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This study investigates the sorption removal of lead(i) ions using zinc oxide (ZnO) and copper(i) oxide (CuO)
nanoparticles synthesized through a wet burning method with the aid of plant extract from Serratula
coronata L. The effect of plant collection time on polyphenol content was investigated and optimal
conditions were determined. The structural and chemical properties of the nanoparticles were studied
by scanning electron microscopy, energy dispersive analysis, X-ray phase analysis, and X-ray

photoelectron spectroscopy. A comparative analysis of lead ion sorption on the surface of synthesized
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Accepted 24th August 2023 nanoparticles was conducted. The kinetic study revealed that the sorption process follows a pseudo-
second-order mechanism, and the Freundlich sorption model provides a better fit for the experimental
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1. Introduction

The rapidly developing nanotechnology and the increasing
utilization of nanoscale materials in biological and medical
applications have spurred significant interest in the advance-
ment and enhancement of methodologies and technologies in
this field. Notably, researchers have focused on green chemistry
methods, which rely on highly efficient, cost-effective, and non-
toxic biological resources for the synthesis of metal nano-
particles and their oxides." In contrast to conventional
synthesis techniques, green chemistry approaches not only
prioritize environmental friendliness, but also enable the
synthesis of nanoparticles devoid of trace impurities associated
with the use of traditional precursors and reducing agents.**
Among the variety of metal nanoparticles (NPs) obtained
using plant extracts, nanoparticles of Cu, Ag, Co, Ni and oxides
such as CuO, ZnO, NiO, Fe;O, have garnered significant
research attention due to their straightforward synthesis tech-
niques and distinctive dimensional physicochemical
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properties.>® These NPs hold immense potential for biomedical
application™® as well as various fields of materials science.’™*
Additionally, they find extensive use as effective catalysts and
sorbents for wastewater remediation, targeting diverse classes
of pollutants such as nitrophenols, organic dyes, pesticides,
pharmaceuticals, and others.”*™* Among the aforementioned
persistent pollutants, the presence of heavy metals in water
poses a substantial global concern due to their significant
contribution to environmental degradation.”® Contaminated
drinking water containing heavy metals such as arsenic,
cadmium, nickel, mercury, chromium, zine, and lead has
emerged as a major health concern for the public and health
care professionals alike.'®'” According to the Environmental
Protection Agency (EPA), heavy metal ions are designated as
priority pollutants, necessitating their elimination or reduction
from any water bodies that may or may not interact with the
environment.'®*® The accumulation of heavy metals in living
systems without degradation leads to harmful levels of expo-
sure, while heavy metal waste pollutes water and soil surfaces,
posing adverse effects on the health and continuity of all living
species.'”?°

A diverse array of conventional techniques has been
employed for the removal of heavy metal ions from water, and
several of these methods, such as precipitation, ion-exchange,
reverse osmosis, membrane separation, have already demon-
strated successful results.** Among these approaches,
adsorption stands out as one of the most promising and widely
used methods due to its simplicity of operation, high efficiency,
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and economic benefits. Recently, there has been considerable
interest in exploring the potential of biogenic nanomaterials as
effective sorbents for the removal of heavy metal ions.****
Various plant sources, including extracts from leaves, flowers,
seeds, fruits, peels, and roots, have not only been extensively
utilized for the synthesis of NPs but also hold promise as sup-
porting materials for biogenic composites.>

The Republic of Kazakhstan boasts a rich flora, with over 200
endemic plants. Among these is Serratula coronata L. CR (SCR),
a forest-steppe species belonging to the Asteraceae Dumort
family, which is widely distributed in Eastern Europe, Western
Siberia, Central and Northern Kazakhstan.>® The aerial part
(leaves, stems) of SCR, found in Central Kazakhstan (Karaganda
region) exhibits a significant enrichment of various phy-
toecdysteroids and flavonoids.””-** Notably, the phytoecdysones
derived from SCR promise as potential agents for the treatment
of different skin diseases,**** while flavonoids demonstrate
noteworthy antioxidant activity.*® Despite the abundant pres-
ence of secondary metabolites in SCR, which are known to be
capable of reducing metal ions, this plant remains relatively
understudied as a potential precursor for the biogenic synthesis
of catalytically active metal oxide nanoparticles.**?*

In recent studies, various biogenic nanomaterials have been
explored for the removal of lead (Pb) ions, yet the utilization of
indigenous plant sources to develop environmentally friendly
wastewater treatment technologies remains a pressing objective
for every nation. This study aims to provide essential insights
into the optimal conditions for the collection and extraction of
SCR, and subsequently, to investigate the efficacy of biogenic
ZnO and CuO nanosized adsorbents in the removal lead(u) ions
from aqueous media under bath mode conditions. A compre-
hensive analysis of the physical and chemical properties of the
NPs will be undertaken, and a thorough investigation of the
kinetics and equilibrium sorption of Pb(u) ions will be
conducted.

2. Materials and methods

2.1. Materials

Copper nitrate, zinc nitrate, quercetin, rutin, acetonitrile ob-
tained from Sigma Aldrich (h.d.a.) were used without additional
purification. Ethanol (96.2%) was purchased from Talgar-
Alcohol LLP. The preparation of the Pb(u) feed solution was
accomplished using the state standard sample (SSS) of Pb(u)
(Ekroschem, St. Petersburg, Russia). Throughout all experi-
ments, deionized water (18.2 Mohm c¢m ™', Aquilon - D301,
Aquilon JSC) was utilized.

