption efficiency of HA on KBC at different pH conditions of the solution. (d) Electrical properties of KBC on the solution’s pH values. Conditions: [HA]=20mg/L,

[Catalyst] = 150 mg/L, initial pH7, T=25 °C.

and 0=C-O groups, respectively [25,28]. The content of C=0 in KBC
increased compared to BC, which was consistent with the results of
FTIR analysis. The characterization results indicated that the alkali-
activated calcination treatment did not change the fundamental
skeleton structure of BC, but significantly improved its pore struc-
ture and introduced more carbonyl functional groups, which was
expected to facilitate the adsorption and oxidative degradation of
HA.

Fig. 2a illustrated that the adsorption efficiency of BC was much
weaker than that of KBC. The removal efficiency of BC on HA was
merely 8.73%, which was 71.44% less than that of KBC (30.57% at
90min). The improved adsorption capacity of KBC could be at-
tributed to its increased specific surface area and well-developed
pore structure [29-31]. Additionally, the abundance of C=0 in KBC
could promote physical or chemical interaction, thus facilitating
the removal of HA [32]. The influence of concentration on the
adsorption of HA by KBC was investigated (Fig. 2b). The results
showed that the adsorption efficiency of KBC on HA decreased as
the concentration of HA increased, while the equilibrium adsorp-
tion capacity (qe) increased. Specifically, when the HA content was
increased from 10 mg/L to 30 mg/L, the ge increased by 58.40%, but
the adsorption efficiency decreased by 45.09%. This could be at-
tributed to the more intense competition for the available adsorp-
tion sites on KBC at higher concentrations of HA. The adsorption of
HA on KBC was significantly influenced by the pH of the solution,
as shown in Fig. 2c. As the pH increased, the adsorption efficiency
was inhibited, and the HA removal efficiency decreased by 39.05%
at pH 10 compared to pH 4. Fig. 2d illustrated that KBC displayed
different electrical properties depending on the solution’s pH val-
ues. KBC was electropositive at pH < 4.11 but became electronega-
tive at pH > 4.11 due to deprotonation, indicating that electrostatic
forces might play a role in adsorption [33]. The carboxyl and phe-
nolic hydroxyl groups of HA made the most significant contribu-
tion to the molecular charge, and their deprotonation at pH >4 and
pH >8 would increase the electronegativity of HA [34,35]. There-
fore, increasing the pH was detrimental to the interaction in the
system. On the other hand, a low pH could encourage HA to fold
into a compact conformation and form a rigid spherical colloidal
structure, leading to improved diffusion and adsorption. In a high

pH environment, ionized HA would extend into a linear structure
and increase in molecular size, inhibiting its adsorption on KBC
[36,37].

The adsorption kinetics of HA onto KBC were analyzed using
both the pseudo-first-order and the pseudo-second-order models,
with the latter proving to be the better fit (Fig. 3a and Tables S1
and S2 in Supporting information), indicating the potential involve-
ment of chemical adsorption in the removal process [38]. Addition-
ally, the intra-particle diffusion model was applied to investigate
the adsorption control steps (Text S6 in Supporting information).
The resulting plot (Fig. 3b) displayed two distinct linear segments
with R2 values of 0.9944 and 0.9556 for the first and second stages,
respectively, and corresponding constant K of the intra-particle dif-
fusion rate valued 4.4672 and 0.9274 (mg-min®?)/g. The faster ini-
tial stage can be attributed to a higher concentration gradient and
mass transfer rate, which facilitates HA diffusion into KBC. How-
ever, as the concentration gradient decreases in the solution, active
surface sites become occupied, and pores become clogged, hinder-
ing further entry of HA. It is noteworthy that the curves did not
intersect at the origin, implying that the intraparticle diffusion pro-
cess was not the sole rate-limiting step [39].

