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Abstract

In this study, environmentally friendly zinc oxide nanoparticles (OB-ZnO NPs) were synthesized using Ocimum basilicum
(OB) plant waste extract, and the removal of paracetamol (PCM) from pharmaceutical wastes with toxic effects on the
ecosystem was investigated. The characteristic structure of synthesized OB-ZnO NPs was determined by X-ray diffraction
(XRD), Brunauer—Emmett-Teller (BET), scanning electron microscope (SEM) and energy dispersive X-ray (EDX), Fourier
transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), Zetasizer, thermogravimetry-differential thermal
analysis (TGA-DTA), and UV-vis spectroscopy. The effect of the obtained OB-ZnO NPs on PCM removal was determined by
batch adsorption tests. In the study in which 6 different kinetic and isotherm models were examined, error analysis functions
were used to determine the most suitable model. Accordingly, the crystal structure of biosynthesized OB-ZnO NPs has a
particle size of 30.39 nm, a surface area of 13.826 m%g, and a pore volume of 0.0475 cm?/g. Since OB-ZnO NPs have a zeta
potential of —22.1 mV and a mass loss of 33% at about 750 °C, these NPs show that they are durable at high temperatures.
When the PCM removal mechanisms with OB-ZnO NPs were examined, it was determined that the most suitable kinetic
and isotherm model was the Elovich model with an R? value of 0.989 and the Redlich-Peterson model with an R? value of
0.999. In the study, which reached 23 mgPCM/gOB-ZnO NP removal efficiency, it was revealed that OB-ZnO NPs obtained
from waste plants have the potential to be used in the removal of pharmaceutical wastes.
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1 Introduction

Clean water is needed for all components of the ecosystem
to be healthy and happy. In most countries, the lack of
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clean water has become a critical problem [1]. Discom-
forts caused by this critical problem are making the use
of pharmaceutical products more and more widespread.
From pharmaceutical products, analgesic and antipyretic
drugs are among the most used drugs worldwide. Acetami-
nophen, or PCM, is currently one of the most widely used
analgesic and antipyretic drugs available over the counter
worldwide [2, 3]. Less than 15% of PCM is absorbed by
the patient’s body; the rest is excreted in the urine and
reaches the sewer system [4]. Acetaminophen or PCM
is increasingly found in the natural aquatic environment
today due to its wide use and consumption. Moreover, it
has been frequently detected in water, sediment, sewage
sludge, and soil [5]. It has also been reported that it is
widely detected in natural waters and drinking waters [6].
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PCM is in a convertible form to various intermediates
depending on environmental conditions, although its con-
centrations are usually in the ppt to ppm range [4].

Since PCM is widely excreted into the aquatic environ-
ment, it can cause hepatotoxicity and nephrotoxicity in
aquatic organisms, resulting in death in aquatic ecosys-
tems or adversely affecting the next consumer level. PCM
also has toxic effects on plants. For example, in a study
with Triticum aestivum L. (wheat), the shoot and root elon-
gation of the plant was slowed after chronic exposure to
PCM [7]. In the exposure study performed on Rhamdia
quelen male fish, it was stated that PCM disrupted the
hypothalamic-pituitary-gonadal axis in Rhamdia quelen,
caused changes in hematological parameters, and caused
hepatotoxicity. PCM is also prone to bioaccumulation in
aquatic organisms [8]. PCM is frequently found in signifi-
cant quantities in wastewater discharges and thus in the
aquatic environment, raising ecotoxicity concerns, particu-
larly for aquatic non-target species [9]. In a study on the
exposure of sea snail Gibbula umbilicalis, it was stated
that this species was prooxidatively affected by PCM [10].

PCM has also been widely detected in the aquatic eco-
system. A total of 30.421 ng/L PCM was detected in a
3-year study in the Monjolinho river in Sdo Paulo, Brazil
[11]. In a study conducted in seawater, it was reported that
the PCM level in seawater in the north of Portugal (Vila do
Conde) increased up to 76.9 ng/L [12]. Again, in another
study conducted in Sydney estuary, it was reported that
one of the 8 pharmaceuticals detected was PCM [13]. In
the study conducted in Peru by identifying 38 target phar-
maceuticals in surface and well waters, it was reported
that PCT was the drug with the highest concentration
(> 100 pg/L) [14].

