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ABSTRACT

Rosemary extraction residues (RERs) are unused biomass released from the supercritical CO, extraction of rose-
mary essential oil. To reduce waste, RERs were used for the simple preparation of copper nanoparticle-loaded
biochar (CuNPs/BC). One-pot pyrolysis of cupric acetate-impregnated RERs created zero-valent copper nanopar-
ticles (CuNPs) with an average particle size of 15 + 2 nm within the biochar (BC) matrix. Accordingly, the CuNPs/
BC nanocomposite was applied for peroxydisulfate (PDS) activation in Ponceau 4R (P4R) decolorization. At
25 °C, initial pH 6.0, and 2.00 mM PDS, 1.00 g/LL CuNPs/BC decolorized 99.3% P4R (20 ppm) after 120 min.
Additionally, P4R decolorization was effective in a broad range of initial pH values (3.0-9.0). Altogether, RER-
derived CuNPs/BC proved high potential for PDS activation towards P4R decolorization.

Keywords: rosemary extraction residue, copper nanoparticle, biochar, biomass valorization, one-pot synthesis,

persulfate activation, Ponceau 4R.

INTRODUCTION

Today, a variety of human activities and in-
dustrial processes discharge a large amount of
organic pollutants into aquatic environments
(Saravanan et al., 2021; Sousa et al., 2018). These
pollutants include a wide range of compounds,
such as pesticides, pharmaceuticals, surfactants,
dyes, and organic solvents (Saxena et al., 2023;
Saxena et al., 2020). Once in the water, organic
pollutants can cause harmful impacts on both
ecosystems and human health (Du et al., 2022;
Mukhopadhyay et al., 2022). These contaminants
can be toxic to aquatic organisms, disrupt their
reproductive and growth processes, and diminish
biodiversity. Human exposure to water contami-
nated with organic substances can lead to a range
of health complications, such as cancer, hormonal
disruptions, and developmental problems (Al-
harbi et al., 2018; Mishra et al., 2022). Although
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some organic pollutants degrade quickly in natu-
ral environments, others resist degradation and
accumulate in the food chain, posing long-term
environmental and health risks (Rasheed et al.,
2020; Titchou et al., 2021). Thus, effective reme-
diation of organic contaminants is imperative pri-
or to discharging them into aquatic environments
(Nguyen et al., 2024).

Peroxydisulfate (S,0,>) is a versatile and po-
tent oxidizing agent widely used to mitigate or-
ganic pollutants in water (Lee et al., 2020; Tian
et al., 2022). Upon activation, PDS can generate
highly reactive sulfate (SO,™) radicals, which can
strongly degrade diverse organic contaminants.
Hence, the effectiveness of PDS primarily de-
pends on its activation to produce sulfate radicals.
For that purpose, various activation methods,
such as heat, UV radiation, electrical current, and
transition metals, have been developed (Wang
and Wang, 2022; Zhao et al., 2021). Among these
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methods, PDS activation with transition metals
(e.g., Fe, Co, and Cu) offers high performance,
requires minimum energy, and reduces costs
(Zheng et al., 2022). In practical applications, co-
balt oxides cannot be used on large scales due to
their toxicity (Hou et al., 2021a; Li et al., 2022a).
Although zero-valent iron and iron oxides are
commonly investigated for PDS activation, their
performance is significantly reduced at high pH
(Hou et al., 2021b; Karim et al., 2021). Differ-
ent from Fe-based activators, zero-valent cop-
per (Cu(0)) has the ability to activate PDS over
a broad pH range (Li et al., 2022b). For example,
Ni et al. (2023) reported that PDS was activated
effectively by Cu(0) for Congo red treatment
over a wide pH range of 3.0-11.0. Interestingly,
Cu(0) particle sizes can affect the rate of Cu(I)
leaching for PDS activation. Typical pH values
for high degradation efficiencies of Congo red
recorded from PDS activation by 15 pm Cu(0)
microparticles and 50 nm Cu(0) nanoparticles
were 3.0 and 7.0, respectively. Similarly, Zhou et
al. (2018) demonstrated that CuNPs showed high
PDS activation performance towards degradation
of 2,4-dichlorophenol over the initial pH range
of 4.2-7.3. Despite possible advantages at the
nanoscale, CuNPs are prone to agglomeration,
which drastically reduces their reactivity (Kaitti-
danusorn et al., 2024; Wang et al., 2016). In order
to prevent that phenomenon, it is necessary to im-
mobilize CuNPs on appropriate supports.
Biochar is a carbon-rich material derived
from the thermal decomposition of biomass in
the absence of oxygen (Gupta et al., 2022; Qin et
al., 2022). BC has gained attention not only for
its role in carbon sequestration and soil amend-
ment but also as a potential support (Cedefio et
al., 2024; Pereira Lopes and Astruc, 2021). In
fact, BC has a porous structure, surface func-
tional groups, thermal stability, chemical stabil-
ity, environmental compatibility, and low cost.
Therefore, it could become a proper support for
dispersion of CuNPs. Din et al. (2021) prepared
a nanocomposite of BC and CuNPs through two
steps. First, cotton stalks were pyrolyzed into BC.
CuNPs were then dispersed on BC by a chemical
reduction method. In general, that route required
multisteps and NaBH,, an expensive and toxic re-
ducing agent. For industrial production, reducing
steps can avoid lengthy processes and intermedi-
ate purification. Recent studies reported that one-
pot pyrolysis of FeCl,-impregnated biomass can
easily generate iron oxides and zero-valent iron

