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This study tackled the persistent challenges of low purity and limited diversity in recycled materials obtained
from printed circuit board (PCB) acidic copper chloride etching waste solution (ACCEWS). High-purity
Cu,(OH),CO3 was first synthesized from purified ACCEWS (in contrast to raw waste solutions) using
a Na,COz—-NaHCOs3 buffer system. Subsequent alkaline treatment yielded crude CuO, which was then
upgraded to high-purity CuO via calcination. Simultaneously, the effects of impurities on the purity,
phase composition, and morphology of copper compounds were systematically investigated by XRD,
SEM, TG, FTIR, ICP-OES, XPS and HRTEM, along with their transformation mechanisms and impurity
behavior. The results demonstrated that purification markedly improved the purity of Cu,(OH),COs.
Compared to untreated samples, the P-Cu,(OH),COs derived from purified etching waste exhibited
enhanced stability in copper content (55.40-55.50 wt% vs. 54.40-55.40 wt% in R-Cu,(OH),COs3),
reduced metal impurities (0.17-0.22 wt%), and notably chloride (consistently
=0.014 wt%). Furthermore, purification effectively removed competitive interference from Cl™ and other
species during Cu,(OH),COs3 crystallization, yielding more uniform particles with either flower-like

lower residues

spherical or spiky flake morphologies. The combined purification and calcination process significantly
improved both the purity and crystallization behavior of nano-CuO. The nano P-CuO showed
progressively increasing CuO purity: 80.24 wt% (300 °C/1 h), 92.24 wt% (400 °C/1 h), 98.54 wt% (500 °C/
1 h), and 98.80 wt% (600 °C/1 h) — consistently higher than that of the corresponding R-CuO samples
derived from untreated waste (68.48 wt%, 82.24 wt%, 94.48 wt%, and 97.90 wt%). Final optimization at
600 °C for 3 hours yielded ultra-pure P-CuO nanoparticles (=110 nm) containing 99.04 wt% CuO with

exceptionally low impurity levels: <0.12 wt% metallic impurities and <0.0015 wt% chloride content. This
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Accepted 14th November 2025 study demonstrated a "waste-to-wealth” approach through the simultaneous production of high-purity

Cu,(OH),CO3 and nano-CuO from the purification of ACCEWS. These findings offer important insights
DOI: 10.1039/d5ra05321h for both the sustainable utilization of PCB ACCEWS and the development of high-purity copper-based

rsc.li/rsc-advances materials.

The rapid advancement of the electronic information industry
has significantly increased the global demand for PCBs in

1. Introduction

In printed circuit board (PCB) manufacturing, chemical solu-
tions (typically acidic copper chloride or alkaline ammonia) are
used to dissolve unwanted copper layers from copper-clad
laminates to create circuit patterns. This process generates
copper ion-rich waste solutions, which are categorized into two
main types: acidic etching waste and alkaline etching waste.
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recent years." The manufacturing of PCBs produces 1.5-3.5
liters of etching waste per square meter of board.>? The annual
volume of acidic and alkaline etching wastes has surpassed 10
billion cubic meters worldwide, with a growth rate of 15-18%
per year,® while containing surpassing 70 000 metric tons of
copper.* PCB etching solutions, as hazardous waste, contain
elevated amounts of copper ions demonstrating bi-
oaccumulation characteristics, which would present serious
ecotoxicological hazards if released untreated.® Additionally,
the exceptional copper grade within waste solution (typically
>5% compared to 0.5-2% in natural ores) makes direct disposal
economically wasteful and environmentally unsound.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Systematic copper recovery consequently would deliver valuable
metal reclamation and crucial pollution prevention.

Currently, conventional approaches for PCB etching solution
recycling comprise solvent extraction,” neutralization precipi-
tation,® electrolysis,” and ion adsorption,'® among others. For
example, Nguyen et al. utilized Cyanex 272 to isolate Au(u) from
a leaching solution of cemented Cu." Liu et al.** proposed
direct electrolysis to recover Cu from waste PCBs. The recovery
rate of Cu was up to 97.32% with a purity of 99.86%.

These methods have demonstrated advantages in recovering
precious metals, while the neutralization precipitation tech-
nique has garnered significant attention due to its straightfor-
ward process and low cost. Dou et al.™® exploited an advanced
approach of decomplexation and neutralization and precipita-
tion by NH;-H,O coupled with oxidation by O,, to separate
Cu(u) and Cu(i) to produce Cu,(OH);Cl. Guo** and coworkers
employed ammonia (NH;-H,0) and sodium hydroxide (NaOH)
as neutralizers to reclaim Cu to produce Cu,Cl(OH);, which can
be used as a precursor for producing Cu(OH), and CuSO,-5H,0
with higher purity.

Basic copper carbonate (BCC; Cu,(OH),CO;), another
normal copper-containing compound, can also be fabricated
through neutralization precipitation, which has been widely
applied in various fields including pyrotechnics, pigments,
insecticides, organic synthesis catalysts, and others.”*?* A
typical process involved either reacting metallic copper with
concentrated HNO; to prepare Cu(NOj), or directly using
Cu(NOs), as the raw material, with ammonium bicarbonate
serving as the precipitating agent to afford Cu,(OH),CO;.**
Alternative approaches have been reported, such as directly
precipitating Cu,(OH),CO; crystals (5.0-6.5 pm) from a CuCl,
solution and Na,COj; solution at 50 °C and pH 6.5-9.> Addi-
tionally, Candal et al.>® employed a copper-containing solution
with ammonia water as a pH regulator to prepare amorphous
Cu,(OH),COs;.

Despite BCC being widely applied in many fields, the
economic efficiency is hardly attractive. However, BCC always
works as a precursor to produce CuO, for which the high
specific capacity, surface energy, and large surface area lead to
promising applications in advanced fields, including electro-
chemical devices, optoelectronics, energy systems, catalysis,
and biomedicine. The fabrication of CuO nanoparticles is
generally achieved through physical, chemical, and biogenic
techniques. Chemical precipitation combined with thermal
decomposition is one of the most simple, low-cost and scalable
techniques to produce CuO. Luna et al.** synthesized CuO using
cupric acetate as a precursor at 400 °C for 1 h under an air flow.
Benhammada et al.*® utilized nitrate trihydrate, copper(u)
chloride dehydrate, and copper(n) sulfate pentahydrate as
precursors, respectively, which were further precipitated by
NaOH solution. The obtained precipitates were annealed at
550 °C for 4 h to produce CuO. Kida et al.*® developed 5-10 nm
CuO-NPs via ethanol-based solution-phase synthesis at 78 °C
using Cu(CH3COO), in a CH3COOH/NaOH system. Chang
et al.*” produced 40-50 nm CuO-NPs through 500 °C calcination
of CuSO,/Na,CO; precursors. Gan et al*® achieved 20 nm
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crystalline CuO-NPs via chloride-based precipitation with
ultrasonic purification.