2.2. Collection and treatment of plant materials

The collection of SCR plant material was conducted during the
vegetation phase, spanning from mid-May to mid-July 2021,
encompassing the period from the onset of vegetation to the
budding phase of the plant. The collection area for the raw
material was located in Spasskie Sopky of the Abay district of the
Karaganda region, situated in the Central Kazakhstan region.
The dry raw materials, consisting of buds, leaves and stems of
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SCR, were finely crushed to achieve a particle size of 2-3 mm.
For each extraction experiment, a sample weight of 20 g was
utilized. To maximize the extraction of polyphenolic compo-
nents, various extractants were tested namely ethanol, 70%
water—ethanol solution, and 0.1 M aqueous solution of sodium
bicarbonate. In particular, a 70% (v/v) water-ethanol solution
was employed based on previous findings, which demonstrated
its ability to yield the highest quantity of flavonoids from plant
raw materials.?*

A pre-weighed sample of the plant material was placed inside
a 250 mL round-bottom flask, which was equipped with a reflux
condenser. The flask was then filled with the appropriate type of
extractant. Subsequently, the flask was thoroughly mixed, and
the mixture inside was heated using a mantle heater until the
solvent reached its boiling point. The extraction process was
allowed to proceed for a maximum duration of 3 hours. After
completion of the extraction, the liquid extract was cooled to
room temperature and then subjected to thickening through
vacuum distillation following the filtration process. To ensure
the most effective removal of any remaining extractant residues,
the obtained extract was subjected to further evaporation in
awater bath at a controlled temperature of 35-40 °C for a period
of 6-7 h.

2.3. Study of the chemical composition of SCR extracts

The obtained samples were analyzed using reverse-phase High-
Performance Liquid Chromatography (HPLC) conducted on
a Shimadzu LC-20AD Prominence system. For the isocratic
mode detection of quercetin and rutin, a mixture of 0.1%
aqueous H3;PO, solution and CH;CN (50: 50, v/v) was used as
the eluent. The flow rate was set at 0.5 mL min ", and 10 pL of
the sample was injected. The column temperature was main-
tained at 40 °C, and a Promosil C18 column with dimensions
4.6 x 150 mm, particle size 5 um, and 100 A pore size from
Agela Technologies (Ca, USA) was utilized. In the case of
pinostrobin detection, a mixture of chloroform and acetonitrile
in a 50-50% ratio was employed, following similar parameters
as used for quercetin and rutin detection. To prepare each
sample for analysis, it was dissolved in 200 pL of CH;CN : H,O
(50:50), sonicated at 30 °C, and then diluted with 1.6 mL of
CH;3CN: H,0 (50:50). Standard samples of rutin, quercetin,
and pinostrobin (Sigma Aldrich) were used as reference stan-
dards, and their respective calibration curves are presented in
Fig. S1.T The content of phenolic compounds in the extracts was
determined spectrophotometrically using the Folin-Ciocalteu
assay.’”*® Calibration curves for standard substances such as
caffeic acid, chlorogenic acid and gallic acid were constructed
(Fig. S2t), allowing for the calculation polyphenol content in the
SCR extract based on the equations derived from these curves.
The results were expressed in equivalent units of standard
substances per 1 mg of extractive substance.

2.4. Synthesis of biogenic nanoparticles

CuO and ZnO nanopowders were synthesized using wet
combustion techniques:** SCL extract was mixed with corre-
sponding inorganic salt and dissolved in 25 mL of water-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental details of the synthesis of biogenic metal oxide nanoparticles

Synthesis conditions

NPs Used chemicals Annealing temperature, °C NPs yield, g Ref.
ZnO Plant extract: 1.0 g, Zn(NO;),-6H,0: 4.02 g, water-ethanol mixture: 25.0 mL 600 3.77 34
CuO Plant extract: 3.07 g, Cu(NOj3),-6H,0: 12.3 g, water-ethanol mixture: 25.0 mL 500 3.97 35

ethanol mixture under constant stirring, then the solution was
placed in a ceramic crucible in a muffle oven preheated to 200 °©
C for combustion for 3 min. The resulting mixture was filtered
to remove ash from the plant extract and thoroughly washed
several times with deionized water to remove any remaining
impurities. On the final step the mixture was then annealed in
a muffle oven at the predetermined temperature for 2 h. The
specific synthesis conditions are provided in Table 1. The
resulting fine powders were stored in an airtight container and
directly utilized in the sorption experiments without any further
purification.

2.5. Analysis of the structure and composition of biogenic
nanoparticles

The morphology and dimensional characteristics of the nano-
particles were examined using a JEOL JFC-7500F scanning
electron microscope (SEM) and a JEOL JEM-1400Plus trans-
mission electron microscope (TEM). For elemental analysis,
energy dispersive analysis (EDX) was conducted on a Hitachi
TM3030 microscope, equipped with a Bruker XFlash MIN SVE
microanalysis system, at an accelerating voltage of 15 kV.

The crystal structure of the nanoparticles was investigated
using a D8 Advance diffractometer (Bruker, Germany) in the
angular range of 26 30-80°, with a step size of 26 = 0.02° and
a measuring time 1 s. The tube mode settings were 40 kV and 40
mA. The average size of crystallites was determined by analyzing
the broadening of X-ray diffraction reflections using the Scherer
equation.