In the literature, micropollutants such as nonsteroidal
anti-inflammatory drugs, antidepressants, and antibiotics
have been removed by various methods [15]. Some of these
are processes such as chemical oxidation processes (such as
electrochemical, ozone, Fenton, and UV/H,0,), which are
mainly carried out by the oxidizing activity of hydroxyl radi-
cals [16, 17], biological processes (classical activated sludge
process, heterotrophic, and autotrophic mixed culture) which
generally occur with evaporation, metabolic utilization and
biodegradation [18], ultrasonic degradation mainly due to
the occurrence with free radicals produced at different tem-
peratures [19], and membrane filtration processes which
are carried out by size difference and electrostatic charge
repulsion [20, 21]. Although these technologies have many
advantages in their own fields, they have some disadvan-
tages in terms of investment and operating costs, process
complexity, and process controllability [22]. In recent years,
the adsorption method (activated carbon, biochar, biosorb-
ent, and nanoparticles) which is based on the mechanism of
physical/chemical adhesion to the surface has become one
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of the preferred methods due to its cheap production and
relatively easy and flexible operation. [23].

Recently, the necessity of making biocompatible materi-
als for applications in different fields such as health, medi-
cine, water treatment, and purification has led to more inter-
est in the field of nanotechnology [24]. Adsorption principle
and nanotechnological materials are among the most widely
used technologies in removing pollutants from water. Tra-
ditional methods have been used in the production of nano-
particles for a long time, but research has proven that green
methods are more advantageous in the production of NPs
due to their positive aspects such as less chance of failure,
low cost, and ease of characterization [25]. Green synthesis
methods are attracting the attention of researchers because
of their potential to reduce the toxicity of NPs. Therefore,
the use of vitamins, amino acids, fungi, enzymes, actino-
mycetes, bacteria, algae, yeasts, and plant extracts in green
synthesis methods has become a very popular topic today
[26]. In addition, there is an intense interest in the biosynthe-
sis of metal nanoparticles derived from organisms. Among
these organisms, plants appear to be the best candidates
and are suitable for large-scale biosynthesis-production of
nanoparticles. Nanoparticles produced by plants are more
stable and more diverse in shape and size than those pro-
duced by other organisms [27, 28]. The development of
metallic nanoparticles using biological materials with an
environmentally friendly approach has received great atten-
tion. Recently, nano-sized metals such as Fe;0,, TiO,, MgO,
CuO, and ZnO have been used in biological applications by
researchers [29]. Among the semiconductor metal NPs, ZnO
is used in many wastewater treatment applications due to its
environmentally friendly nature [30, 31]. ZnO directly pro-
vides a wide band gap (3.37 eV) and photocatalytic activity
to remove toxic chemicals from the environment [32]. The
exciton binding energy (60 meV) of ZnO at room tempera-
ture has a wide range of applications in solar cells, optics
and electricity, gas and chemical sensing, biomedical appli-
cations, and catalysis and photocatalysis [31, 33].

There are few studies in the literature on nanoparticle
production from the OB plant. In these studies, coatings
were made with metals such as silver, Au-Ag, and TiO2.
However, in this and similar studies, characterization stud-
ies of the produced material were generally carried out, and
some researchers focused on the antimicrobial efficiency of
the produced product. However, no research has been found
on the removal of any pollutants with these NPs [34-36].

In this study, it was aimed to remove paracetamol from
pharmaceutical wastes from aquatic environment with OB-
ZnO NPs synthesized by the green synthesis method from
wastes of the OB plant. Characterization studies (XRD, BET,
SEM-EDX, FTIR, DLS, Zetasizer, TGA-DTA, and UV-vis) of
synthesized OB-ZnO NPs were performed. In adsorption stud-
ies with OB-ZnO NPs, 6 different isotherm and kinetic models
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Fig.1 Schematic of the production of OB-ZnO NPs using phytochemicals extracted from OB

were tested, and the most appropriate isotherm and kinetic
model was determined by using error sum of squares (SSE),
sum of absolute errors (SAE), average relative errors (ARE),

Table 1 Kinetic and isotherms model used in adsorption studies

hybrid fractional error function (HYBRID), Marquardt’s per-
cent standard deviation (MPSD), and non-linear chi-square
test (X2) error functions to determine the most suitable model.