Isotherm models were used to simulate the adsorption process,
with the Langmuir isotherm equation showing a better fit to the
experimental data (Fig. 3c and Tables S3 and S4 in Supporting in-
formation). This indicated that the adsorption process was mainly
due to the formation of a monolayer. The complexity and vari-
ability of HA’s chemical composition and structure, as well as its
sensitivity to environmental factors, make it challenging to estab-
lish a comprehensive and precise adsorption model [37,40]. Theo-
retically, isotherm models are influenced by both the equilibrium
concentration of the adsorbate and the concentration of the adsor-
bent. Isothermal parameters for HA adsorption onto KBC at differ-
ent concentrations indicated that adsorption of low-concentration
HA (10-40 mg/L) was better fitted with the Langmuir model, while
adsorption of high-concentration HA (30-80mg/L) was better fit-
ted with the Freundlich model. This suggested that the adsorp-
tion process of KBC changed with the concentration of HA. Pre-
vious work suggested that there were two sites reacting at differ-
ent stages on biochar: more active but fewer sites named A sites,
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Fig. 4. (a) Degradation of HA in different systems. (b) Effect of KBC dosage, (c) effect of PMS concentration, (d) effect of HA concentration, (e) effect of initial pH, (f) effect
of inorganic anions on the degradation efficiency of HA. Conditions: [HA]=20mg/L, [Catalyst] =150 mg/L, [PMS]= 1.0 mmol/L, initial pH7, [inorganic anions]= 1.0 mmol/L,
T=25°C.
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and numerous sites with lower activity named B sites [41]. B sites
would be occupied until A sites were filled; thus, HA might occupy
A sites of KBC in the first stage, which obeyed the Langmuir model.
As the content of HA increased, A sites were filled and B sites were
occupied in the second stage, which obeyed the Freundlich model.

Furthermore, the results from Fig. 3d demonstrated that the re-
moval efficiency of HA was significantly enhanced with an increase
in temperature. Specifically, the degradation rate of HA with a 45
°C treatment was found to increase by 51.68% in comparison to
that with a 25 °C treatment. This enhancement could be attributed
to the stimulated molecular diffusion in the system [42]. More-
over, the calculated adsorption thermodynamic parameters (AG,
AH, and AS) were all negative (Text S7 and Table S5 in Supporting
information). This indicated that the adsorption of HA on KBC was
a spontaneous, exothermic, and entropy-decreasing process, imply-
ing that the adsorption process was mainly dominated by chem-
ical adsorption. The above results demonstrated that the alkali-
calcination process greatly enhanced the adsorption capacity of BC
for HA, potentially facilitating further oxidative degradation of HA
on the carbon surface.

Fig. 4a showed that PMS alone had little effect on HA degrada-
tion, but degradation rate increased significantly when combined
with BC or KBC. KBC treatment resulted in HA almost complete
degradation in 120 min, with rates 15.47 and 2.21 times higher
than PMS alone and BC/PMS, respectively. The study on the influ-
ence of KBC content on HA degradation (Fig. 4b) showed that the
degradation rate of HA increased with increasing KBC concentra-
tion. The degradation rate increased with increasing PMS concen-
tration up to 1.0 mmol/L (Fig. 4c). However, higher PMS concentra-
tions inhibited degradation, possibly due to extra PMS occupying
adsorption sites or scavenging ROS [43]. The initial HA concentra-
tion also affected degradation, with higher concentrations result-
ing in lower degradation rates (Fig. 4d). This phenomenon can be
explained in two ways. Firstly, the larger quantity of targeted pol-
lutant present can directly influence the degradation kinetics due
to the limited removal capacity of the KBC/PMS system. Secondly,
the occupation of surface-active sites, such as those containing
C=0 groups, may hinder the production of ROS, thus impeding the
degradation process. Fig. 4e showed that the degradation rate of
HA in the KBC/PMS system initially increased and then decreased
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as the pH increased, reaching its peak at pH 7. Even at pH 9, the
removal efficiency of HA in the KBC/PMS system was still above
80%, indicating the wide pH application range of the KBC/PMS sys-
tem [44]. The presence of inorganic anions affected the HA degra-
dation in the KBC/PMS system (Fig. 4f). HCO3~ inhibited the reac-
tion due to the increase in pH and transform of ROS, while H,PO4~
hindered the removal of HA by occupying the active sites on KBC
and scavenging ROS [7,45]. CI" can be easily oxidized by ‘OH and
S04 to produce chloride radicals (Cl*) with lower oxidizing ability
[46]. However, CI- here negligibly inhibited the removal of HA, in-
dicating that radical pathway was not the main oxidation pathway
of HA.