For the X-ray photoelectron spectroscopy (XPS) measure-
ments, a Thermo Scientific K-Alpha spectrometer (Waltham,
MA, USA) was employed equipped with a monochromatized Al
Ko X-ray source (1486.6 eV photons). Core-level spectra were
recorded with a constant dwell time of 100 ms and pass energy
of 30 eV, while survey spectra were obtained with pass energy of
200 eV. The step size for core-level spectra was 0.1 eV, and for
survey spectra, it was 1.0 eV. The analysis chamber maintained
a pressure of 2 x 10~° Torr or lower. The binding energy (BE)
values were referenced to the C 1s peak at 285 eV. Data pro-
cessing was performed using Avantage software (version 5.41,
2019, Waltham, MA, USA).

The determination of the surface charge of the adsorbent
based on the pH value was carried out by studying the pHpzc
(point of zero charge) value within the pH range of 3.0 to 9.0,
following the method described in ref. 34. For this, 10 mL of
a 0.01 M Nacl solution was adjusted to the desired pH value
(pH;) using 0.1 M HCl(aq) or NaOH(aq). Subsequently, 50 mg of
ZnO NPs powder was added to each flask and shaken on
a shaker for 12 h at room temperature. Afterward, the NPs were

© 2023 The Author(s). Published by the Royal Society of Chemistry

separated from the solution through filtration, and the final pH
value (pHg) of the resulting filtrate was measured.

2.6. Study of the process of sorption removal of Pb(u) ions
using biogenic metal oxide nanoparticles

All experiments were conducted using batch equilibrium tech-
niques. A feed solution of Pb(u) (100 ppm, pH 4.0) was prepared
by diluting the certified Pb(i) reference solution (0.1 g L™,
Ecroskhim, Russia). Disposable plastic vials (Isolab, Eschau,
Germany) containing 15.0 mL of the solution and 50 mg of NPs
powder were subjected to shaking (100 rpm) using IKA KS 3000
IS (IKA, Konigswinter, Germany) at room temperature for
various durations ranging from 15 minutes and 10 hours. Each
experiment was replicated three times. The concentration of
Pb(u) in the aliquots was determined using ICP-MS (Thermo
Fisher Scientific, XSeries 2, Bremen, Germany).

The quantity of Pb(ir) adsorbed per unit mass of the sorbent
(Qe, mg g~ 1) was determined using the eqn (1):*°

(Co—C)x V
m

Qe = (1)

where C, is initial the feed concentration of Pb(u) (mg L"), C. is
the concentration of Pb(u) in the aliquots (mg L"), V is the
volume of the solution (L), and m is the amount of NPs used
(8)-

The influence of pH on Pb(u) adsorption was studied within
the pH range of 3 to 9, while keeping other parameters constant
(initial Pb(u) concentration: 50 ppm, adsorbent dose: 50 mg,
contact time: 300 min). The pH of the solution was adjusted
dropwise using 1.0 M HCl(aq) or 1.0 M NaOH(aq). pH was
measurements were performed using a digital pH meter,
HANNA HI2020-02 (HANNA Instruments, Smithfield, VA, USA).
All experiments were conducted in triplicate. Upon completion
of the sorption process, the solution was decanted by centrifu-
gation at 12 000 rpm, and the NPs were washed with deionized
water, dried, and stored in a dry location.

3. Results and discussions

3.1. Determination of the optimal conditions for the
preparation of SCR plant extracts

It is widely recognized that the content of biologically active
components in plant extracts can vary significantly based on the
extraction methods employed. Substances containing
a hydroxyl groups in their composition tend to be slightly
soluble or insoluble in aliphatic organic solvents, making it is
more appropriate to use organic alcohols and their homologues
for extracting cyclic alcohols.** An extensive review of the
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literature indicates that for a more efficient extraction of the
polyphenol fraction from plant materials, a multi-step extrac-
tion process is recommended. The initial phase involves using
aliphatic saturated hydrocarbon solvents (such as petroleum
ether and hexane), which facilitates the removal of non-polar
component that are of limited practical and bioactive
interest.”> Subsequently, the next extraction step should employ
solvents of higher polarity than aliphatic ones, such as esters
(e.g., ethyl acetate, butyl acetate), to extract medium-polar
secondary metabolites like terpenoids, carboxylic acids, and
aromatic hydrocarbons. For the final stage of purification and
removal of plant by-products, extraction with trichloromethane
is recommended. This particular step effectively eliminates
chlorophyll, thereby eliminating ballast substances and
reducing barriers to the complete extraction of the target
products.*

In our studies, we opted to use ethyl alcohol and its 70%
aqueous solution as the extractants, considering that ethanol is
one of the main universal food extractants utilized for the
extraction of biologically active compounds found in plants.*
Additionally, it is important to note that ethanol is compara-
tively less toxic to the human body compared to other organic
solvents. For the purpose of conducting a comparative analysis
of the polyphenol extraction efficiency from the studied plants,
an alkaline solution of sodium bicarbonate (baking soda) was
employed as an extractant. This choice was motivated by the
widespread utilization of sodium bicarbonate in both food and
household applications, rendering it a viable alternative option
for extraction in our research.