Model Reaction equation ~ Definitions of terms References
Kinetics models Pseudo-first-order dqy _ K\(qe_q,) q. and g, denote the amount of PCM (mg/L) at any time ¢ in [42]
a equilibrium
K, pseudo first order reaction constant (1/min)
Pseudo-second-order day _ K,(q, ‘11)2 K, pseudo second order reaction constant (1/min) [43]
d, -
Elovich ¢, = 1In(ap) + iIns ais the initial adsorption rate (mg/g) [44]
b B p is the desorption constant (g/mg)
Intra-particle diffusion g, = K 4t'/? + C K;, is the model constant. K, is obtained by plotting the value of ~ [45]
1172 against the value of ¢, in the equation
Liquid film diffusion ~ In(1 — F) = —kggt  kgq is the model constant [45]
Bangham g, = q.(1 - ot ky, is the model constant [46]
Isotherms model Freundlich q. = KFCel/ n q. is the the amount of pollutant adsorbed at equilibrium (mg/g) [47, 48]
Ky and n are model constants
C, is the amount of pollutant remaining in equilibrium
Langmuir q. = Gk Ce R, is dispersion constant [48, 49]
L= A Ce K, is Langmuir adsorption constant
ra G a; Langmiur constant
Temkin q. = BIn(A;C,) B is the cautious constant (J/mol) [50, 51]
B= ':—T R is the universal gas constant (8.314 j/mol.K)
! T is temperature (K)
by is the heat of isotherm constant (kj/mol),
Dubinin-Redushkevich g, = g, exp(—Be?) e s the Polanyi potential [52]
e = RTIn(1 + Cl)
Redlich-Peterson q. = KRC‘} ‘ Ky are Redlich—Peterson model constants [53]
I+aCe S is the exponent of model
Sips _ KChs ag Sips isotherm model constant [54]
¢ 7 l4agCls
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Table 2 Error functions and definitions used

Error function Equation

Description References

Error sum of squares (SSE)

Sum of absolute errors (SAE)

SSE = Z (qc,ca] - qc,cxp)2

It is an expression of diversity in the cluster [55]

It is the sum of the absolute errors between the  [51]

SAE = Y7 1qe s — Goc:
L cow Heal experimental results and the calculated values
Average relative errors (ARE) 1 ~n | Geca—Geex It is the ratio of the sum of the absolute errors [56, 57]
MRAE = - 3" |2 .
n &i=1 between the experimental results and the
calculated values to the experimental result
Hybrid fractional error function (HYBRID) MRAE = ! Goexp—Tocal It is the SSE values divided by the estimated [55]
T NP value

Marquardt’s percent standard deviation (MPSD) 3 oot/ e |” It is a model similar to the geometric error [58]
MRAE =/ =—=—=—=" distribution

Non-linear chi-square test (X?) X2 = D (Goerp=deca)”

Ge.cal

It is the ratio of the square of the difference [55]
between the experimental results and the
calculated values to the calculated values

2 Material and method
2.1 Chemicals

The chemicals used in experimental studies were of analyti-
cal purity, and distilled water was used in the preparation of
all solutions. Powder paracetamol (CgHyNO, 151.16 g/mol,
98.0%, Sigma-Aldrich), pellet sodium hydroxide (NaOH,
40.00 g/mol, >99.0%, Sigma-Aldrich), liquid sulfuric acid
(H,(SO,), 98.08 g/mol, >99.99%, Merck), powder zinc oxide
(Zn0, 81.39 g/mol, >99.0%, Merck) and zinc nitrate hexahy-
drate (Zn(NO;),.6H,0, 327 g/mol, 98%, Sigma-Aldrich), and
liquid hydrochloric acid (HCI, 36.6 g/mol 1.19 g/cm?, 37%,
Sigma-Aldrich) were used. 0.1 M NaOH and 0.1 M H,SO,
were used for pH adjustment.
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Fig.2 XRD diagram of OB-ZnO NPs obtained with basil stalks
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2.2 Preparation of extract of OB plant stems