Inspired by these published works, herein, we propose
a coupling technique of neutralization precipitation and
thermal decomposition to fabricate high-purity CuO using
acidic copper chloride etching waste solutions (ACCEWS) as
copper sources. The production technology of Cu,(OH),CO; was
studied in detail, including the Na,CO3/NaHCO; ratio and
reaction temperature during the neutralization precipitation
process. The low-temperature hydrothermal conversion and
calcination parameters were also researched in depth to
synthesize CuO. The as-prepared CuO obtained using the
optimal parameters exhibited high purity (>99.04 wt%), low
metallic impurities (<0.12 wt%) and low chloride content
(<0.0015 wt%). This innovative strategy resolved the single-
product constraint of traditional recovery processes, accom-
plishing coupled production of two valuable copper compounds
and establishing an efficient hazardous waste upcycling
paradigm.

2. Results and discussion

2.1 Preparation of high-purity Cu,(OH),CO; and its
influence mechanisms

In this section, the copper purity, impurity contents, crystalline
phase and particle morphology of Cu,(OH),CO; prepared by R-
ACCEWS and P-ACCEWS are systematically investigated,
determining the relationships between these properties and
experimental parameters, including purification pretreatment,
alkali ratio (Na,CO3;/NaHCO3), and reaction temperature.

2.1.1 The influence of Na,CO;/NaHCO; ratio. XRD was
employed to characterize the crystal structure of Cu,(OH),CO3
prepared from P-ACCEWS at different Na,CO;/NaHCOj; ratios
(1:2,1:1,2:1). As shown in Fig. 1A, all the products displayed
well-defined diffraction peaks at 14.8°, 17.6°, 24.1°, and 31.2°,
precisely corresponding to the (020), (120), (220), and (20-1)
crystal planes of monoclinic Cu,(OH),CO; (JCPDS no. 41-1390),
respectively, indicating their high -crystallinity. The XRD
patterns confirmed that P-ACCEWS consistently produced well-
crystallized, high-purity Cu,(OH),CO; across different alkali
ratios. This enhanced crystallization was mainly due to the
effective elimination of interfering impurities (e.g:;, CI~ and
metal ions), which created an optimized growth environment
for monoclinic Cu,(OH),CO; crystals. In contrast, the products
derived from R-ACCEWS at a 1:1 Na,CO;/NaHCO; ratio
exhibited monoclinic CuCl(OH); (JCPDS no. 87-0679) as the
dominant phase, suggesting that competitive coordination of
chloride suppressed the formation of Cu,(OH),CO; at low
alkalinity. At a 1:2 Na,CO3;/NaHCO; ratio, monoclinic Cuy(-
OH),CO; from R-ACCEWS became the major phase. However,
an unidentified impurity peak emerged at 22.2°, likely due to
metallic impurity compounds. When the Na,CO;/NaHCOj; ratio
was further increased to 2 : 1, monoclinic Cu,(OH),CO; formed
as the exclusive phase, demonstrating that higher CO;*"/OH™
concentrations effectively overcame the interference from
chloride.
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(A) XRD patterns, (B) SEM images, and (C) FTIR spectra of Cu,(OH),COs. (D) The Cu contents and impurity contents in Cu,(OH),COs

obtained at different alkali ratios. (E) The TGA curves of R-Cu,(OH),COs and P-Cu,(OH),COx.

It was found that the morphology and dispersity of
Cu,(OH),CO; were significantly influenced by the type of
ACCEWS. Compared to Cu,(OH),CO; obtained from R-
ACCEWS, Cu,(OH),CO; derived from P-ACCEWS exhibited
superior dispersity and more regular morphology (Fig. 1B).
Additionally, the alkali ratio of Na,CO;/NaHCO; also affected
the morphology of Cu,(OH),CO;. In the R-ACCEWS system,
increasing the Na,CO; ratio caused R-Cu,(OH),CO; to evolve
from irregular fine particles (~40 nm) with severe agglomera-
tion at 1:2 and 1:1 Na,CO;/NaHCO; ratios to irregular flaky
particles forming 5-6 um flower-like clusters at 2:1 Na,COs/
NaHCO;. By contrast, the P-ACCEWS system showed distinctly
different morphological evolution: well-dispersed 6-8 pm flaky
particle clusters formed at a 1:2 Na,CO;/NaHCOj ratio, trans-
forming into densely packed ~10 pm spherical aggregates at
a 1:1 Na,CO3/NaHCO; ratio, and finally yielding mixed
spherical/thorny-flake morphologies (~1 pm) at a 2 : 1 Na,CO3/
NaHCO; ratio. The findings confirmed that purification
successfully eliminated etching solution-derived impurities,
which was critical for achieving controlled nucleation and
subsequent growth of Cu,(OH),CO; crystals (Fig. 1B).

The functional groups of Cu,(OH),CO; were investigated
by FTIR. The characteristic absorption peaks at 460 cm™ " and
530 cm ' assigned to Cu-O stretching vibrations are
observed in Fig. 1C. Additionally, the spectral features
observed at 1100 cm ™' and 1550 cm ™~ ' were attributed to the
symmetric and asymmetric stretching modes of carbonate
(CO;>7) groups, respectively. Comparative FTIR spectra
demonstrated that the purification process substantially
influenced the characteristic infrared absorption profiles of
the synthesized products. The characteristic CO;>~ vibration

49490 | RSC Adv, 2025, 15, 49488-49500

~* and 1550 cm ™" exhibited significantly
greater intensity for R-Cu,(OH),CO;. This enhancement
likely originated from carbonate impurities derived from
metal ion leaching in the R-ACCEWS system during precipi-
tation. Subsequent purification effectively eliminated these
interfering ionic species, resulting in phase-pure Cu,(OH),-
CO;. The variation in the Na,COj; ratio notably influenced the
hydroxyl group vibrational characteristics. With the Na,CO;
ratio increasing, all samples exhibited enhanced ~OH peak
intensities near 3400 cm ', particularly prominent for P-
Cu,(OH),CO3 and R-Cu,(OH),CO; samples at a 1: 1 Na,CO3/
NaHCO; ratio. These spectroscopic changes indicated that
alkalinity facilitates Cu,(OH),CO; crystallization, while
simultaneously enhancing hydrogen-bonding networks
through increased hydroxyl group density in the precipitated
phases.