Table 2 The extraction parameters of SCR at various collection times
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As can be seen from the data presented in Table 2, the
highest extraction efficiency by weight was achieved with
aqueous ethanol solution (EtOH-70), while the lowest extract
yield was obtained during extraction with 0.1 M NaHCO; solu-
tion, owing to the limited solubility of many lipophilic
compounds in aqueous solutions of inorganic salts. Compara-
tively, extraction with ethanol resulted in a lower degree of
separation of the slurry extract than with a water-ethanol
mixture.

The concentration of flavonoids in the studied plant extracts
was determined by HPLC via the method of absolute calibration
peak area. This involved comparing the peak area of the analyte
with the peak area of a standard analyte sample with a pre-
derminated concentration. Although the highest amount of
slurry extract (i.e. the total extractable substances) was observed
during the processing of plant materials harvested at the
beginning of the budding stage, the content of flavonoids in
this type of material was found to be the lowest, as shown by
HPLC analysis. Previous studies have highlighted that the
presence of a large number of flavonoids and phenolic
compounds in the composition of plant raw materials influ-
ences their reducing properties during the synthesis of metal
nanoparticles and their oxides.***” Flavonoids, which exhibit
proton-donor properties, along with phenolic compounds
known for their metal ion chelating capabilities, have been
shown to play a crucial role in reducing Cu®" ions to metallic
copper and copper(1) oxide. These compounds can then be
oxidized to form CuO by thermal annealing.***® A similar

Time of plant materials collection Solvent Extraction temperature, °C Weight of final extract, g
Beginning of vegetation phase EtOH 78.0 3.91
EtOH : water (70 : 30) 80.0 5.70
0.1 M NaHCO; 101.2 2.63
Vegetation phase EtOH 78.0 4.2
EtOH : water (70 : 30) 80.0 5.66
0.1 M NaHCO; 101.2 1.86
Beginning of budding EtOH 78.0 3.75
EtOH : water (70 : 30) 80.0 6.27
0.1 M NaHCO; 101.2 2.58

Table 3 Content of flavonoids and phenolic compounds in SCR extracts

Flavonoids content, mg g "

Phenolic compounds content, mg g~ *

Protocatechuic Caffeic
Time of collection of plant materials Solvent Quercetin Rutin Pinostrobin Gallic acid acid acid
Beginning of vegetation phase EtOH 2.77 0.60 0.10 0.038 0.062 0.034
EtOH-70.0 2.59 0.89 0.12 0.112 0.174 0.104
NaHCO,; 1.86 0.33 0.01 0.058 0.097 0.056
Vegetation phase EtOH 2.01 0.45 0.29 0.110 0.188 0.112
EtOH-70.0 0.02 0.06 0.00 0.032 0.052 0.028
NaHCO; 1.50 0.19 0.02 0.110 0.186 0.111
Beginning of budding EtOH 0.32 0.00 0.00 0.110 0.187 0.112
EtOH-70.0 0.67 0.04 0.00 0.117 0.199 0.119
NaHCO; 0.38 0.00 0.00 0.116 0.197 0.118
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influence of flavonoids on the formation of ZnO nanoparticles
has been described elsewhere.**

To determine the total amount of phenolic compounds and
specific phenolic substances, such as phenolic acids, in plant
materials, various spectrophotometric methods are utilized.
The Folin—-Ciocalteu method, initially developed by Folin and
Ciocalteu and later modified by Singleton Rossi Jr, is commonly
employed for analyzing phenolic compounds. This method
relies on the reduction of phenols with a phosphomolybdic acid
reagent. In an alkaline medium, phenolic compounds undergo
oxidation, leading to the formation of superoxide ions, which,
in turn, react with molybdate to produce molybdenum oxide
MoO,", exhibiting intense absorption at 725 nm.* In this study,
the content of phenolic compounds in the extracts was deter-
mined in terms of equivalents of specific phenolic acids, namely
gallic, protocatechuic, and caffeic acids. Calibration curves were
plotted for each standard substance (Fig. S21). Table 3 presents
the data on the content of phenolic compounds in the extracts
of SCR expressed in terms of mg per 1.0 g of raw material. As
evident from Table 3, the most enriched extract of SCR with
flavonoids and phenolic acids was prepared from the plants
collected during the beginning of the vegetation phase (mid-
May). This specific type of extract will be used in the subse-
quent experiments concerning the synthesis of ZnO and CuO
NPs.

3.2. Study of the structure and composition of biogenic
metal oxides nanoparticles

SEM images of the synthesized nanoparticles are presented in
Fig. 1a and b. The microphotographs reveal the presence of not
only spherical and cubic crystals but also small voids and pores