OB plant was collected in the Mazidag: district of Mardin
(Turkey) province in July. The OB handles were thoroughly
rinsed with tap water to remove dust particles and then washed
again with distilled water. It was dried in the shade for about 5
days, and the stem parts of the plant used in the experimental
studies were pulverized. Thirty grams of plant stem powder
was mixed with 200 mL of distilled water and heated at 85 °C
for 60 min. The solution was cooled then filtered using What-
man filter paper, and the resulting stem extract was stored at
4°C.

2.3 Biosynthesis of OB-ZnO NPs

For nanoparticle synthesis, 300 mL of a 0.1-M solution of zinc
nitrate salt was added to a reaction vessel. Then, 100 mL of
the stalk extract of the OB plant, which was prepared before,
was added. Then the mixture was left in the reaction medium
at 80 °C for 45 min. Phytochemicals, which consist of bioac-
tive groups including hydroxyl and amine groups, are present
in plant extracts. These phytochemicals participate in redox
processes and work as a reducing and stabilizing force to con-
vert the ionized Zn*? valence form to the ZnO state [37, 38].
Consequently, the production and stability of BA-ZnO NPs

Table 3 BET analysis of the OB-ZnO NPs

Parameter Result
Surface area (mz/g) 13.826

BJH* total pore volume (cm®/g) 0.0475 cm®/g
BJH average pore diameter (nm) 30.39 nm
Isotherm type Adsorption
Average particle radius (nm) 6.88

*BJH, Barrett-Joyner-Halenda
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can be attributed to the phytochemicals present in the plant
extract. At the onset of the biosynthetic production process,
a 0.1-molar NaOH solution was employed alone to adjust the
pH to 9.4 [39-41]. Biosynthesis was thereafter commenced,
and 45 min passed following the production of BA-ZnO NPs
in the initial 15 min (Fig. 1).

The reaction was terminated when the color of the solu-
tion changed to light brown. The resulting solution was cen-
trifuged at 4500 rpm. The solid was washed five times with
distilled water. Then, the solid part was left on a glass pellet,
dried in an oven at 65 °C and calcined at 500 °C for 1 h. The
obtained biologically sourced OB-ZnO NPs were stored for
use in the absorption process.

2.4 Adsorption studies

Experimental analysis was carried out in three repetitions.
In order to determine the optimum pH, experiments were
carried out at pH 3,5,7,9, and 11 in the presence of 0.005 g
adsorbent in a volume of 10 mL in the presence of an initial
concentration of 100 mg/L PCM. Then, isotherm studies
were carried out in the presence of 0.0125 g adsorbent at
0-200 mg/L PCM concentrations in a volume of 25 mL at
room temperature, pH 6, for 24 h. For the kinetic study,
removal efficiencies were investigated at a PCM concen-
tration of 100 mg/L in the presence of 0.1 g adsorbent in
50 mL volume at pH 6 at room temperature. The PCM con-
centration in each solution was measured at a wavelength
of 242 nm in a UV-vis spectrophotometer (Hach DR6000)

Relative Pressure (P\Po)

by passing through a 0.45 membrane filter attached to the
syringe tip. In the interpretation of the results, the removal
efficiency (R) was calculated using Eq. 1, and the calculation
of the amount of PCM removed per unit adsorbent (g,) was
calculated using Eq. 2.

CO B Ce
R(%) = x 100 (€]
Co
In Eq. 1, Cy and C, represent the initial and equilibrium
concentration (mg/L) of PCM, respectively.
(Cy—CoxV
g, = ——— @
m
In Eq. 2, again, C, and C, represent the initial and equi-
librium concentration of PCM, respectively (mg/L), m rep-
resents the amount of adsorbent used (g), and V represents
the total volume of the solution (L).

2.5 Adsorption kinetics and isotherms
Six different kinetic and six different isotherm models were
used to interpret the studies. The equations of the models

used and the definitions of the real terms in these equations
are presented in Table 1.