particles within the BC matrix (Nguyen et al.,
2023b; Nguyen et al., 2023c). The firm immobili-
zation of these particles might enhance the stabil-
ity and reusability of the composite (Feng et al.,
2021). Based on that approach, this current study
replaced FeCl, with Cu(CH,COO),. The CuNPs
formed might be fixed within the BC matrix, re-
sulting in the CuNPs/BC composite.

Rosemary, scientifically known as Rosmari-
nus officinalis, is a typical shrub of the Mediter-
ranean region with temperate climates (Mulas et
al., 2002). The plant is also cultivated as an orna-
mental species in many areas of the world with
warm climates (Gonzalez-Minero et al., 2020).
Aside from medicine and cooking purposes, rose-
mary is commonly used in the fragrance industry
(Nguyen et al., 2023a; Sanchez-Camargo et al.,
2016). For traditional production of rosemary es-
sential oil, steam distillation and hydrodistillation
are employed (Boutekedjiret et al., 2003). How-
ever, high operating temperatures can decompose
and hydrolyze thermolabile compounds (Bensebia
et al., 2009). In the case of organic solvent extrac-
tion, the essential oil can be restricted for the food
processing industry, and its quality can be changed
during solvent removal (Carvalho et al., 2005).
Conversely, supercritical CO, extraction can pre-
serve natural components in rosemary essential
oil, resulting in better antioxidant activity (Vi-
cente et al., 2012; Yang et al., 2023). Regardless
of the method used, a large amount of rosemary
extraction residues (RERs) is released. RERs are
normally collected and thrown away as waste with
limited economic value (Bensebia et al., 2009). To
valorize this underexploited biomass resource,
RERs were used for the synthesis of CuNPs/BC
through one-pot pyrolysis. The obtained material
was subsequently explored for PDS activation to-
wards Ponceau 4R decolorization.

EXPERIMENTAL
Materials

Cu(CH,C00),.H,0(99.0~102.0%), NaOH (>
96.0%), H,SO, (95.0~98.0%), Na,HPO,.12H,0
(= 99.0%), and Na,S O..5H.O (= 99.0%) were
supplied from Xilong Scientific Co., Ltd. Other
chemicals included Ponceau 4R from HiMe-
dia Laboratories Pvt. Ltd., Na,S O, (= 98.0%)
from Shanghai Zhanyun Chemical Co., Ltd., and
KH,PO, (= 99.5%) from Guangdong Guanghua
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Sci-Tech Co., Ltd. Rosemary extraction residues
were released from the supercritical CO, extrac-
tion of rosemary essential oil at a factory situ-
ated in Ho Chi Minh City, Vietnam. RERs were
ground into a fine powder for further use.

Synthesis of CuNPs/BC

Briefly, 5.00 g of RER powder and 1.00 g of
Cu(CH,COO0), were introduced to 50.0 mL of
distilled water. After stirring for 4.0 h, the mix-
ture was dried at 105 °C for 24.0 h. Pyrolysis was
conducted in a reactor under a nitrogen flow of
0.20 L/min. The temperature of the reactor was
increased to 600 °C, with a heating rate controlled
at 5 °C/min. Next, the pyrolysis temperature was
kept constant for 60 min. The obtained CuNPs/
BC sample was taken out and stored for later use.
For comparison, BC was fabricated by direct py-
rolysis of RER powder under the same conditions.