£

wve J
g

'f 300 nm
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in the test sample. The occurrence of these voids can be
attributed to the emission of a significant amount of hot gases
from the reaction mixture during the wet combustion
synthesis.>* The crystallites of ZnO and CuO nanoparticles are
interconnected through pores of various sizes and shapes. The
nanoparticle size was determined from electron micrographs
with magnifications up to 100 000X, indicating an average size
of 32 + 8 nm for zinc oxide nanoparticles and 57 £+ 12 nm for
copper oxide nanoparticles. Transmission electron microscopy
data (Fig. 1c and d) further validate the dimensional and
geometric characteristics of the synthesized nanoparticles. The
investigation of the chemical composition using energy
dispersion analysis (inset in Fig. 1d and e) reveals the presence
of carbon in the composition of nanoparticles, accounting for
approximately 11.9 at% for ZnO and 8.8 at% for CuO. This
observation supports the role of the organic extract of SCR as
a stabilizing and reducing agent during the nanoparticle
synthesis, consistent with previously reported findings.*>*
The X-ray diffractogram of ZnO nanoparticles (Fig. 1le)
reveals distinct diffraction peaks corresponding to the ZnO
phase at 26 values of 32.54° (110), 35.58° (002), 38.86° (200),
40.43° (112), 48.57° (—202), 53.65° (020), 58.39° (202), 61.57°
(—113), and 68.07° (113), in accordance with previous
studies.>**® These identified planes closely match the JCPDS file
(JCPDS: 01-007-2551), indicating the hexagonal wurtzite struc-
ture (symmetry group P6,mc (186)) of the ZnO nanoparticles.
Similarly, the X-ray diffraction pattern of CuO nanoparticles
(Fig. 1f) exhibits a series of diffraction peaks characteristic of
the monoclinic structure of copper(n) oxide, located at 26 values
of 32.54°, 35.58°, 38.86°, 40.43°, 48.573°, 53.65°, 58.40°, 61.57°,
66.05°, 68.07°, 72.36°, and 75.16°, which were assigned to (110),
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Fig. 1 Electron microphotographs of ZnO (a) and CuO (b) nanoparticle powders, TEM images of ZnO (c) and CuO (d) nanoparticles, X-ray

diffraction spectra of ZnO (e) and CuO (f) nanoparticles.
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Fig. 2 Survey or wide energy range X-ray photoelectron spectroscopy (XPS) spectra of CuO (a) and ZnO (e), respectively. High resolution (core
level) C 1s from as synthesized CuO (b) and ZnO (f) NPs, respectively, high resolution (core level) spectra of Cu 2p from as synthesized CuO. (c),
high resolution (core level) spectra of Zn 2p from as synthesized ZnO (g) and high resolution (core level) O 1s from as synthesized CuO (d) and

ZnO (h), respectively.

(002), (200), (112), (—202), (020), (202), (—113), (—311), (113),
(311) and (004) respectively. No other characteristic peaks were
observed except for those for CuO (JCPDS: 45-0937), indicating
the as-obtained CuO NPs has high-purity.

The obtained X-ray diffraction spectra indicate the crystal-
line nature of the nanoparticles. The average size of CuO crys-
tallites, calculated using the Scherer equation, was found to be
25.4 £ 3.9 nm, and for ZnO nanoparticles, it was 44.6 &+ 5.9 nm.
All synthesized nanoparticles demonstrated a high degree of
crystallinity, with 84.0% for CuO nanoparticles and 91.2% for
ZnO nanoparticles, as determined by approximating the values
of the full width at half maximum (FWHM) lines using
symmetric pseudo-Voigt functions.®

The wide energy range X-ray scans of each nanoparticle
(Fig. 2) show that their chemical composition primarily consists
of two basic elements, i.e. oxygen and the corresponding metal
atom (Cu or Zn). In addition to these anticipated components,
the presence of K and Cl elements is noteworthy, constituting
about 5% of the composition, particularly in the case of CuO,
where they are more prominent as impurities. These two
elements also appear in the spectrum of ZnO, albeit in smaller
quantities. The amount of carbon, a common element in both
nanoparticle compositions, was determined as 9.1%, and 8.2%
in the survey scans of CuO and ZnO, respectively. Furthermore,
the high-resolution C 1s spectra of the as-synthesized CuO and
ZnO exhibit a primary peak at 284.5 eV and another peak at
a higher energy level around 288.1 eV. These C 1s peaks are
commonly observed in XPS spectra on the surface of nearly all
samples, attributed surface contaminations, and are referred to
as adventitious carbon.***® The C 1s peak component with
a binding energy (BE) of 284.5 eV corresponds to C-C bonds,
while the component at 288.1 eV is assigned to O-C=0 bonds.*
The detection of the C element in the XPS spectra of nano-
particles is a crucial finding, providing evidence for the
involvement of organic residues from plant extracts in both
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formation and stabilization of nanoparticles. Furthermore, it
aligns well with the earlier discussed EDX results.

The Cu 2p core-level XPS spectrum exhibits distinctive
features that differentiate it from both Cu,O and metallic Cu.
Notably, dominant shake-up peaks are observed at the higher
BE side of the Cu 2p;3, and Cu 2py, peaks, indicating the
existence of an unfilled Cu 3d° shell. This observation confirms
the presence of Cu®" in the CuO sample.*"**> Moreover, the peaks
at 953.9 eV and 933.4 eV in the core level spectra of Cu 2p can be
assigned to Cu®>" 2p,;, and Cu®" 2p;,, of CuO, respectively.®
Additionally, the core-level XPS spectrum for O 1s in CuO
nanoparticles reveals two components at approximately 529.1,
531.0 eV. The more intense peak at 529.1 eV is attributed to the
binding energy of lattice oxygen in CuO lattice, consistent with
the binding energy of O> ions in metal oxide sites (Cu**-
0°7).%2% The second peak at 530.78 eV can be assigned to the
binding energy of oxygen defects/vacancies within the matrix of
Cu0.*”** These results align well with previous works®** and
provide strong evidence of the CuO structure. Similarly, the
high-resolution XPS spectrum of the Zn 2p region in ZnO
nanoparticles displays two fitting peaks located at approxi-
mately 1043.6 and 1020.5 eV, corresponding to Zn 2p,/, and Zn
2Pps/2, respectively.®* Furthermore, the XPS spectrum of the O 1s
region in ZnO nanoparticles shows an asymmetrical peak
centered at about 529.6 eV. These results from the core-level Zn
2p and O 1s spectra are in good agreement with previous data
and confirm the ZnO structure.®**® In conclusion, based on the
discussed XPS data, the successful synthesis of both nano-
particle structures (CuO and ZnO) is confirmed, and the desired
structures have been achieved.