2.6 Error function test describing

Various error functions that try to interpret the values and
explain the relationship between these values by analyzing

@ Springer
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Fig.4 SEM images of OB-ZnO
NPs before reaction, a 1 um
(Mag, 10 KX), b 200 nm (Mag,
20 KX), ¢ 100 nm (Mag, 30
KX), d 100 nm (Mag, 50 KX),
e 5 um full area, f elemental
compositions, and g EDX graph
showing percentage (%)
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Table 4 Kinetic parameters calculated for the sorption of MB onto OB-ZnO NPs
Kinetic models Pseudo first order Pseudo second order Elovich Intra-Particle Liquid film diffusion Bangham
Diffusion
Parameters k;=0.052 k,=7113 $=907.353 ki=0 kg =0.037 m=3.82
q.=0.008 a=0.003 a=0.002 k,=0.002
R? 0.873 0.982 0.989 0.771 0.885 0.929
SSE 0.000 0.000 0.000 0.000 0.000 0.000
SAE 0.016 0.004 0.003 0.003 0.002 0.005
ARE 65.31 19.19 422 17.47 2491 11.17
HYBRID 92.435 16.898 0.920 10.309 95.213 6.719
MPSD 0.999 0.982 0.954 0.978 0.990 0.9703
x> 0.012 0.001 0.000 0.001 0.000 0.000

R? coefficient of determination, SSE sum of squares errors, SAE sum of absolute errors, ARE average relative errors, HYBRID hybrid fractional
error function, MPSD Marquardt’s percent standard deviation, X> non-linear chi-square test

the results obtained from the experimental studies were
used. These error functions are summarized in Table 2 [51].

3 Results and discussion

3.1 Characterization of OB-ZnO NPs of biogenic
origin

OB-ZnO NPs obtained from basil stalks were characterized
using different techniques. The optical absorption spectrum
was first determined with a UV-vis spectrophotometer (UV-
1800, SHIMADZU, Kyoto, Japan) at the maximum forma-
tion wavelength of OB-ZnO NPs in the 250-800 nm range.
Functional groups of synthesized OB-ZnO NPs before and
after absorption were determined by Fourier transform infra-
red spectrometer (SHIMADZU) binding. The morphological
structure of OB-ZnO NPs before and after absorption was
determined by energy-dependent field emission scanning
electron microscopy SEM-EDX (JEOL, Tokyo, Japan) at

different magnification scales. Electron-dispersed X-rays of
nanoparticles were used to indicate the elemental composi-
tion in the structure. The crystal size of nanoparticles was
determined by using the X-ray diffraction analysis method
(XRD) in the range of OB-ZnO NPs 20: 2—-80. For particle
size distribution and zeta potential, OB-ZnO NPs were soni-
cated for 5 min for samples and then quantified with Malvern
Zetasizer (Malvern Instruments Ltd., Malvern, UK).

3.2 X-ray diffraction (XRD)

X-ray diffraction was used to examine the manufactured
material’s crystal structure. A system for X-ray diffraction
with a range of 1 to 80 A was used to find the X-ray dif-
fraction pattern of OB-ZnO NPs. Figure 2 shows the XRD
structures of green synthesized OB-ZnO NPs. Powdered
OB-ZnO NPs exhibited a series of peaks at 20 and 31.76°,
34.42°,36.26°,47.57°, 56.86°, 62.83°, 67.93°, 72.00°, and
76.00° on the X-ray diffraction pattern. The peaks seen cor-
respond to the expansion of the lattice planes associated

Table 5 Calculated isotherm parameters for the sorption of PCM onto OB-ZnO NPs

Isotherms Freundlich Langmuir Temkin Dubinin-Radushkevich Redlich-Peterson Sips

Parameters kp=0.055 k; =-0.112 Br=—-522.58 kp=—5.757 a=1.155 n=—0.681
I/n=-0.153 R, =1.003 kr=0 q,=0.029 ag=15.715 k,=0.004