Characterization of CuNPs/BC

Different advanced techniques were employed
to determine the properties of CuNPs/BC. X-ray
diffraction (XRD) was carried out on a Bruker D2
diffractometer with Cu-Ko radiation (A = 1.5418
A). Transmission electron microscopy (TEM)
images were observed using a JEOL JEM-1010
instrument. Scanning electron microscope (SEM)
images, energy dispersive X-ray (EDX) spectros-
copy, and elemental mapping were obtained from
a FE-SEM Hitachi S-4800 system, along with a
Horiba EMAX 7593-H accessory. Fourier trans-
form infrared (FTIR) spectroscopy was analyzed
using a PerkinElmer Spectrum spectrometer.

Ponceau 4R decolorization with
PDS activated by CuNPs/BC

The PDS activation performance of CuNPs/
BC was investigated for P4R decolorization at
25 °C. BC was used as a reference sample. Typi-
cally, 100 mL of P4R (20 ppm), a certain PDS
dosage, and a certain CuNPs/BC dosage were pre-
pared in each glass flask. Initial pH values were
adjusted with H SO, (0.1 M) and NaOH (0.1 M).
During P4R treatment, the mixture was agitated
using a magnetic stirrer. At each appropriate time,
sampling was conducted, and the solid activator
was promptly removed using a PTFE membrane
filter (0.45 pm). Then, the filtrate was added to a
solution containing Na,S O, and phosphate buffer

138

(pH 7.0). P4R concentrations were determined
using a Jasco V-730 UV-Vis spectrophotometer at
507 nm. P4R decolorization (%) was calculated
by the subsequent formula:

P4R decolorization (%) = 202;C

5 tx100% (1)

The initial PAR concentration (C)) was 20
ppm, while C, (ppm) was the remaining P4R con-
centration after t (min) of treatment.

RESULTS AND DISCUSSION

Properties of CuNPs/BC

Figure 1 depicts the XRD pattern of CuNPs/
BC. Sharp peaks recorded at 26 =43.3, 50.5, and
74.1° represent the 111, 200, and 220 planes of
face-centered cubic Cu(0) crystals, respectively.
However, the amorphous phase of BC possibly
caused the noise baseline. Therefore, minor crys-
tals were undetectable. This result proved that cu-
pric acetate was converted to Cu(0) as the major
product. The formation of Cu(0) within the BC
matrix is anticipated by the following route:

Cu(CH,COO0), - Cu )

RER — C,CO,,H,0 (3)

During impregnation, aqueous cupric acetate
could be dispersed within the RER structure. Un-
der the nitrogen atmosphere, cupric acetate can
be decomposed into Cu(0) at low temperatures
(208-317 °C) (Sibokoza et al., 2021). Lignocellu-
losic biomass, which contains cellulose, hemicel-
lulose, and lignin, has a wide temperature range
for thermal decomposition (160-900 °C) (Pahnila
et al., 2023; Yang et al., 2007). Therefore, heat-
ing cupric acetate-impregnated RERs could lead
to the simultaneous decomposition of cupric ac-
etate and carbonization of RERs. As a result, it is
possible for Cu(0) particles to become entrapped
within the BC matrix.

To clarify the structure of CuNPs/BC, its
TEM images at the nanoscale are illustrated in
Figure 2. The BC matrix is predictably exposed
in bright areas. Conversely, darker dots that were
broadly distributed in the composite could be
CuNPs. In more detail, 20 CuNPs were counted
using ImagelJ software. As a result, CuNPs ranged
between 10-20 nm with an average size of 15 nm
and a standard deviation of 2 nm. In the impreg-
nation step, cupric acetate might be located inside
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Figure 1. XRD pattern of CuNPs/BC

the empty spaces of the RER structure. During
pyrolysis, the growth of CuNPs might be there-
fore limited in previously filled spaces, creating
the nanocomposite structure of CuNPs/BC.