As shown in Fig. 1D, R-Cu,(OH),CO; contained 54.40 wt%,
54.48 wt%, and 55.40 wt% copper for Na,CO;/NaHCOj; ratios of
1:2, 1:1, and 2:1 respectively, with corresponding metallic
impurity contents of 0.26 wt%, 0.24 wt%, and 0.27 wt%, and
chloride contents of 0.044 wt%, 0.090 wt%, and 0.042 wt%,
respectively. In comparison, P-Cu,(OH),CO; from P-ACCEWS
demonstrated copper contents of 55.40 wt%, 55.50 wt%, and
55.40 wt% at the same Na,CO3/NaHCO; ratios, with metallic
impurities measuring 0.21 wt%, 0.22 wt%, and 0.17 wt%, and
chloride contents of 0.012 wt%, 0.014 wt% and 0.012 wt%
respectively. The experimental results demonstrated that the
purification treatment significantly improved the purity of
Cu,(OH),CO;. The copper content in P-Cu,(OH),CO; (55.40-
55.50%) showed better consistency across different Na,CO3/
NaHCO; ratios and closer approximation to the theoretical

modes at 1100 cm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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value (55.42 wt%) compared to R-Cu,(OH),CO; (54.40-
55.40 wt%). Furthermore, purification effectively reduced
metallic impurities (0.17-0.22 wt% in P-Cu,(OH),CO;3 versus
0.24-0.27 wt% in R-Cu,(OH),CO;) and substantially suppressed
chloride residues (all <0.014 wt% in P-Cu,(OH),CO;, with
certain batches showing over 50 wt% reduction). Notably, iron
content fell below the detection limit after purification, indi-
cating particularly outstanding removal efficiency for specific
metals. When evaluated against Chinese industrial standards
for BBC, the copper content and chloride levels for P-Cu,(-
OH),CO; satisfied Class I product requirements, while Fe, Pb,
Zn, Cr, Cd, and As contents complied with Class II standards. In
contrast, the products prepared from R-ACCEWS contained
excessive metallic impurities and failed to meet standard
requirements.

The thermal behavior of as-prepared Cu,(OH),CO; was
investigated by TGA in this work (Fig. 1E). The TGA curve of R-
Cu,(OH),CO; exhibited multiple weight loss steps between 30
and 450 °C with a total weight loss of 48% attributed to the
decomposition of Cu,(OH),CO; (eqn (1) and (2)) and impurities
(eqn (4) and (5)). An additional 10% weight loss occurred
between 480 and 980 °C, probably resulting from further
decomposition of Cu,(OH),CO; (eqn (3)) and impurities with
hydroxyl and carbonate groups. In contrast, the TGA curve of P-
Cu,(OH),CO; displayed only one distinct weight loss step (25%)
in the 30-320 °C range, mainly due to Cu,(OH),CO; decompo-
sition (eqn (1) and (2)), followed by a gradual 9% weight loss
between 400 and 1000 °C that may be caused by eqn (3).2>*°

2[Cu,(OH),CO5] 222 2CuCO; - Cu(OH), + H,0 + CuO (1)

2CuCO;-Cu(OH), 2 F2Cu0 + Cu(OH), + 2CO, 1 (2)

Cu(OH), =% Ccyo + H,0 3)

The analytical results demonstrated that the purification
pretreatment effectively removed C1™ and other impurities from
the etching solution, thereby eliminating competitive interfer-
ence during Cu,(OH),CO; crystallization and enabling consis-
tent production of phase-pure, highly crystalline Cu,(OH),CO;
across all Na,CO;/NaHCO; ratios. The reduced impurity
content promoted regular crystal growth, yielding better
particle dispersion and more uniform morphologies (e.g:,
spherical clusters or thorny flakes), along with copper content
substantially closer to theoretical values and fewer metallic
impurities.

2.1.2 The influence of reaction temperature. The synthesis
of Cu,(OH),CO; was carried out using P-ACCEWS (Na,CO3/
NaHCO; ratio = 1: 1) according to the process flow in Scheme 1,
with reaction temperatures systematically varied at 50 °C, 70 °C,
and 90 °C. As shown in Fig. 2A, temperature-dependent color
evolution was observed: the 50 °C product formed fine blue
powders, whereas both 70 °C and 90 °C conditions yielded
distinct emerald-green particulate products. The SEM images
(Fig. 2B) clearly revealed a significant morphological transition
correlated with synthesis temperature: products obtained at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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50 °C display uniformly shaped prismatic rods with well-
developed facets (20-40 pum in length), contrasting sharply
with the 70 °C product's nanostructure-assembled spherical
secondary particles (approximately 10 pm in diameter). Most
remarkably, elevated temperature (90 °C) processing led to the
formation of defective spherical aggregates showing
pronounced structural fragmentation.

Moreover, the precipitates obtained at 50 °C showed main
diffraction peaks at 13.8°, 23.8°, 25.1°, 22.4°, 28.7° and 29.0°,
corresponding to monoclinic Na,Cu(CO3),(H,0); phase (JCPDS
no. 87-0679) (Fig. 2C). In contrast, precipitates obtained at 70 °C
and 90 °C displayed characteristic peaks at 14.8°, 17.6°, 25.1°
and 31.2°, matching the monoclinic Cu,(OH),CO; phase
(JCPDS no. 41-1390). These results illustrated that the reaction
temperature significantly influenced both the phase composi-
tion and morphology of the products.

FTIR spectra of precipitates obtained at different tempera-
tures showed characteristic peak variations with increasing
temperature from 50 °C to 90 °C (Fig. 2D). The peaks at
3400 cm™', 477-530 cm™ ' and 1600 cm ™" assigned to -OH
stretching vibration, Cu-O stretching vibration and COz>~
absorption, respectively, were observed to be apparently
enhanced, indicating complete conversion to Cu,(OH),CO3
with increased intermolecular bonding. The spectral shift of
coordinated CO;>  asymmetric stretching (from 1550-
1510 cm™' to 1450-1500 cm ') confirmed this structural
evolution. Interestingly, the 70 °C products showed stronger
CO,>” signals than the 90 °C sample, suggesting temperature-
induced morphological changes (particle fracturing) reduced
functional group availability, this being consistent with the
SEM results.

Fig. 2E demonstrates the temperature-dependent variations
in copper content, metallic impurities, and chloride level of the
synthesized products. Notably, the 50 °C product showed
markedly reduced copper content (40.40 wt%, primarily Na,-
Cu(CO03),(H,0); phase) compared to the 70 °C (55.44%) and 90 °
C (55.48 wt%) products. Importantly, all synthesized products
maintained chloride concentrations <0.015 wt% and acceptable
metal impurity levels, validating the purification process's
effectiveness. The characterization (XRD, SEM, FTIR and
elemental analysis) conclusively established reaction tempera-
ture as the critical parameter governing both crystalline phase
and morphological features. Optimal synthesis of phase-pure,
morphologically uniform Cu,(OH),CO; required precise
temperature regulation at 70 °C.