3.3. Study of lead(u) ion sorption kinetics

The process of adsorption is inherently a time-dependent and is
influenced by the physicochemical characteristics of the
adsorbent materials involved. Fig. 3a illustrates the effect of pH

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The effect of pH on the sorption efficiency of lead ions (a), the graph depicting the zero charge point (pHpzc) of the surface of the
nanoparticles (b), the change in sorption capacity of nanoparticles with respect to sorption time (c), and the equilibrium sorption capacity of the

studied sorbents (d).

on the adsorption of Pb*>* by biogenic nanoparticles within a pH
range spanning from 3.0 to 9.0. The pH of the medium plays
a crucial role in investigating sorbent properties and deter-
mines their reactivity. Moreover, the pH value directly impacts
the state of the metal ions in solution, effectively regulating the
sorption process. Efficiency of lead ion removal increases with
the initial pH rising from 3.0 to 7.0. However, the limited effi-
ciency of the studied sorbents in acidic conditions is attributed
to the high concentration of H" ions, which compete with Pb>*
ions for available active sites on the adsorbent surface, signifi-
cantly reducing their sorption capacity.®*

At a pH of 5.5, the removal efficiency of Pb** by ZnO and CuO
nanoparticles is found to be 21.9% and 37.4%, respectively.
However, at a pH of 7.0, there is a notable increase in the
sorption of lead ions by CuO, reaching 78.2% in the case of
CuO. Nevertheless, several previous studies have shown that at
pH levels above 6.0, additional deposition of Pb®>" ions occurs
due to the formation of lead hydroxide, and at pH 9.0, nearly
complete disappearance of Pb®" ions in the solution is
observed.*>”° Therefore, conducting sorption tests at pH levels
lower than 6.0 is deemed more appropriate.

The parameter known as pH zero charge point (pHpzc)
determines the pH at which the adsorbent's total surface charge
becomes zero. The study of pHp,c is important for revealing the
adsorption mechanism and explaining the interactions between
the sorbent and adsorbate.” Fig. 3b shows the relationship

© 2023 The Author(s). Published by the Royal Society of Chemistry

between pHgna on pHinital, and the pHpy value obtained for
biogenic ZnO NPs is approximately 7.1. This result indicates
a positive surface charge under the conditions studied and
agrees well with pHp,c values reported in previous studies.””*

Regarding the change in the sorption capacity of nano-
particles over time (Fig. 3c), it was observed that biogenic CuO
NPs reach saturation after 180 minutes of sorption, while ZnO
NPs reach saturation later, after 240 minutes. Subsequently, the
equilibrium sorption capacity (g.) for Pb(u) sorption from
a solution with a concentration of 50 ppm was deduced based
on the experimental data (Fig. 3d).

For a comprehensive understanding of the adsorption
mechanism of new sorbents, kinetic studies are of paramount
importance kinetic studies of paramount importance. In this
study, we used three kinetic models to predict the kinetics of
Pb(u) adsorption on bigenic NPs. The models used were the
pseudo-first and pseudo-second order, as well as the Elovich
model.”>”® The pseudo-first-order rate model, originally
proposed by Lagergren,®* is among the early models of sorption
kinetics, focusing on sorption capacity and describing sorption
from a liquid medium by solid sorbents. The linear form of the
pseudo-first-order model is provided in Table 4. From the
graphical relationship In(q. — q,) = f(¢) (Fig. 4a), the values of k;
and the correlation coefficient R* were determined and are lis-
ted in Table 1. However, it is important to note that the observed
low correlation coefficient value for the pseudo-first-order
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Table 4 Comparison of the parameters of different kinetic models for describing the sorption of Pb(i) using biogenic metal oxide NPs

Sorbent
Kinetic model Linear equation of the kinetic model Parameters of the kinetic model CuO ZnO
Pseudo-first order In(ge — q;) = Ingqe — kst Ky, min ! 0.024 0.017
ge, mg g ! 137.3 118.2
R 0.95 0.98
Pseudo-second order 1 Lt k, x 107%, g mg ™' min~’ 1.97 2.09
@ kg qe g, mg g " 178.57 169.49
R 0.99 0.99
The Elovich model 4= l(ln af) + 1ln ; «, mg gil {riiﬂ’l 0.081 0.084
I I 6, mg min 0.038 0.031
R 0.95 0.95
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Fig. 4 Kinetics of Pb(i) sorption by biogenic NPs according to the pseudo-first (a), pseudo-second (b), and the Elovich (c) kinetic models.

kinetic model suggests that the kinetics of Pb(u1) adsorption by
the biogenic nanoparticles of metal oxides obtained do not
conform to the pseudo-first-order kinetic model. Therefore,
further investigation and application of alternative kinetic
models are necessary to elucidate the kinetics of the sorption
process accurately.