Grmax=0.023 kr=0.878

R? 0.921 0.993 0.943 0.284 0.999 0.999

SSE 0.000 0.017 0.000 0.000 0.000 0.005

SAE 0.006 0.137 0.005 0.015 0.006 0.157

ARE 3.7 75.5 2.8 10.1 3.7 100.0

HYBRID 0.13 114.29 0.24 1.16 0.18 249.99

MPSD 0.936 1.001 0.942 0.956 0.939 1.009

x> 0.000 0.450 0.000 0.002 0.000 0.157
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Fig.5 SEM images of OB-ZnO
NPs after reaction, a 1 um
(Mag, 10 KX), b 200 nm (Mag,
20 KX), ¢ 100 nm (Mag, 30
KX), d 100 nm (Mag, 50 KX),
e 5 um full area, f elemental
compositions, and g EDX graph
showing percentage (%)
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with Bragg’s angles (100), (002), (101), (102), (110), (103), pattern (hexagonal wurtzite structure) of BA-ZnO NPs
(200), (112), (004), and (202). BA-ZnO illustrates the crys- as determined by XRD is consistent with the JCPDS no.:
tal structural pattern of NPs. The parallelism of the crystal =~ 36—1451 standard powder diffraction model [40, 41, 59].
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Fig.6 FTIR diagram of OB-ZnO NPs before and after reaction

Other peaks that do not belong to ZnO in the XRD pattern
of BA-ZnO NPs are due to the phytochemicals present in
the plant extract that are responsible for reduction and coat-
ing [60, 61]. The dimension of the crystallite of the green
synthesis OB-ZnO NPs was calculated using Bragg’s law
(=2dsin) and the Debye-Scherrer equation, following equa-
tion numbered 3:

_ KA
"~ (Bcos® G)

while D represents particle size (nm), K fixed as 0.89, 4
wavelength X-ray fixed as 1.5406 (A), p the half of value of
the highest peak 18.13° (radians) (FWHM = 0.483), and 6
angle of fracture.

According to this equation, the size of the nanoparti-
cles was found to be 30.39 nm. In similar studies, it has
been determined that they have approximately similar XRD
results and cubic structures [62—-65].

3.3 Brunauer-Emmett-Teller (BET)

For BET, if larger holes are present in micropore materi-
als, which absorb more N, at relatively low pressures,
the curve may reach a limiting value or increase when
the ratio is close to 1. According to Figure 3, the N,
adsorption-desorption isotherm of the created adsorbent
can be categorized as a type I isotherm. In this diagram,
the adsorption isotherm directly touched the P/Po = 1
line. According to Table 3, the OB-ZnO NP-specific sur-
face area based on the BET surface area analyzer is 13.82
m?/g. Additionally, the BJH measured an average pore
width of 30.39 nm and the total pore size of 0.0475 cm*/g.
OB-ZnO NPs can be compatible with the mesoporous
structure because its average pore size was in the range
of 2 to 50 nm according to Figure 3 [66-69].

3.4 Scanning electron microscopy and energy
dispersive X-ray (SEM-EDX)

Scanning electron microscopy (SEM) is an important
technique for studying the textural structure, surface mor-
phology, structure, and particle size of an adsorbent. Fig-
ure 4 SEM images of synthesized OB-ZnO NPs adsorbent
were taken as images at different magnifications such as
10,000-50,000. The photographs show the similarity of
microparticles with an average particle size of 100 nm—1
pm. And it shows that the outer surface of the OB-ZnO
NP powder is composed of interconnected rod-like par-
ticles and small flower forms, forming holes, thus form-
ing an image. As can be seen in the structure, the large
surface area of the perforated structures increases the
adsorbing capacity. Elemental compositions of OB-ZnO
NPs were determined using EDX analysis as shown in
Figure 5. The presence of zinc was confirmed at 1.0, 8.7,
and 9.2 eV, which is typical for the absorption of metallic
ZnO NPs nanocrystalline due to surface plasmon reso-
nance according to the EDX spectrum. Besides Zn and
O peaks, weak signals from C, S, O, Ca, and K elements
were also detected. It can be said that these weak signals
come from the plant extract and the Ca and K peaks come
from the water. The composition of each element in the
prepared material is shown in Figures 4 and 5. As a result
of the reaction, when the SEM-EDX analysis is examined,
the presence of nitrogen in the structure of the adsorbing
substance PCM and an increase in the amount of oxygen
show that the accuracy of the adsorbing process is clear.
It is consistent with previous work on the synthesis of
ZnO NPs [70-72].