2.2 Low-temperature hydrothermal conversion-calcination
synthesis of high-purity CuO from Cu,(OH),CO;

High-purity CuO was synthesized via low-temperature hydro-
thermal conversion-calcination from Cu,(OH),CO; (prepared as
described in Section 3.1) as the precursor. In this section, our
team systematically researched the influence of technological
conditions, including reaction temperature and time, on the
products’ CuO contents, impurity levels, phase compositions,
and morphological characteristics.

RSC Adv, 2025, 15, 49488-49500 | 49491
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2.2.1 CuO obtained via low-temperature hydrothermal
conversion from Cu,(OH),CO;. XRD patterns of crude P-CuO
(derived from P-ACCEWS) and crude R-CuO (derived from R-
ACCEWS) are displayed in Fig. 3A, both synthesized using
Cu,(OH),CO; as the precursor at a Na,CO;/NaHCO; ratio of 2 :
1. Crude R-CuO exhibited main diffraction peaks at 14.8°,
16.1°, 17.5°, 24.0°, 31°, 32.5°, 32.6°, 35.5°, and 35.9°. Accord-
ing to the Powder Diffraction Database, the main character-
istic peaks of rhombohedral Cu,Cl(OH); appeared at 16.1°
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Ilustration of the transformation mechanisms of Cu within ACCEWS.

(011) and 17.6° (101), while monoclinic Cu,(OH),CO3 showed
primary peaks at 14.7° (020), 24.0° (220), and 31.3° (20-1). The
diffraction peaks of monoclinic CuO were at 32.6° (110), 35.4°
(—111), and 38.8° (111). The phase composition analysis con-
ducted using Jade 9.0 software confirmed the presence of three
predominant crystalline phases in crude R-CuO: rhombohe-
dral Cu,Cl(OH); (JCPDS no. 78-0372), monoclinic Cu,(OH),-
CO; (JCPDS no. 41-1390), and monoclinic CuO (JCPDS no. 89-
5897).
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Fig. 2
Cu,(OH),CO5 obtained at different temperatures.
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(A) Digital photograph, (B) SEM images, (C) XRD patterns, and (D) FTIR spectra of Cu,(OH),COs. (E) Cu contents and impurity contents of
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The primary phases identified in crude P-CuO include
monoclinic Cu,(OH),CO; (JCPDS no. 41-1390), monoclinic CuO
(JCPDS no. 89-5897), and rhombohedral Cu,Cl(OH); (JCPDS no.
78-0372), with characteristic diffraction peaks observed at 12.4°,
14.8°, 16.1°, 17.5°, 24.0°, 31.5°, 32.5°, 32.6°, 35.5°, and 35.9°.
Notably, the peak intensities of crude P-CuO at 16.1° (011) and
17.5° (101), corresponding to Cu,Cl(OH);, were significantly
weaker compared to those of crude R-CuO, indicating
a substantial reduction in Cu,Cl(OH); content in crude P-CuO.

The XRD patterns demonstrated that CuO constitutes the
dominant phase in both R-CuO and P-CuO, accounting for
approximately 60% of the total diffraction peak intensity. The
presence of Cu,Cl(OH); impurities originated from chloride
ions (Cl7) in the raw etching solutions, whose complexation
with Cu®** ions inhibited complete hydrolysis. However, the
purification effectively reduced the Cu,Cl(OH); content in crude
P-CuO. The presence of residual Cu,(OH),CO; indicated
incomplete precursor decomposition, caused by an insufficient
hydrothermal temperature (95 °C).

The crude P-CuO and R-CuO exhibited significant particle
agglomeration (30-40 nm) (Fig. 3B), ascribed to the 95 °C
hydrothermal reaction temperature, which favors smaller
nanoparticle formation. Additionally, incomplete decomposi-
tion of Cu,(OH),CO; during the process might result in residual
CO;*” or OH™ adsorbed on particle surfaces. These species
could form bridging bonds (e.g., Cu-O-CO3;-Cu), thereby con-
necting individual particles into aggregates.

FTIR spectra demonstrated that crude P-CuO exhibited
stronger absorption peaks at 1110 cm ™" (CO;>7) and 530 em ™"
(Cu-0), possibly due to its higher crystallinity and larger

particle size leading to more incomplete thermal

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

(A) XRD patterns; (B) SEM images; (C) FTIR spectra; (D) CuO contents and impurity contents; (E) TGA curves of R-CuO and P-CuO.

decomposition, which enhanced the vibrational signals of Cu-
O bonds and CO;>~ groups (Fig. 3C). In contrast, crude R-CuO
showed significantly weaker signals near 3400 cm ' (-OH)
and 1400 cm ' (H-O-H), possibly caused by its higher content
of hydroxyl impurities.

Furthermore, crude R-CuO contained 50.4 wt% CuO, with
0.42 wt% metallic impurities and 0.0052 wt% chloride. In
comparison, crude P-CuO demonstrated significantly improved
purity with 58.42 wt% CuO content, along with reduced metallic
impurities (0.23 wt%) and lower chloride content (0.0022 wt%)
(Fig. 3D). These results confirmed that the purification treat-
ment effectively enhanced the CuO content while simulta-
neously decreasing both metallic and chloride impurity levels in
the crude CuO.

The TGA curves of crude R-CuO and P-CuO showed distinct
differences (Fig. 3E). For crude R-CuO, the weight loss was 15%
at 30-240 °C, 10% at 240-300 °C, 8% at 300-450 °C, and 4% at
450-600 °C, with a total weight loss of 37%. In comparison,
crude P-CuO exhibited weight losses of 2% (30-230 °C), 4%
(230-270 °C), 15% (270-300 °C), and 2% (300-600 °C), resulting
in a significantly lower total weight loss of 23%. The thermog-
ravimetric results confirmed the significant differences in
thermal behavior between crude R-CuO and crude P-CuO.
Crude P-CuO exhibited only a 3% weight loss in the 30-230 °C
range, primarily attributed to adsorbed water removal, whereas
crude R-CuO showed substantially higher weight loss (15%) due
to combined water desorption and thermal decomposition of
impurity compounds (Fe, Ca) (eqn (1), (4) and (6)).** The
subsequent weight losses of crude P-CuO at 230-270 °C and
270-300 °C correspond to the decomposition of Cu,(OH),CO;
(eqn (1) and (2)) and Cu(OH), pyrolysis (eqn (3)), respectively,
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with a total weight loss of 23% - markedly lower than crude R-
CuO weight loss of 34%. This discrepancy confirmed that crude
P-CuO contains significantly reduced chloride and impurity
content, as evidenced by the absence of substantial weight loss
contributions from Cu,Cl(OH); decomposition (eqn (7) and (8))
that account for 22% of crude R-CuO's total weight loss between
240 and 600 °C. Ultimately, crude P-CuO achieves higher CuO
content (58.42% vs. 50.4% in crude R-CuO), validating that
purification effectively removed Fe/Ca impurities and chlorides,
minimized thermal decomposition losses, and enhanced both
product purity and effective CuO yield.