To describe the sorption process, it is believed that the first-
order kinetic model is applicable at the initial stage, where the
concentration of sorbate ions reaching the functional groups of
the sorbent is significantly lower than the active centers of the
sorbent.®* Consequently, the order of the reaction can be
mathematically reduced by incorporating the concentration of
functional groups of the sorbent into the reaction rate constant.
However, at later stages of the sorption process, the reaction
rate is affected by the product of the concentrations of both
components of both components, leading to a formal reaction
order of two.*

A pseudo-second-order equation is considered suitable for
describing the sorption process if the reaction between the
adsorbate and the functional groups of the adsorbent proceeds
strictly stoichiometrically, where one metal ion occupies one
sorption position.*® This model shares similarities with the
pseudo-first-order kinetics model but is more comprehensive in
describing the entire sorption process.

The rate constant k,, the value of g., and the corresponding
linear regression correlation coefficient R* were calculated from

26846 | RSC Adv, 2023, 13, 26839-26850

the linear plot of the dependence /g, = f{t) as shown in Fig. 4b
and are presented in Table 4. The calculated g, values for ZnO
and CuO were 169.45 and 178.57 mg g~ ', respectively, and in
agreement with the experimental data (Fig. 3g) for the pseudo-
second-order kinetics.

The pseudo-second-order equation accounts not only for
sorbate-sorbent interactions but also for the intermolecular
interactions of the adsorbed substances. On the other hand, the
Elovich model considers the contribution of both sorption
processes and desorption phenomena to the kinetics of
substance extraction, with desorption gaining significance as
equilibrium is approached.** The kinetic parameters of the
Elovich model were calculated from the linear dependence of g,
on In(t) (Fig. 4c) and are provided in Table 4. Higher values of
a compared to 8 indicate a faster absorption rate compared to
lead ions' desorption.*

The correlation coefficient values (R*) indicate that the most
appropriate description of the sorption of lead(u) ions on the
studied sorbents is achieved using the pseudo-second order
model. This is evident from the linear nature of the graphical
dependencies of this model in Fig. 3b, which remains consis-
tent throughout the entire time interval. The applicability of the
pseudo-second-order model to the biogenic sorbents suggests
that the chemisorption stage governs the limiting step of the
process, with the influence of the diffusion stage being
insignificant.®®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4. Study of the Pb(u) sorption mechanism

Intensive studies on the toxic pollutant migration in aquatic
environments and the development of new removal methods
have contributed significantly to the advancement of adsorp-
tion methods. A profound understanding of adsorption equi-
librium is essential for comprehending the adsorption process
accurately. Adequate interpretation of adsorption isotherms is
crucial for refining the adsorption mechanism pathways and
designing efficient adsorption systems.*” In this context, the

Table 5 Parameters of adsorption isotherms for biogenic nano-
particles’ sorption of Pb(i) ions

Value
Isotherm Linear equation Parameter  CuO ZnO
Experiment gy mgg 't 163.6 153.8
Langmuir  Ce _ Ce N 1 Qo, mg g~ " 84.8 80.0
ge Qo Qob b,Lmg' 22069  1353.6
R 0.97 0.91
Freudlich B 1 kg, mg g ! 387.5 235.4
Inge =Inke+7In Ce ) 2.5 1.6
R’ 0.99 0.99
(@) 0.4 4
o
°
0.3 4
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section focuses on the applicability of various models to inter-
pret experimental data on the adsorption of Pb(u) ions by
biogenic nanoparticles under investigation, aiming to identify
the most suitable model for describing the adsorption process.

According to Langmuir's adsorption theory, adsorption takes
place on equivalent, localized active centers, with each center
accommodating only one molecule. Saturation of adsorption
occurs as these active centers become filled. The adsorbed
molecules do not interact with one another and desorb after
a certain time, establishing a dynamic equilibrium.*”*®* The
linear form of the Langmuir adsorption isotherm equation,
derived from molecular-kinetic theory and the concept of the
monomolecular nature of the adsorption process, is presented
in Table 5. The parameters b and Q, characterize the adsorbent-
adsorbate pair. Fig. 5a illustrates the graph of the dependence
Ce = f{Cc/Q.). The values of Q, and b were calculated from the
slope and intersection of the lines on the graph in the corre-
sponding coordinates of the linear isotherm equation, and are
listed in Table 5.

The Freundlich model isotherm equation describes adsorp-
tion on a heterogeneous surface, where the adsorption centers
possess varying energy levels. Initially, the active sorption
centers with maximum energy become filled. Fig. 4b shows the

(b) 5.6 -
46
S
236 -
.|
26 1 oznoO
oCuO
1.6 ; ; ; ; ; :

Ln Ce

Fig.5 Adsorption isotherms of Pb(ii) on biogenic CuO and ZnO nanoparticles in linear coordinates of Langmuir (a) and Freundlich (b) isotherms.

