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raction of humic acid from HCl-
activated weathered coal catalyzed by oxygen
vacancy-rich CuO nanoparticles

Xianglei Cao, abc Yongsheng Gao,*a Zhanwen Cao,a Jia Guo,ab Liugen Zhang,ab

Zhaojun Yang,d Kaigang Lic and Chao Yang*c

The efficient extraction of humic acid (HA) from weathered coal is crucial for its high-value utilization.

However, conventional methods often suffer from low extraction yields and insufficient product purity.

To address these limitations, this study proposes a novel synergistic strategy combining “hydrochloric

acid activation pretreatment” with “catalytic oxidation”. Specifically, weathered coal was first pretreated

with hydrochloric acid to enhance its hydrophilicity and remove impurities. Subsequently, the activated

coal was subjected to targeted oxidative degradation using hydrogen peroxide (H2O2) catalyzed by CuO

nanoparticles rich in oxygen vacancies. This synergistic process significantly enhanced the HA extraction

yield from a baseline of approximately 50% in the raw coal to over 91.5% (based on the residue).

Characterization results revealed that the hydrochloric acid treatment effectively improved the pore

structure and surface properties of the weathered coal. Meanwhile, the oxygen vacancies in the CuO

nanoparticles greatly promoted the activation of H2O2 to generate hydroxyl radicals (cOH), which

efficiently cleaved the macromolecular cross-linked structures in the coal. This work develops an

efficient and green method for extracting HA from weathered coal and provides a new catalytic

chemical pathway for the high-value utilization of coal resources.
1 Introduction

Weathered coal, as an important mineral resource, is rich in
humic acid (HA) with high added value, although it does not
have the property of high caloric value fuel.1–4 It shows broad
application prospects in agriculture, environmental remedia-
tion, materials science and other elds. Efficient extraction and
activation of HA is the key to realize its resource utilization.2–8

However, humic substances in weathered coal usually exist in
the form of large molecular weight, complex structure and low
activity, resulting in low direct extraction rate and poor
bioavailability. Therefore, the core way to improve the yield and
quality of HA is to increase oxygen-containing functional groups
and degrade macromolecular structure through activation
treatment.9–13

However, single H2O2 oxidation still has the problems of
limited free radical generation efficiency and insufficient
penetration of coal matrix hydrophobicity, which may lead to
ment and Construction Co., Ltd, Hami

30000, China

hemical Engineering, Xinjiang University,

24@xju.edu.cn

ring, Central South University, Changsha
inadequate oxidation or low selectivity of target products.14–16

The introduction of catalysts is an effective strategy to solve the
above bottlenecks. For example, transition metal oxides (such
as CuO, TiO2, etc.) have been shown to signicantly improve the
activation efficiency of H2O2, thereby improving the extraction
rate of HA.17,18 Nevertheless, the existing catalytic systems still
face two challenges: one is the balance between catalytic effi-
ciency and cost-effectiveness, the exposure of active sites of
traditional catalysts is limited, and the regulation of active
structures such as oxygen vacancies is insufficient; the other is
the neglect of raw material pretreatment. The inherent ash and
impurities in weathered coal not only affect the purity of HA,
but also hinder the effective mass transfer of catalytic oxidation
reaction on its hydrophobic surface.14,15