Figure 3 displays the surface morphology of
CuNPs/BC. The material consists of fragments
characterized by coarse and uneven surfaces.
These fragments could be generated through
grinding and pyrolysis steps. In a fragment, such
cavities were also found, possibly originating
from remnants of the RER structure. Generally,
the surface texture of CuNPs/BC might affect its
performance during use.

Figure 2. TEM images of CuNPs/BC

EDX spectroscopy and elemental map-
ping of CuNPs/BC were presented in Figure 4.
The BC matrix was primarily constructed by C
(71.70 wt%), while Cu (9.27 wt%) served as the
dispersed phase. At the microscale, the uniform
distribution of Cu within the nanocomposite was
revealed by elemental mapping. Furthermore,
14.56 wt% O may exist in functional groups,
metal oxides and salts. It is worth mentioning
that trace elements including Mg, Al, K, Ca, Si,
P, S, and CI (0.13-2.05 wt%) may come from the
RER resource. Indeed, rosemary has the ability to
absorb minerals from the soil during its growth.
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Figure 3. SEM images of CuNPs/BC

0 2 4 6 3 10
ull Scale 216 cts Cursor: 0.000 key

Element C 0O Mg Al Si P S Cl K Ca Cu
Mass (%) 71.70 14.56 0.24 025 0.18 026 0.13 026 2.05 1.09 9.27

Figure 4. EDX spectroscopy (a) and elemental mapping (b) of CuNPs/BC

Consequently, these elements have the potential As presented in Figure 5, CuNPs/BC con-
to be evenly dispersed in RERs, resulting in their ~ tained such functional groups. An absorption
homogeneous distribution in CuNPs/BC, as illus- peak at 3060 cm™ is assigned to O-H bonds,
trated by elemental mapping. while a peak at 1008 cm™' could be the stretching
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Figure 5. FTIR spectroscopy of CuNPs/BC

vibrations of C—O bonds. Moreover, C—H bonds
could be recognized by peaks at 2888, 2829, and
1392 cm™. Another peak at 1587 cm™ could be
associated with aromatic C=C bonds. Notably, a
peak at 541 cm™! might be the stretching vibrations
of Cu—O bonds (Hua et al., 2023; Zayyoun et al.,
2016) or minor minerals. Indeed, copper oxides
might be formed during synthesis or storage in
the air. Due to the presence of the aforementioned
functional groups, the CuNPs/BC surface could
become polarized, which is beneficial for its in-
teraction with substances in water.

Ponceau 4R decolorization with
PDS activated by CuNPs/BC

As shown in Figure 6, P4R decolorization
was tested using three systems: PDS alone, BC +
PDS, and CuNPs/BC + PDS. Without any activa-
tor, PDS did not directly decolorize P4R, thereby
highlighting the importance of PDS activation.
However, the utilization of BC hardly enhanced
P4R decolorization. Therefore, BC lacked the
ability to activate PDS. Contrary to BC, CuNPs/
BC triggered a gradual decrease in P4AR concen-
tration, ultimately eliminating 99.3% P4R after
120 min. This comparison indicated that CuNPs
in the nanocomposite activated PDS into sulfate
radicals for P4R decolorization. Based on prior
research (Zhou et al., 2018), the activation mech-
anism of CuNPs/BC is suggested as follows:

2Cu(0)+S,0;” - 2Cu(1)+2S0; (4

2Cu(0) + 2H,0 —> 2Cu(I)+ 20H +H, (5)

10l PDS
BC+PDS
0.8
0.6
S
&)
04+
0.2}
CuNPs/BC+PDS
00 i 1 1 1 1 1

0 20 40 60 80 100 120
Time (min)

Figure 6. P4R decolorization with PDS
activated by BC and CuNPs/BC (20 ppm P4R,
1.00 g/L activator, 2.00 mM PDS, pH 6.0)

4Cu(0) + 2H,0 + O, — 4Cu(l) + 40H  (6)
Cu(l) + 8,0 — Cu(Il) + SO + S0, (7)

Cu(0) could be first oxidized into Cu(l)
through Equations 4 to 6. The formed Cu(I) could
then activate PDS into sulfate radicals (Equation
7). Thus, Cu(0) becomes a source of Cu(l) for
PDS activation.