Table 6 Sorption capacity of nanosized sorbents of lead(i) ions

Sorbent testing conditions

Initial sorbate Sorbent Aliquot Qe Rate constant
Sorbent concentration,mgL~"  weight,g  volume, mL  pH mgg " ky, g mg™' min ! Ref.
CuO NPs (microwave synthesis) 50.0 0.1 50.0 — 125.0 0.0235 90
CuO NPs (magnetron sputtering) 1000.0 2.0 100.0 6.0 37.03 0.0054 91
CuO nanorods 1000.0 1.0 100.0 8.5 3.31 — 92
ZnO NPs (biogenic synthesis) 25.0 0.1 25.0 5.0 19.65 — 24
Magnetic NPs modified with 100.0 0.1 100.0 6.0 498.6 0.0002 93
chitosan
Magnetic NPs Fe;0,4, modified 50.0 1.0 100.0 5.0 33.65 0.023 94
with polyethyleneimine
CuO NPs (biogenic synthesis) 50.0 0.05 15.0 5.0 163.6 0.00019 This
ZnO NPs (biogenic synthesis) 153.8 0.00021 study

© 2023 The Author(s). Published by the Royal Society of Chemistry
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experimental data on lead(u) ion adsorption in the linear
Freundlich equation In g. = f{In C.) coordinates. The constant n
is an empirical parameter related to the adsorption intensity,
and values of ‘n’ in the range of 1-10 indicate favorable
adsorption.® The kg values for the studied nanoparticle samples
were 387.5 and 235.4 mg g~ for CuO and ZnO NPs, respectively,
indicating an enhanced adsorption capacity of copper oxide-
based nanoparticles. This observation is in line with the data
obtained from the Langmuir isotherm. For all studied samples,
the values of the Freundlich constant (n) significantly exceed
unity, indicating the feasibility of Pb(u) adsorption on the
nanoparticle surface. The regression coefficients for the linear
plots are close to unity, suggesting that the experimental
adsorption data are in good agreement with the Freundlich
adsorption isotherm.

Table 6 presents data on the sorption capacity of various
nanosized sorbents for lead ions, as reported in earlier works. It
is important to note that direct comparison of data from
different studies can be challenging due to variations in factors
influencing sorbent capacity, such as the mixing rate, pH and
temperature. Nevertheless, the presented data indicate that
biogenic ZnO and CuO nanoparticles synthesized using plant
raw materials from SCR exhibit higher sorption capacity
compared to existing analogues, rendering them promising
materials for effective sorption removal of lead ions from
aqueous media.

4. Conclusion

In conclusion, this study encompassed a comparative investi-
gation of the wet combustion synthesis of the CuO and ZnO
NPs, employing an environmentally friendly and non-toxic
capping agent derived from Serratula coronata L. plant extract.
Green chemistry principles were strictly followed, eliminating
the use of aggressive organic solvents. The extraction method of
SCR with ethyl alcohol and its aqueous-alcoholic solution was
found to be technologically optimal, aligning with international
standards of good manufacturing practice (GMP) in pharma-
ceutical production. The chemical composition of the extracts
analyzed, with particular emphasis on phenolic
compounds and flavonoids, wherein flavonoids quercetin and
rutin exhibited the highest content at the onset of the growing
season in the water-ethanol extracts. The optimal period for
collecting SCR plant material was identified to be from the third
decade of May to the first half of June.

X-ray diffraction analysis of the NPs' crystalline structure and
phase composition showed the formation of a single metal
oxide phase in both cases, with monoclinic ZnO and cubic CuO
phases exhibiting high purity and a narrow size distribution.
Characterization techniques, such as XRD, SEM, XPS, TEM and
EDS, confirmed the desired structure and composition of the
synthesized NPs.

The sorption removal of lead ions from aqueous solutions
using the biogenic NPs was thoroughly studied, and the impact
of pH on the removal efficiency of Pb(u) was investigated. The
adsorption behavior of Pb(n) on the surface of ZnO and CuO
NPs was analyzed using Langmuir and Freundlich isotherm

was
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models, providing insights into the underlying mechanisms of
the sorption process. Comparative analysis based on the mean-
square deviations (R?) indicated that the Freundlich model best
describes the adsorption of Pb(u) on the surface of ZnO and
CuO NPs. Furthermore, the adsorption kinetics of Pb(i) ions
onto the NPs' surface was investigated using the Elovich rate
equation, pseudo-first-order, and pseudo-second-order kinetic
models. The results showed that the pseudo-second-order
model provided a better fit for both NPs, suggesting that the
rate-limiting step in the adsorption of Pb(u) ions can be attrib-
uted to chemical interactions between the metal ions and the
functional groups present on the surface of NPs.

The findings of this study contribute to the understanding of
the potential applications of biogenic NPs in the removal of lead
ions from aqueous media, paving the way for further explora-
tion and development of efficient sorption methods for water
purification and environmental remediation.

Abbreviations

SCR Serratula coronata L.

NPs Nanoparticles

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

SEM  Scanning electron microscopy

EDX  Energy dispersive X-ray analysis

TEM  Transmission electron microscopy

HPLC High-performance liquid chromatography

FWHM Full width at half maximum

Qe Amount of Pb(u) adsorbed by the unit mass of copper
(mgg ")

Co Feed Pb(u) concentration (mg L")

Ce Concentration of Pb(n) in aliquots (mg L")

DC Degree of crystallinity (%)

L Average crystallite size (nm)

q: Adsorption capacity at time ¢ (mg g™ ')

Initial rate of the adsorption process, mg g ' min "

24

I3 Desorption constant (g mmol ")

R, Roughness of the composite (nm)

b Constant related to the energy of adsorption (i.e.,
Langmuir constant (L pg "))

Ce Equilibrium concentration of adsorbate (mg L")
Qo Maximum monolayer coverage capacity (mg g~ ')
kg Freundlich isotherm constant related to the

adsorption capacity (ug g ")
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