In view of the above dual challenges, an innovative strategy
of synergistic effect of physicochemical pretreatment and nano-
catalytic oxidation was proposed in this study, aiming to
simultaneously overcome the efficiency and purity bottlenecks
in the extraction process of HA. Firstly, hydrochloric acid is
adopted to carry out activation pretreatment on weathered coal.
The step not only can effectively dissolve out ash and soluble
impurities such as calcium, magnesium and the like and
obviously improve the purity of the nal HA product; more
importantly, acid treatment can etch the surface of coal parti-
cles, increase their porosity and hydrophilicity, thus greatly
improving the interfacial contact efficiency between reactants
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of H2O2 and CuO on HA extraction by alkali extraction
and acid precipitation (condition: 25 °C, KOH: 450 mg, coal: 2 g).
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and catalysts in the subsequent reaction system.19 Secondly, in
the core step of catalytic oxidation, we synthesized a series of
CuO nanoparticles with controllable size and morphology and
rich in oxygen vacancies as catalysts. By precisely adjusting the
particle size of nano-CuO and optimizing its catalytic syner-
gistic effect with H2O2, the macromolecular network in weath-
ered coal was selectively degraded into highly active small
molecular HA. The abundant oxygen vacancy defect structure is
expected to further enhance the electron transfer ability and
free radical generation efficiency of the catalyst.

In this paper, the realization process and mechanism of HA
enhanced extraction will be systematically described. Firstly,
the regulation of hydrochloric acid pretreatment on the physical
structure, chemical composition and surface properties of
weathered coal was revealed; secondly, the structure–activity
relationship between the oxygen vacancy concentration of CuO
nanoparticles with different sizes and their catalytic perfor-
mance was claried, and the catalytic mechanism of CuO
nanoparticles in the oxidation of weathered coal by H2O2 was
explored. This study provides a new idea of pretreatment
purication-catalytic oxidation integration for the efficient and
high-quality extraction of HA from weathered coal.

2 Experimental section
2.1 Experimental materials

Weathered coal in Xinjiang was used as the research object.
Aer the coal sample is taken back, it is crushed, screened to
below 60 mesh, and dried at 120 °C for 3 h to obtain the coal
sample for the experiment, which is placed in a drying vessel for
storage.

2.2 Experimental reagents

Copper acetate (Cu(CH3COO)2$H2O), potassium hydroxide
(KOH), concentrated hydrochloric acid (HCl, 37%), hydrogen
peroxide (H2O2, 30%), absolute ethanol (C2H5OH) and other
reagents were analytically pure and were not further puried.
The water used in the experiment was distilled water.

2.3 Synthesis of CuO with different particle size

Weigh 5 mmol cupric acetate into 100 mL ethanol/water mixed
solution, and stir vigorously for 30 min. Aer complete disso-
lution, 25 mL of ethanol/water mixed solution dissolved in
20mmol NaOHwas poured into the above solution and reuxed
for 1 h in a water bath at 90 °C. Aer the temperature is natu-
rally reduced, the mixture is centrifugally collected and washed
three times with water and ethanol respectively. The obtain
black powder is that CuO particle. The ratios of ethanol/water
were 0 : 100, 50 : 50, 75 : 25 and 100 : 0, respectively. According
to the ratios of ethanol, the CuO series were named CuO-0, CuO-
50, CuO-75 and CuO-100, respectively.

2.4 Weathered coal pretreatment (activation and
desalination)

Weigh 50 g of weathered coal powder into a beaker, and add
100 mL of mixed solution of distilled water and hydrochloric
© 2026 The Author(s). Published by the Royal Society of Chemistry
acid. The suspension was stirred with a glass rod and activated
in a 95 °C water bath for 30 min. Aer natural cooling and
sedimentation, the supernatant was removed and the same
amount of distilled water was added, twice a day for ve days.
And drying at 120 °C to obtain a weathered coal sample acti-
vated by hydrochloric acid.
2.5 Extraction method of HA

Weigh 2 g of weathered coal and 0.45 g of KOH, and disperse
them in a 100 mL beaker containing 30 mL of distilled water. Stir
the mixture continuously for 30 minutes. Aer sufficient
dispersion, 80 mg of catalyst was added thereto and stirred for
30 min. Then 1 mL of 30% H2O2 solution was added dropwise to
the above dispersion (2 drops per second) and stirring was
continued for 1 h. Centrifuge the supernatant, wash the residue
once, and combine the washings with the supernatant. The pH of
the supernatant was adjusted to about 1 with dilute hydrochloric
acid solution, and HA was separated by centrifugation. The HA
and residue were dried and weighed to record the weight.