3.5 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectrophotometric measurements of OB-ZnO NPs
before and after adsorption were made and presented in
Fig. 6. OB-Zn ONPs were used to detect the phytochemicals
responsible for adsorption. In this study, it was determined
that FT-IR, as capping and stabilizing agents, recorded dif-
ferent bands for the functional groups of phytochemical
compounds responsible for the biosynthesis of OB-ZnO
NPs. Bands and functional groups in the biosynthesis of
OB-ZnO NPs were analyzed using FTIR. The 3280 cm™!
peak that is evident before the reaction is —OH or —NH, the
peak at 1600 cm™" is carbonyl C=0 or N=0, the peak at
1093 cm™! belongs to the Ar—O-Ar or Amid II band, and
the peak at 615 cm™". It is thought that the peak at cm™"
may belong to —CH due to aromatic groups. Post-reaction
shifts occurred in these prominent peaks detected in the zinc
nanoparticle. This result clearly shows that the adsorption
process, that is, the binding, is on these groups. As a result,
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Fig.7 DLS particle size distribution (a, b) and zeta potential (c) of synthesized OB-ZnO NPs

the disappearance of the peak at 615 and the higher shift on
the peak at 1093 clearly indicate that the binding is on these
groups. [73-75].

3.6 Dynamic light scattering (DLS), Zetasizer

OB-ZnO NP size distribution image (DLS) oxide nanoparti-
cle is shown in Fig. 7a and b. It is clearly seen in Fig. 6 that
the size distribution of the observed zinc oxide nanoparticles
ranges from 10 to 40 nm to the medium. The zeta potential
of biosynthesized OB-ZnO NPs was found to have a distinct
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Fig.8 Temperature-dependent TGA-DTA curve of OB-ZnO NPs
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peak at —22.1 mV, indicating that the nanoparticles are dis-
persed. This result shows that the synthesized nanoparticles
are negatively charged and that the phytochemicals present
in the plant extract also play a role in the reaction. A nega-
tive zeta potential value indicates that the nanoparticles are
negatively charged and takes part in adsorption processes.
Despite negative values, it is associated with the stability of
moderately dispersed nanoparticles in the medium [76, 77].

—— Raw

— Dilution rate: 3/4
— Dilution rate: 2/4
— Dilution rate:1/4

Absorbance

T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Fig.9 UV-vis spectra of OB-ZnO NPs
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Fig. 10 Regression curves of each kinetic model (a pseudo first order, b pseudo second order, ¢ Elovich, d intra-particle diffusion, e liquid film

diffusion, f Bangham)
3.7 Thermogravimetry—differential thermal shows that 33% of the obtained OB-ZnO NPs still experi-
analysis (TGA-DTA) ence mass loss up to about 750 °C, and in this case, the

obtained nanomaterial is durable at high temperatures. The
DSC-TGA analysis of OB-ZnO NPs of biological origin was  results obtained are in good agreement with the available
carried out to examine the thermal phenomena occurring in  literature [68, 78, 79].

the sample while it was heated from room temperature to

9000 °C. TGA of the synthesized samples was carried out by 3.8 UV-vis spectroscopy

heating under N, gas in an alumina crucible at 10 °C min~!

in atmospheric air. The DTA-TGA curve of OB-ZnO NPs  In current bio-assisted synthesis protocols, the reaction is
synthesized from basil stalk extract is shown in Figure 8. It ~ mixed with OB aqueous sap extract and zinc nitrate salt (1:3)
is seen in Figure 8 that the mass percent loss of the different ~ and allowed to react. When the color change was observed
temperature curves in the sample is 14.31% at 25-290 °C,  after 30 min, the measurement was taken on the UV-vis
and the mass percent loss at 290-730 °C is 22.464%. This spectrophotometer (Hach DR6000), and the maximum
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formation wavelength was determined and presented in Fig-
ure 8. The observed color change was due to surface excita-
tion, which is the plasmon resonance of the OB-ZnO NPs,
with a peak at 373 nm. In the literature, it has been reported
that the UV-vis spectra taken for the zinc oxide nanoparti-
cle biosynthesized using Solanum torvum show a maximum
absorption peak at 373 nm (Figure 9). There is a characteris-
tic peak for OB-ZnO NPs synthesized in our study, and it is
believed to be spherical in a single sharp absorbance condi-
tion in the same direction as stated in Mei’s theory [80, 81].