30—-200 °C

Fe,(CO;);-xFe(OH), - yH,O ——— Fe,(CO3),-xFe(OH),

+yH,0 (4)
Fe,(CO;), 2 ¥ Fe,0, + 3CO, 1 (5)

CaCO;-xCa(OH), - yH,0 ¥ (x + 1)CaCO; + (y + x)H,0
(6)

200-350 °C

6Cu,CI(OH), 222 F CuCl, + 2CuCl + 9H,0 + 9CuO + Cl, 1
(7)
4CuCl + 2CuCl, + 30, 2T 6Cu0 + 4Cl, 1 (8)

2.2.2 High-purity CuO obtained via calcination technology
from crude CuO

2.2.2.1 Calcination temperature. High-purity CuO was
prepared by calcination at 300 °C, 400 °C, 500 °C, and 600 °C
using crude P-CuO and R-CuO as raw materials. XRD results
indicated that the main diffraction peaks of the calcined R-CuO
and P-CuO appeared at 32.4° (110), 35.3° (—111), 38.5° (111),
48.8° (—202), 53.3° (020), 58.1° (202), 61.5° (—113), 66.2° (—311),
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(500C) A ;:
£
l1400C)
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| II Ly g
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and 67.9° (220) (Fig. 4A). Phase analysis using Jade 9.0 software
confirmed the predominant presence of monoclinic CuO
(JCPDS no. 89-5897) in both R-CuO and P-CuO calcined prod-
ucts. Furthermore, calcination temperature significantly influ-
enced the phase composition and crystallinity of the products,
indicated by the XRD patterns shown in Fig. 4A. While both
crude R-CuO and crude P-CuO precursors may form CuO crys-
tals during 300 °C calcination, R-CuO exhibited slightly weaker
diffraction intensities along with an impurity peak at 16.1°
corresponding to rhombohedral Cu,Cl(OH); (JCPDS no. 78-
0372), indicating incomplete removal of this impurity at 300 °C.
Upon increasing the temperature to 400 °C, the Cu,CI(OH);
peaks disappeared in the patterns of both R-CuO and P-CuO
and sharper diffraction peaks appeared; further crystallinity
enhancement occurred at 600 °C. Notably, both R-CuO and P-
CuO demonstrated preferential growth along the (110, 21.4°),
(—111, 35.5°), (111, 38.8°), (200, 38.9°), and (—202, 48.7°) crystal
planes.

As shown in Fig. 4B, both R-CuO (300 °C) and R-CuO (400 °C)
consisted of irregularly shaped fine particles. The particle size
of R-CuO (500 °C) was approximately 100 nm with severe
agglomeration, while R-CuO (600 °C) displayed particles of
around 110 nm in size, accompanied by significant particle
aggregation. In contrast, P-CuO (300 °C) presented well-defined
nanoparticles. P-CuO (400 °C) clearly displayed porous struc-
tures, forming aggregated morphologies composed of sheet-
like, needle-like, and fine particulate components. Both P-
CuO (500 °C) and P-CuO (600 °C) demonstrated regular
morphologies with uniform particle sizes ranging from 110 to
120 nm.

The morphological differences between R-CuO and P-CuO
reflected the crucial influence of precursor composition and
calcination temperature on crystallization behavior and particle
growth kinetics.*> In the R-CuO series, both 300 °C and 400 °C
calcined products consisted of irregular fine particles without
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significant morphological differences, indicating weak
temperature effects on nucleation processes below 400 °C.
When the temperature increased to 500 °C, the particle size
grew to approximately 100 nm with severe agglomeration. In
contrast, the P-CuO series exhibited distinct growth character-
istics. Obviously, the 300 °C product formed extremely small-
sized particles, while at 400 °C, distinct pore structures
appeared along with complex aggregates composed of sheet-
like, needle-like, and fine particulate morphologies. When the
temperature reached 500-600 °C, the products transformed
into uniform nanoparticles (110-120 nm) with well-defined
shapes, suggesting that the purified precursor favors the
formation of size-controlled nanostructures at high tempera-
tures. This divergence likely originated from altered thermal
decomposition pathways due to impurity removal during the
etching purification process, which subsequently modified the
anisotropic growth behavior of CuO crystals.

As shown in Fig. 4C, all CuO calcined below 500 °C exhibited
-OH stretching (3400 cm™") and bending (1600 cm™") peaks,
indicating incomplete decomposition of Cu(OH),. When the
temperature rose to 600 °C, the -OH peaks weakened signifi-
cantly, showing complete hydroxyl removal and formation of
a perfect CuO crystal structure. Meanwhile, the Cu-O charac-
teristic peaks at 460-530 cm ' become sharper and stronger
with increasing temperature, illustrating CuO grain growth and
improved crystallinity. Additionally, all products below 500 °C
showed a CO;> peak near 1200 cm ' from residual Cuy(-
OH);CO3, which disappeared completely after 600 °C calcina-
tion, confirming its full decomposition.

The CuO content and impurity level of R-CuO and P-CuO are
shown in Fig. 4D and E. The test results showed that the CuO
contents of R-CuO (300 °C, 400 °C, 500 °C, 600 °C) were
68.48 wt%, 82.24 wt%, 94.48 wt%, and 97.90 wt% respectively,
with metal impurity contents of 0.29 wt%, 0.24 wt%, 0.22 wt%,
and 0.20 wt%, and chloride contents of 0.0040 wt%,
0.0020 wt%, 0.0014 wt%, and 0.0014 wt%. In contrast, the CuO
contents of P-CuO (300 °C, 400 °C, 500 °C, 600 °C) were
80.24 wt%, 92.24 wt%, 98.54 wt%, and 98.80 wt% respectively,
with metal impurity contents of 0.22 wt%, 0.15 wt%, 0.15 wt%,
and 0.11 wt%, and chloride contents of 0.0014 wt%,
0.0013 wt%, 0.0012 wt%, and 0.0012 wt%. The experimental
results demonstrated that purification treatment and calcina-
tion had a synergistic optimization effect on the preparation
process of CuO. At the same calcination temperature, P-CuO
exhibited higher CuO content (e.g., 80.24 wt% purity at 300 °C
compared to 68.48 wt% for R-CuO) and lower impurity levels
(both metallic impurities and chlorides). Notably, R-CuO forms
a Cu,Cl(OH); impurity phase at 300 °C due to residual chlo-
rides, while this phenomenon was absent for P-CuO, confirm-
ing that purification effectively reduced chloride influence. As
the calcination temperature increases (300-600 °C), the CuO
content of the calcined products significantly improved and
impurity levels gradually decreased. However, P-CuO maintains
lower residual metallic impurities (0.11 wt% at 600 °C vs.
0.20 wt% for CuO-O) and chlorides (0.0012 wt% vs.
0.0014 wt%), demonstrating that purification treatment can
synergistically enhance product purity with calcination.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The XPS spectra of R-CuO (600 °C) and P-CuO (600 °C) are
shown in Fig. 5A and B, respectively. In the Cu(2p) spectra of
both samples, the results revealed Cu 2p3,, (933.5-934.5 €V) and
Cu 2p4/, (953.5-954.5 eV) peaks, confirming the presence of Cu
in +2 oxidation state (Cu®") with no detectable Cu* or Cu’. The C
1s spectrum of R-CuO clearly showed a C=0 peak (291.5 eV),
suggesting that the precursor solution may contain incom-
pletely removed organic additives (such as complexing agents,
stabilizers or surfactants) that remained on the CuO surface.
The purification process (including filtration, ion exchange and
centrifugation) likely effectively removed these organic impu-
rities, as evidenced by the absence of C=0 peak in P-CuO's C1s
spectrum. In the O 1s spectra, R-CuO exhibited significantly
higher binding energy, indicating the precursor solution may
contain oxidative impurities (such as residual H,O,, nitrates or
sulfates) that formed high-valence oxygen species during prep-
aration. This could also result from impurity doping or
increased oxygen vacancies, causing lattice distortion, thereby
elevating the O 1s binding energy. Meanwhile, the purification
process removed these impurities, resulting in predominantly
lattice oxygen in the product and consequently lower overall O
1s binding energy for P-CuO.