All the above experimental operations were completed in
a constant temperature laboratory at 25 °C.
3 Results and discussion

HA was extracted from weathered coal by alkali dissolution and
acid precipitation method, and the effects of catalyst and
oxidant were investigated. As can be seen from Fig. 1, the
extraction amount of HA was 1.013 g and the extraction rate was
about 50% without the addition of oxidant and catalyst. The
extraction amount of HA was only slightly increased aer add-
ing oxidant, which proved that single hydrogen peroxide did not
play an oxidation role in the oxidation process, which may be
related to the obstruction of free radical transfer process.
However, the amount of HA increased to 1.329 g aer the
addition of CuO catalyst, which was about 30% higher than that
of the experimental group without catalyst. The results showed
RSC Adv., 2026, 16, 9108–9117 | 9109
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Fig. 2 HA extraction amount of coal samples activated by different
concentrations of hydrochloric acid (condition: 25 °C, KOH: 450 mg,
coal: 2 g, H2O2: 1 mL).
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that the single H2O2 had no oxidation effect under the experi-
mental conditions, but the catalytic oxidation effect was obvious
in the presence of CuO, and the extraction rate of HA increased
from 50% to 65%.

Dilute hydrochloric acid treatment can improve the acidic
groups on the surface of weathered coal, increase the hydro-
philicity of HA molecules, and accelerate the dissolution of HA
molecules. The HA extraction amount of the hydrochloric acid
activated coal sample is shown in Fig. 2.

As shown in Fig. 2, aer the weathered coal sample is acti-
vated by hydrochloric acid, the extraction amount of HA is
gradually increased under the conditions of alkali dissolution
Fig. 3 SEM of (a) and (b) original weathered coal; (c) and (d) weathered

9110 | RSC Adv., 2026, 16, 9108–9117
and acid precipitation without adding oxidant and catalyst.
When the concentration of hydrochloric acid is 7.5%, the
extraction amount of HA is 1.613 g, which is 60% higher than
that of the original weathered coal. The results show that the
activation of hydrochloric acid can effectively promote the
dissolution and precipitation of HA.

In order to explore the changes of weathered coal samples in
the process of hydrochloric acid activation, the coal samples
before and aer hydrochloric acid activation were characterized
by SEM, EDS and contact angle.

SEM reects the micro-morphology information of coal
samples. Fig. 3a and b are SEM images of the original weathered
coal sample. The coal sample has large particles and smooth
surface. Fig. 3c and d are SEM images of the weathered coal
activated by 5% hydrochloric acid. The coal sample particles are
seriously agglomerated, which is caused by rewetting and
drying. Moreover, aer the activation of hydrochloric acid, the
particle size of the coal sample is slightly reduced, and there are
micropores on the surface of the particle. In contrast, hydro-
chloric acid activation can reduce the particle size of weathered
coal to a certain extent, and can corrode some micropores on
the surface of coal particles (Fig. 4).

EDS is used to analyze the type and content of elements in
the micro-area of the material. As shown in the gure, the
contents of Na, Mg, Al, S, Ca, Mn and other elements in the
weathered coal decreased signicantly aer being activated by
5% hydrochloric acid. The results show that 5% hydrochloric
acid activation and longtime soaking dissolution have obvious
effects on reducing the salinity of weathered coal.

Contact angle test can characterize the hydrophilicity of
weathered coal samples. The smaller the angle between the
water droplets on the surface of the sample and the plane of the
coal sample, the better the hydrophilicity and wettability. The
coal activated by 5% hydrochloric acid.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDS element distribution: (a) original weathered coal; (b) weathered coal activated by 5% hydrochloric acid.
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contact angle test of the original sample of weathered coal and
the sample activated by hydrochloric acid is shown in Fig. 5. The
contact angle of the original sample of weathered coal is 122.6°,
which means that the original weathered coal is hydrophobic,
has poor wettability, and has large dispersion and dissolution
resistance in water, which hinders mass transfer. While the
Fig. 5 Contact angle test: (a) original weathered coal; (b) weathered
coal activated by 5% hydrochloric acid.