From practical considerations, the investiga-
tion of activator dosage in organic pollutant treat-
ment with PDS is necessary. Unlike P4R decolor-
ization without any activator, the addition of dif-
ferent CuNPs/BC dosages proved to be effective
(Figure 7). As CuNPs/BC dosage increased from
0.50 to 2.00 g/L, P4R decolorization was acceler-
ated gradually. As predicted, increasing CuNPs/
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Figure 7. Effect of CuNPs/BC dosage
on P4R decolorization with PDS (20
ppm P4R, 2.00 mM PDS, pH 6.0)

BC dosage could provide more active sites for
higher production rates of sulfate radicals. How-
ever, excessive activator dosage could not only
waste the activator but also potentially cause sul-
fate radical scavenging, as illustrated in Equation
8 (Deng et al., 2019).

Cu(I)+ SO, — Cu(Il) + SO;” (8)

PDS dosage plays an important role in the
treatment efficiency of organic pollutants. Without
PDS, CuNPs/BC hardly removed P4R. This result
also indicated that the P4R adsorption capacity of
CuNPs/BC was minimal. When PDS dosage in-
creased from 1.00 to 5.00 mM, P4R decolorization
was generally improved slightly. In fact, increasing
PDS dosage could enhance the generation rate of
sulfate radicals. However, the surplus use of PDS

10+
Without PDS
0.8+
06+
S
~
(@)
04
02+
1.00 mM
5.00 mM
00r, ‘ . . . . Y 2.00 mM
0 20 40 60 80 100 120

Time (min)

Figure 8. Effect of PDS dosage on P4R
decolorization activated with CuNPs/BC (20
ppm P4R, 1.00 g/L. CuNPs/BC, pH 6.0)
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dosage may not be advantageous for P4R decolor-
ization. As described in Equations 9 and 10, sulfate
radicals could react with each other and PDS, re-
ducing their availability for organic pollutant treat-
ment (Lee et al., 2012, Lanhe et al., 2023).

SO, +80,” — S,0> ©)
SO,” +8,0 »S0>+8,0,  (10)

Figure 9 depicts the influence of initial pH
values (3.0-9.0) on P4R decolorization. In gen-
eral, P4R decolorization decreased gradually as
pH increased from 5.0 to 9.0. In acidic media,
the corrosion process of Cu(0) into Cu(I) could
be accelerated, according to Equation 11 (Zheng
et al., 2022). Although an abundant Cu(I) quan-
tity could lead to increased generation of sulfate
radicals, the potential scavenging reactions men-
tioned before could consume them. Consequent-
ly, P4R decolorization at pH 3.0 showed a rapid
rate in the first period but gradually slowed down
in the later period.

2Cu(0)+2H" - 2Cu(D+H,  (11)

When pH increased from 5.0 to 9.0, P4R
decolorization became slower. High pH values
could hamper the formation rate of Cu(I). Addi-
tionally, Cu(I) and Cu(Il) could exist in precipi-
tates, which might potentially cover the surface
of CuNPs, preventing further corrosion (Deng et
al., 2019; Zhou et al., 2018). Even so, P4R decol-
orization was still effective until pH 9.0. These
results demonstrated that CuNPs could activate
PDS over a wide pH range.

CJCo

Time (min)

Figure 9. Effect of initial pH values on P4R
decolorization with PDS activated by CuNPs/BC
(20 ppm P4R, 1.00 g/L CuNPs/BC, 2.00 mM PDS)



Journal of Ecological Engineering 2024, 25(10), 136—-145

CONCLUSIONS

The current study successfully fabricated
copper nanoparticle-loaded biochar via one-pot
pyrolysis of cupric acetate-impregnated rosemary
extraction residues under the nitrogen atmo-
sphere. XRD and TEM results demonstrated that
CuNPs with an average particle size of 15 + 2 nm
were uniformly dispersed within the BC matrix.
The CuNPs/BC nanocomposite was therefore in-
vestigated as a potential PDS activator for P4AR
decolorization. As a result, 99.3% P4R (20 ppm)
was removed after 120 min of treatment with
2.00 mM PDS and 1.00 g/L CuNPs/BC at 25 °C
and pH 6.0. In addition, P4R decolorization was
efficient across a wide range of initial pH values,
ranging from 3.0 to 9.0. These findings highlight-
ed the potential of CuNPs/BC derived from RERs
in activating PDS for P4R decolorization.
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