The TEM images showed that R-CuO particles (Fig. 5C) were
nearly spherical with mixed rod-like flake particles, having sizes of
110-120 nm and exhibiting some agglomeration, likely due to
high surface energy causing aggregation through van der Waals
forces or —OH interactions. In contrast, P-CuO (Fig. 5D) displayed
more uniform spherical particles of about 110 nm. HRTEM
images in Fig. 5C and D revealed that both products have a lattice
spacing of 0.23 nm, corresponding to the (200) plane of a CuO
crystal.

2.2.2.2 Calcination time. The XRD patterns of P-CuO
prepared with different calcination times are shown in
Fig. 6A. The main diffraction peaks of P-CuO appeared at 32.4°,
35.3°, 38.5°, 48.8°, 53.3°, 58.1°, 61.5°, 66.2°, and 67.9°, con-
firming the formation of highly crystalline monoclinic CuO
(JCPDS no. 89-5897). With increasing calcination time, the
diffraction peaks of various crystal planes in P-CuO showed no
significant changes.

The SEM images in Fig. 6B demonstrated that P-CuO (2 h)
exhibited particle sizes of approximately 110-130 nm with
noticeable particle agglomeration. With prolonged calcination
time, P-CuO (3 h) and P-CuO (4 h) showed slightly increased
particle sizes and expanded interparticle gaps, along with reduced
agglomeration. This phenomenon primarily resulted from
extended calcination, promoting tighter particle contact, where
grain boundary migration led to coalescence into single crystals.*
Additionally, gas released during precursor decomposition created
micropores at original sites, and prolonged calcination facilitates
pore interconnection, forming more interparticle voids.

The FTIR spectra in Fig. 6C revealed that temperature signifi-
cantly affects the -OH absorption near 3424 cm ‘. When the
calcination time reaches 4 h, the -OH absorption peak nearly
disappears, primarily due to thermal decomposition of the basic
copper carbonate precursor Cu,(OH),CO; during calcination,
resulting in -OH group elimination. At the same time, the Cu-O

RSC Adv, 2025, 15, 49488-49500 | 49495
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stretching vibration peak at 530 cm™*

changes.

The CuO contents and impurity contents of P-CuO prepared
with different calcination durations are presented in Fig. 6D. The
products calcined at 600 °C for 2 h, 3 h, and 4 h showed CuO
contents of 98.98 wt%, 99.04 wt%, and 99.08 wt%, respectively,
with total metal impurities below 0.12% and chloride content
under 0.0015% in all cases. The results indicated that prolonged
calcination time hardly altered the CuO contents of P-CuO,
demonstrating complete thermal decomposition of CuO precur-
sors (e.g., Cuy(OH),CO3) and common impurity phases (e.g., Cu,-
CI(OH);), along with thorough oxidation of intermediate crude
CuO products.

showed no significant

2.3 Proposed transformation mechanisms

The experimental data confirmed that a Na,CO;/NaHCO;
binary precipitant system effectively recovered high-purity
Cu,(OH);CO;3; from P-ACCEWS, with simultaneous control
over the morphological aggregation state. Meanwhile, high-
purity CuO nanoparticles were synthesized via a two-step
process involving low-temperature hydrothermal conversion
and subsequent calcination using Cu,(OH);CO; as the
precursor. The specific conversion process proceeds as follows.

2.3.1 Purification of R-ACCEWS. R-ACCEWS exhibited
strong acidity, wherein copper primarily exists as Cu®*" and
[CuCl]*~ (tetrachlorocuprate(n) anion complex ions), along
with organic compounds and impurity elements such as Fe, Ca,
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Zn and so on. The pH-adjusted purification of R-ACCEWS
significantly decreased acidity and metallic impurity levels in
P-ACCEWS, while concurrently promoting partial hydrolysis of
[CuCly*” complexes.

2.3.2 Formation process of Cu,(OH),CO;. Na,CO; func-
tions as a moderately strong base that quickly raises the pH
of etching waste solutions to alkaline levels (pH > 8), both
providing a CO;>~ source for the reaction system and effec-
tively preventing Cu,(OH);Cl formation. The weaker base
NaHCO; stabilized the precipitation environment via HCO; ™/
CO,>" equilibrium, avoiding localized pH spikes that could
lead to Cu(OH), impurity formation. In P-ACCEWS, the
Na,CO;3/NaHCO; combination created a pH 8-9 buffered
system where Cu®' and CO3;>~ progressively underwent
ligand substitution and reorganization to yield soluble
[Cu(CO;),)*~ (bis(carbonato)cuprate(n)). These [Cu(CO3),]*~
complexes subsequently converted to Cu,(OH),CO; precur-
sors through ligand exchange and hydrolytic condensation,
eventually forming crystalline Cu,(OH),CO; through
combined  dissolution-recrystallization and oriented
assembly processes.’**’

2.3.3 Formation process of high-purity CuO. Under highly
alkaline conditions (pH 12) at 95 °C, Cu,(OH);CO; initially
decomposed thermally in the hydrothermal environment to
generate CuO crystal nuclei, which subsequently grew into
primary CuO particles exhibiting low crystallinity and purity.
During subsequent calcination at 600 °C, this crude CuO
underwent three key transformations: (1) removal of organic
and chlorine-containing impurities (e.g., Cu(OH)Cl) through
decomposition and volatilization (200-500 °C), (2) oxidation of
cuprous oxide species (500-600 °C), and (3) structural reorga-
nization, ultimately yielding high-purity nanocrystalline CuO
with enhanced crystallinity.****

3. Experimental
3.1 Materials

Raw ACCEWS (R-ACCEWS): this was obtained from an envi-
ronmental technology company in Mianyang, China. The
solution exhibited a characteristic dark green coloration with
transparency and no detectable odor, having an extremely
acidic pH below 0. Inductively Coupled Plasma analysis quan-
tified the metallic constituents as follows (mg L™'): copper
(97609.00), calcium (78.16), zinc (97.05), magnesium (17.31),
aluminium (11.08), iron (7.86), nickel (3.62), chromium (1.90),
cobalt (1.14), and manganese (0.06).