© 2026 The Author(s). Published by the Royal Society of Chemistry
contact angle of the weathered coal activated by 5% hydro-
chloric acid is 21.3°, and the weathered coal has good wetting
effect and hydrophilicity. The results of contact angle test show
that hydrochloric acid activation can modify the surface of
weathered coal, make it hydrophilic,19 and promote the transfer
of HA molecules from solid phase to liquid phase in alkali
dissolution (Table 1).

In order to clarify the change of main elements before and
aer hydrochloric acid activation, the elemental analysis of
weathered coal and hydrochloric acid activated coal was carried
out. The H content increased from 2.674% to 2.896%, which
was due to the increase of proton content on the surface of coal
samples during hydrochloric acid activation. Proton as
Table 1 Element analysis of original weathered coal sample and
weathered coal activated by 5% hydrochloric acid

Elements

Content
(original weathered
coal sample)

Content
(weathered coal activated
by 5% hydrochloric acid)

C 39.08% 45.57%
H 2.674% 2.896%
O 37.23% 38.595%
N 1.5% 1.6%
S 2.751% 1.190%

RSC Adv., 2026, 16, 9108–9117 | 9111
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Fig. 6 (a) HA yield at different alkali concentrations; (b) HA yield at different catalytic oxidation time; (c) HA yield catalyzed by CuO with different
particle sizes (condition: 25 °C, coal: 2 g, H2O2: 1 mL).

Fig. 7 XRD pattern of CuO series catalyst.

9112 | RSC Adv., 2026, 16, 9108–9117

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 3
:2

1:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a hydrophilic group can increase the wettability and hydrophi-
licity of coal samples. Not only that, but other elements not
tested in the table were also reduced by 6.7% aer hydrochloric
acid activation.

The above characterization shows that aer the weathered
coal sample is treated with 5% hydrochloric acid solution, the
metal ions in the coal sample are dissolved and removed in the
treatment process, which can reduce the content of metal salts
in the weathered coal and improve the purity of HA. Moreover,
hydrochloric acid activation can reduce the particle size of coal
particles, increase the surface micropores of particles, increase
the number of surface protons, and ultimately improve the
hydrophilic wettability of coal samples, promote the dissolution
of HA molecules in alkali liquor, and increase the yield of HA
from 50% to 75.5% (based on the residue).

The extraction process of HA was optimized by using the coal
sample activated by 5% hydrochloric acid as raw material.
Fig. 6a is a histogram of the amount of HA extracted by the
alkali-extraction and acid-precipitation method under different
alkali concentrations. HA was hardly dissolved when the
amount of alkali was 225mg/30 mL. However, when the amount
© 2026 The Author(s). Published by the Royal Society of Chemistry
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of alkali was increased to 450 mg, the yield of HA was increased
to 1.889 g, and with the further increase of the amount of alkali,
the yield of HA was limited. The addition amount of 450 mg of
alkali is optimal in view of economy. Fig. 6b is a histogram of
HA production for different catalytic oxidation times. The
catalytic oxidation rate involved in this process is rapid, with HA
being substantially oxidized within 1 hour and peaking at 2
hours. As the time continues to extend to 3 hours, the foam on
the surface of the dispersion has begun to carbonize, whichmay
be the main reason for the low extraction of HA. Therefore, 2
hours is the best time for catalytic oxidation, and 1 hour is also
acceptable if the economic and time costs are considered. Four
kinds of CuO catalysts with different particle sizes were
Fig. 8 SEM images of CuO series catalysts: (a) and (b) CuO-100; (c) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
prepared and applied to the extraction of HA by alkali-extraction
and acid-precipitation method. As shown in Fig. 6c, the CuO
catalyst prepared in anhydrous ethanol has the best catalytic
effect, with HA extraction of 1.889 g, which is about 5% higher
than other CuO catalysts.