To identify the dominant ROS involved in the KBC/PMS system,
scavengers of ‘OH and SO,", "OH, ‘0,", and '0, namely MeOH,
TBA, p-BQ, and FFA, were used [47,48]. The results, depicted in
Fig. 53, indicated that MeOH, TBA, and p-BQ slightly inhibited HA
degradation, suggesting that the radical contribution was minimal.
The significant inhibition caused by FFA supported the nonradi-
cal singlet oxygenation pathway as the major pathway. The con-
tributions of different ROS were then quantified according to the
pseudo-second-order kinetic model as 15.34% for "0,", 14.46% for
S04, 11.99% for *OH, and 58.20% for 10, respectively (Text S8).
The dominant role of 10, was further confirmed through EPR de-
tection using DMPO and TEMP as spin trappers. No free radical
signal was detected using DMPO as the trapper, indicating a low
contribution of free radicals [49]. An EPR experiment with TEMP
as an active species trapping agent revealed a characteristic sig-
nal of three-lines corresponding to 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO) in the ESR spectrum (Fig. 5b), which was at-
tributed to TEMP-10, and indicated the self-decomposition of PMS.
Notably, the intensity of the signal in the KBC/PMS system was sig-
nificantly strengthened, providing evidence for the production of
10, on the KBC surface. These results are consistent with previous
findings indicating that the C=0 on KBC can serve as the reactive
sites for PMS activation, thereby initiating the singlet oxygenation
of organic pollutants [47,49,50].

The results of the study showed that '0, was the dominant
ROS in the KBC/PMS system for HA degradation. However, accord-
ing to kinetics calculations, the contribution of 10, to the degra-
dation of pollutants was only 0.22%, as its reaction rate constants
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with water and HA were 1.2 x 108 and 2.65 x 10°L mol! s, re-
spectively, which conflicted with the experimental results [51,52].
Many studies have used this kinetics calculation to evaluate and
exclude the domination of 10,, but it should be noted that the
analysis is based on homogeneous systems, where 10, is dispersed
in water, and may not be applicable to heterogeneous systems. In
this study, HA was concentrated on the KBC surface, and 10, was
formed in situ, which might provide the necessary conditions for
contact and reaction between HA and !0,. As illustrated in Fig.
5c, HA degradation in the KBC/PMS system was suggested to be
an adsorption-oxidation cooperative process, in which adsorption
made the '0,-led oxidation process efficient and stimulated signif-
icant degradation of pollutants. Specifically, the more complex pore
structure and oxygen functional groups on the modified KBC in-
creased the enrichment of HA on the material surface significantly.
PMS in the system was able to react with C=0 of KBC and pro-
duce 10, in situ, which oxidized HA adsorbed on the KBC surface
immediately and achieved HA degradation [50].

To conclude, we found that the adsorption and activation capac-
ities of BC were found to be drastically improved through an alkali-
activated calcination process. The obtained KBC sample showed a
porous structure, and with much more C=0 groups introduced.
Mechanism analysis results indicated that chemical adsorption and
singlet oxygenation made major contribution to the HA removal on
KBC. The enrichment of HA and in-situ generation of 10, together
created a local high concentration reaction region around the car-
bon interface, which to a large extent securing the oxidation ef-
ficiency. This work provides a cost-effective AOPs scheme for the
removal of HA, and offers a new insight into the nonradical oxida-
tion mechanism at the carbon interface.
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