Purified ACCEWS (P-ACCEWS): a quantitative amount of R-
ACCEWS was placed in a beaker with magnetic stirring at
room temperature. NaOH solution and Na,CO; solution of
different concentrations were added to the beaker to adjust the
pH of the solution to a specific value. After standing for 12 h to
stabilize their pH value upon re-measurement, the solutions
were filtered to obtain P-ACCEWS. The details of the purifica-
tion procedure have been reported in our previous work.*

Other reagents: sodium hydroxide (AR, Chengdu Jinshan
Chemical Reagent Co. Ltd), sodium carbonate (AR, Chengdu
Kelong Chemical Reagent Factory), sodium bicarbonate (AR,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Chengdu Kelong Chemical Reagent Factory), nitric acid (AR,
Chengdu Kelong Chemical Co. Ltd), phosphoric acid (AR,
Chengdu Jinshan Chemical Reagent Co. Ltd), sulfuric acid (AR,
Chengdu Kelong Chemical Co. Ltd), potassium iodide (AR,
Tianjin Beichen Fangzheng Reagent Factory), sodium thiosul-
fate (AR, Guangzhou Howei Pharmaceutical Technology Co.
Ltd), starch indicator (Guangzhou Howei Pharmaceutical
Technology Co. Ltd), silver nitrate (AR, Chengdu Kelong
Chemical Co. Ltd), acetic acid (AR, Chengdu Jinshan Chemical
Reagent Co. Ltd), sodium fluoride (AR, Ron Reagent), national
standard reference material GSB 04-1767-2004 (Al, As, B, Ba, Be,
Bi, Cd, Co, Cr, Cu, Fe, Ga, Li, Mg, Mn, Ni, Pb, Sb, Sn, Ti, V, Zn;
National Analysis Center for Nonferrous Metals & Electronic
Materials), national standard reference material GSB 04-1770-
2004 (Cl; National Analysis Center for Nonferrous Metals &
Electronic Materials), copper(un) carbonate basic reference
standard (AR, Shandong Keyuan Biochemical Co. Ltd), cop-
per(n) oxide reference standard (99%, Chengdu Jinshan
Chemical Reagent Co. Ltd).

3.2 Preparation of basic copper carbonate

Na,CO;3/NaHCO; mixture solutions (varying ratios, maintaining
3[CO3*>7] = 2.4 mol L™" in 50 mL volumes) were equilibrated at
a specific temperature in three-necked flasks. Then, 25 mL
etching solution (either R-ACCEWS or P-ACCEWS) was dropped
into the three-necked flasks with the reaction proceeding for
1.0 h at a maintained temperature. The products were imme-
diately filtered, subjected to triple ultrasonic washing with
deionized water (DI water), and oven-dried at 80 °C for 6.0 h to
yield Cu,(OH),CO; (R-Cu,(OH),CO; or P-Cu,(OH),CO3).

3.3 Preparation of copper oxide

A precisely measured amount (18 mmol) of Cu,(OH),COj; (either
R-Cu,(OH),CO; or P-Cu,(OH),CO;) was added into three-neck
flasks with 75 mL DI water (15:1 liquid-solid ratio) to form
a slurry. After preheating to 95 °C and adjusting the pH to 12
using 10 mol L™' NaOH solution, the mixture was stirred for
120 min at 95 °C. The products were hot-filtered, ultrasonically
washed 3 times with DI water, and dried at 105 °C for 2.5 h to
obtain crude CuO (crude R-CuO or crude P-CuO). Final calci-
nation at varying temperatures followed by furnace cooling
produced high-purity R-CuO or P-CuO. The fabrication process
is shown in Scheme 2.

3.4 Characterization

The synthesized products were systematically characterized
using various analytical techniques. X-ray diffraction (XRD, TD-
3700, Tongda Technology Co., China) employing Cu Ko radia-
tion (30 kV, 20 mA) with a scanning rate of 0.1° s " across a 26
range of 10-70° was conducted to analyze phase and crystallo-
graphic properties. Morphological features were examined
using scanning electron microscopy (SEM, EVO18, Zeiss, Ger-
many) and high-resolution transmission electron microscopy
(HRTEM, JEM-F200, JEOL, Japan) operated at 200 kV. Fourier
transform infrared spectroscopy (FTIR-650S, Gangdong Tech-
nology Co., China) was employed to characterize the molecular
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structure. Thermal behavior was investigated through ther-
mogravimetric analysis (TGA, B] HENVEN, Hengjiu Experi-
mental Equipment Co., China) with a controlled heating rate of
5°C min " from room temperature to 1000 °C. Surface chemical
states were analyzed using X-ray photoelectron spectroscopy
(XPS, ESCALAB Xi+, Thermo Scientific) under ultrahigh vacuum
conditions (<5 x 10~° mbar) with monochromatic Al Ka. radi-
ation (1486.68 eV), acquiring both survey (100 eV pass energy)
and high-resolution (50 eV pass energy) spectra calibrated to
a work function of 4.20 eV.

3.5 Testing methods for purity and impurity contents of
BCC

The determination of copper content, chloride ions, and
metallic impurity elements in Cu,(OH),CO; was performed in
accordance with the Chinese chemical industry standard HG/
T4825-2015 “Industrial Basic Copper Carbonate”.

3.5.1 Copper contents. A moistened sample (0.4 + 0.0002
g) was dissolved in concentrated sulfuric acid (0.4 mL) in an
iodine flask, which was diluted to 100 mL with DI water. Satu-
rated sodium carbonate solution was dropped into the solution
until slight precipitation was observed. Then, 4 mL acetic acid
solution (36%), 2 mL saturated sodium fluoride solution, and
3 g potassium iodide were all added to this solution to obtain
the pre-testing solution. Standardized sodium thiosulfate
solution was dropped into the pre-testing solution until the
solution became pale yellow. Finally, 3 mL starch indicator was
added to it and continuously titrated until complete blue color
disappearance persisted for 30 s as the endpoint.

(V = Vo)eM x 1073
m

Wy =

x 100% 9
where V, (mL) and V (mL) represent the sodium thiosulfate

titrant volumes for the blank and sample titrations, respec-
tively; ¢ (mol L") is the Na,S,0; solution molarity; and m (g)
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and M (g mol ) correspond to the sample mass and copper
molar mass.