In order to explore the structure of the catalyst and its role in
the catalytic process, a series of CuO were characterized by XRD
and SEM.

The type of substance and crystal structure can be judged by
XRD, and the XRD spectrum of CuO series catalyst is shown in
Fig. 7. The diffraction patterns of the series of CuO in the gure
are consistent with the standard card PDF#48-1548.20 According
to the ethanol content in the solvent during the synthesis of
(d) CuO-75; (e) and (f) CuO-50; (g) and (h) CuO-0.

RSC Adv., 2026, 16, 9108–9117 | 9113
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Fig. 9 TEM image of CuO-100.
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CuO from top to bottom, the crystallinity decreases with the
increase of ethanol content. When the synthesis solvent is
absolute ethanol, the crystallinity of CuO decreased. The crys-
tallinity of the CuO catalyst series, as determined by XRD,
decreases in the following order: 99.57%, 99.89%, 99.69%, and
91.12%.21 In addition, the dielectric constant of the solvent also
has a greater impact on the size of the material synthesis. The
dielectric constant of ethanol is lower than that of water, so the
number of particles obtained is more and the nal size is
smaller.

In order to further verify the size rule of CuO, the SEM of CuO
series catalysts was characterized, as shown in Fig. 8. CuO-100
Fig. 10 (a) Cu 2p and (b) O 1s fine spectra of CuO-100.

9114 | RSC Adv., 2026, 16, 9108–9117
exhibits a granular morphology with particle diameters
ranging from 100 to 200 nm. CuO-75 displays a rod-like shape,
with lengths between 3 and 4 mm. As the ethanol content in the
synthesis solvent further decreases, CuO-50 and CuO-0 evolve
into a sheet-like structure, which increases in size with lower
ethanol content. These distinct morphologies observed by SEM
are, in essence, the macroscopic outcomes of how crystallites
aggregate and grow under different solvent conditions. This
structural evolution is corroborated by XRD analysis, which
reveals a corresponding trend at the crystallographic level: the
calculated crystallite sizes for the CuO series decrease in the
order of 22.2 nm, 16.9 nm, 13.6 nm, and 5.4 nm.22
© 2026 The Author(s). Published by the Royal Society of Chemistry
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CuO-100 has the best performance in the catalytic oxidation
of HA, and its structural characteristics are worth further
exploring. Therefore, the CuO-100 catalyst was characterized by
TEM, XPS, O2-TPD and EPR to reveal its structure–activity
relationship.

CuO particles larger than 100 nm appear in the SEM images,
which may be caused by the agglomeration of CuO particles.
Aer complete dispersion, nanoparticles around 10 nm in
diameter are revealed in the TEM image (Fig. 9a). Fig. 9b is
a large magnication TEM image, and the outline of CuO can be
clearly seen. Fig. 9c shows the lattice fringes of CuO-100, and
the measured span of the lattice fringes is mostly about
0.253 nm, which is consistent with the (11-1) crystal plane of
CuO.23 The lattice fringes are ordered locally, but limited by the
size of CuO particles, they are disordered on a larger scale (tens
of nanometers), which is consistent with the poor crystallinity
or even amorphous state shown in the XRD pattern of CuO-100.

XPS can be used to characterize the composition and valence
of elements on the surface of catalysts, which is of great
Fig. 11 (a) Effects of the quenching agents on HA HA extraction; (b) O2

© 2026 The Author(s). Published by the Royal Society of Chemistry
signicance for the analysis of catalyst structure. Fig. 10a shows
the Cu 2p orbital ne spectrum of CuO-100, in which the
characteristic peaks at 932.9 and 934.3 eV are assigned to the Cu
2p3/2 orbital, while the characteristic peaks at 952.8 and
954.4 eV are assigned to the Cu 2p1/2 orbital. The two peaks
represent the presence of Cu2+.24 The characteristic peak at
529.6 eV in the O 1s spectrum corresponds to the lattice oxygen
and is dominated by the Cu–O bond. The characteristic peak at
531.2 eV is mainly corresponding to the hydroxyl groups in the
bound water and the oxygen vacancies in CuO. These results
suggest that CuO-100 may contain oxygen vacancies, which play
a positive role in the adsorption and activation of oxygen-
containing radicals.

It is generally recognized that the key to the oxidation
process is that the catalyst stimulates the oxidant to generate
highly active free radicals, oen termed as the free radical
reaction pathway. The role of free radical pathway in the
oxidation of humic substances was investigated by quenching
cOH with TBA and quenching cO2− with P-BQ, as showed in
-TPD curve of CuO-100 and (c) EPR curve of CuO-100.
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Fig. 11a. The effects of cOH, cO2−, and other pathways were
assessed to be 74.1%, 18.8%, and 7.1%. The results show that
cOH is the predominant reactive oxygen species in this
system.25,26

In order to further verify the oxygen adsorption sites and
oxygen vacancies on the surface of CuO-100, its O2-TPD and EPR
were tested. Fig. 11b is an O2 temperature-programmed
desorption curve of a series of CuO catalysts, which character-
izes the O2 adsorption sites on the surface of CuO. As shown,
three distinct desorption peaks were observed at 200, 450, and
750 °C. Among them, the low temperature adsorption peak at
200 °C represents physical adsorption, the electronic structure
of O2 has not changed, and the reaction activity is low. The
middle temperature adsorption peak at 400 °C represents the
chemical adsorption, which diffuses to the active site through
physical adsorption to form a chemical connection, and the
large desorption peak proves that the O2 on the active site has
good mobility. The high temperature region above 700 °C
represents the bulk lattice oxygen, and the desorption peak in
this region represents the destruction of the catalyst structure.
Compared with other catalysts, CuO-100 has stronger physical
adsorption and chemical adsorption, and also shows good
stability in the high temperature region, which is consistent
with its catalytic performance.

Electron paramagnetic resonance (EPR) measurements were
performed on the CuO sample, and the results are shown in
Fig. 11c. A typical single Lorentzian line is observed at g = 2.003
in the spectrum, which is attributed to the characteristic peak of
oxygen vacancies (OVs).27 The intensity of the peak is propor-
tional to the concentration of oxygen vacancies on the surface of
the catalyst. CuO-100 has abundant oxygen vacancies, which
can adsorb and transfer more oxygen radicals. The presence of
oxygen vacancies can promote the adsorption and decomposi-
tion of H2O2 to OH on the surface of CuO catalyst, thus effec-
tively improving the surface oxygen mobility and catalytic
activity28–30

4 Conclusion

In this paper, the pretreatment of weathered coal activated by
hydrochloric acid and CuO catalytic oxidation were used to
enhance the extraction of HA from weathered coal.

1. Under the optimal conditions with 450 mg of alkali, the
CuO-100 catalyst, and a reaction time of 2 h, the extraction rate
of HA was increased from 50% to 91.5% (based on the residue).

2. Hydrochloric acid activation can increase the proton
concentration on the surface of weathered coal particles, thus
improving its hydrophilicity and promoting the dissolution of
HA molecules, and reduce the salinity of weathered coal in the
stage of hydrochloric acid soaking. Quenching experiments
show that the dominant free radical is cOH, and the abundant
oxygen adsorption sites and oxygen vacancies on the CuO
surface promote the activation of H2O2 to form cOH.

3. The purity of the humic acid product is improved through
dilute hydrochloric acid activation and soaking, and a coupling
strategy of pretreatment and catalytic oxidation is provided for
enhancing the extraction of the humic acid.
9116 | RSC Adv., 2026, 16, 9108–9117
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