3.5.2 Chloride contents. 1.00 £+ 0.01 g of copper(u)
carbonate basic reference standard (AR, purchased from
Shandong Keyuan Biochemical Co., Ltd) was dissolved in nitric
acid solution in a beaker. Then, 5 mL silver nitrate solution was
added to this solution and followed by diluting to 100 mL with
DI water. After standing for 12-18 h, it was filtered through
a sintered glass filter (pore size 5-15 pum) and the filtrate
collected in a reagent bottle (denoted as Solution A). The as-
prepared sample (1.00 £ 0.01 g) was dissolved in nitric acid
and diluted to 100 mL to obtain Solution B.

Firstly, Solution B (10 mL) was placed into a colorimetric
tube (50 mL). Then 2 mL nitric acid solution was added to
Solution B and then diluted to 40 mL with DI water. Finally,
silver nitrate solution (1 mL) was added to the solution and
diluted to the mark (50 mL). The as-prepared solution was
allowed to stand for 10 min for turbidity comparison with the
standard turbidity solution, which was prepared by mixing
10 mL of solution A and 5 mL chloride standard solution.

3.5.3 Metal impurity content testing procedure for BCC.
ICP-OES(Plasma3000, NCS Testing Technology Co. Ltd, China)
was carried out to measure the metal impurity contents. The
measured samples were prepared according to the following
procedure. The as-prepared samples (0.1 g) were dissolved in
HNO; solution, which were transferred to volumetric flasks (100
mL) and diluted to the mark with DI water. The contents were
calculated using the following equation:

Wy = % % 100% (10)
M -
x mL

where x (mg L") denotes the concentration of metallic impu-
rities quantified by ICP-OES and M (g) represents the mass of
the analyzed sample.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.6 Testing methods for purity and impurity contents of
CuO

The determination of CuO content, chloride content, and
metallic impurity content in CuO was conducted in accordance
with the methods specified in the Chinese chemical industry
standard HG/T 5354-2018 “Industrial Activated Copper Oxide”.

3.6.1 CuO contents. An as-prepared sample (0.2 & 0.0002 g)
was firstly moistened in an iodine flask and then H;PO, (5 mL)
and DI water (15 mL) were poured into it. Then, sodium thio-
sulfate solution was titrated into the iodine flask until the
solution transitioned to a light yellow. 3 mL of starch indicator
solution was added to the light yellow solution, followed by
continued titration with sodium thiosulfate solution until the
complete disappearance of the blue coloration. The CuO
contents were calculated by the following formula:

(V = Vo)eM x 1073
m

x 100%

wy = (11)
where V,, (mL) and V (mL) denote the volumes of sodium thio-
sulfate solution consumed during the titration of the control
sample and the as-prepared samples, respectively, ¢ (mol L") is
the molar concentration of sodium thiosulfate solution and m
(2) and M (g mol ") are the weight of as-prepared samples and
molar mass of CuO, respectively.

3.6.2 Chloride contents. The as-prepared samples (10.0 +
0.1 g) and HNO; solution (40 mL, 50 vol%) were added to
beakers and stirred for 10 min to completely dissolve the
samples. The solutions were quantitatively transferred to
a volumetric flask (100 mL) and diluted to the mark with DI
water, denoting as solution A. Then, 10 g of CuO (99%, AR) was
dissolved in HNOj; solution (40 mL, 50 vol%), and then 5 mL
AgNO; solution (17 g L™") was added to it to form a standard
mixture solution. The standard mixture was transferred to
a 100 mL volumetric flask and diluted to the mark with DI
water, denoting as solution B. Solution A (10 mL) and solution B
(10 mL) were separately placed in two colorimetric tubes (50
mL). Then, HNO; solutions (2 mL, 50 vol%) were introduced to
the two colorimetric tubes and diluted to 25 mL with DI water,
while solution A required additional AgNO; solution (0.5 mL,
17 g L "). Subsequently, 1.5 mL of certified chlorine standard
solution (GBW(E)086195) was introduced into solution B to
prepare a standard turbidimetric solution containing
0.06 mg L~ " chlorine, corresponding to a chlorine content of
0.00015% in the final product. Finally, solution A containing
AgNO; was allowed to stand for 10 minutes, after which its
turbidity was quantitatively compared with that of the standard
turbidimetric solution prepared from solution B. If the
measured turbidity of solution A was lower than that of the
standard turbidimetric solution, the chlorine content in the
samples was determined to be below the 0.00015% threshold.

3.6.3 Measurement of metal impurity contents. ICP-OES was
carried out to measure the metal impurity contents. The
measured samples were prepared according to the following
procedure. The as-prepared samples (0.1 g) were dissolved in
HNO; solution, and the resulting solutions were individually
transferred to volumetric flasks (100 mL) and diluted to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mark with DI water. The contents were calculated using the
following equation:

Wy = — 5 100%

10°
M -
% mL

(12)

where x (mg L") denotes the concentration of metallic impu-
rities quantified by ICP-OES and M (g) represents the mass of
the analyzed sample.

4. Conclusions

This paper reports the design of a dual recovery route for the
purification of Cu,(OH);CO; and CuO from ACCEWS, effectively
improving the harmless treatment and resource utilization of
PCB copper chloride etching waste.

(1) The purification process efficiently eliminated chloride
ions and metallic impurities from the precursor materials,
substantially enhancing the purity of both Cu,(OH),CO; and
CuO products. Furthermore, it modified the crystallization
kinetics and particle aggregation patterns, resulting in copper
compounds with distinct phase compositions and morpholog-
ical characteristics.

(2) Uniform spherical Cu,(OH),CO; was synthesized using
purified ACCEWS as the copper source under optimized
conditions: 1:1 Na,CO;/NaHCO; molar ratio, 70 °C reaction
temperature, and 1 h duration. The resulting product exhibited
high purity with 55.52 wt% copper content, while maintaining
impurity levels below 0.24 wt% for total metals and 0.05 wt% for
chloride. These specifications satisfied the Class I chloride
standard (=<0.05 wt%) and Class II metal impurity standard
(=0.3 wt%) as specified in HG/T 4825-2015 for high-purity basic
copper carbonate.

(3) High-purity Cu,(OH),CO; was hydrothermally converted
to CuO using NaOH solution under low-temperature condi-
tions. The intermediate product contained 58.42 wt% CuO, with
total metallic impurities below 0.20 wt% and chloride content
under 0.0015 wt%. Subsequent calcination at 600 °C for 3 hours
produced high-purity CuO, achieving 99.04 wt% purity, metallic
impurities below 0.12 wt%, residual chloride content under
0.0015 wt%, and a controlled average particle size of ~110 nm.
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