3.9 Adsorptive removal of PCM
3.9.1 Adsorption kinetics

In order to access general information about the basic mech-
anisms of adsorption, it is necessary to make a kinetic evalu-
ation. In this way, it is learned how long the reaction took
place and the step of the pollutant adsorbing rate is deter-
mined [82]. In this study, 6 different models were studied to
make a kinetic evaluation, and the results are summarized
in Table 4. On the other hand, the regression curves of each
of the models are presented in Fig. 10. On the other hand,
the graph showing the total amount of pollutant removed
per unit adsorbent obtained in experimental studies and the
change of values calculated from kinetic models against time
is presented in Fig. 11.

The yields and g, values obtained under equilibrium
conditions at pH 3, 5, 7, 9, and 11 were calculated as
16.74, 16.91, 16.89, 16.82, and 14.88 mg/g, respectively.
In this context, although the highest removal is seen at
pH 5, the natural pH of the solution is around 6, the dif-
ference in removal efficiency is not very high, and kinetic
and isotherm studies were carried out at this pH in order
to avoid unnecessary acid consumption for this difference.
Accordingly, R? values of pseudo first order, Intra-particle
diffusion, liquid film diffusion, and Bangham models were
obtained as 0.873, 0.771, 0.885 and 0.9929, respectively.
The R? value of the Elovich model was found to be 0.989,
while that of the pseudo second order model was calcu-
lated as 0.982. If the SAE value, which is expressed as the
sum of the absolute errors between the values calculated
with the experimental results, is examined, it is calculated
as 0.003 for Elovich and 0.04 for the pseudo second order.
Again, the HYBRID values calculated as the division of
the SSE values by the predicted value were calculated
as 16.898 for the pseudo second order and 0.920 for the
Elovich. Again, in a similar situation, X2, which is the ratio
of the square of the difference between the values calcu-
lated with the experimental results and defined as the non-
linear chi-square test, to the calculated values, was calcu-
lated as 0.001 for the pseudo second order but O for the
Elovich. When the literature was examined, the Elovich

kinetics model was suitable with an R* value of 0.990 in
the study in which Hg removal was performed with gra-
phene oxide—iron magnetic nanoparticle [83]. In addition,
in the study in which tetracycline removal was performed
by incorporating ferroferric oxide into powdered activated
carbon, it was determined that the Elovich kinetics model
was suitable with an R? value of 0.996 [84]. In addition, in
a study in which nitrate removal was performed only with
ZnO NP and with chitosan-polystyrens Zn NP, 4.2 mg/g
NO; removal efficiency was achieved with only ZnO NP
and 0.45 mg/g NO; removal efficiency with chitosan-pol-
ystyrens Zn NP, and R? values of 0.999 and 0.988 were
achieved with both NPs. It has been revealed that the most
appropriate kinetic model is Elovich [85]. In the Elovich
model, it is stated that there is a chemical adsorption
mechanism, and as a result of the contaminant covering
the adsorbent surface, the adsorption rate decreases over
time, that is, the adsorption rate decreases exponentially
as the amount of adsorbed pollutant increases [86, 87].
Therefore, the amount of adsorption of PCM ions on OB-
ZnO NP decreased with time.

3.9.2 Adsorption isotherms

Various isotherms are used to explain the relationship
between pollutant and adsorbent at stable conditions in
adsorption. In this way, the specifications of the surface
to which the contaminant adheres are determined. Six of
the isotherms frequently used in water quality applications
were used in our study, and the results are summarized in
Table 5. On the other hand, the regression curves of each
of the isotherm’s models are presented in Figure 12. On the
other hand, the graph showing the change in the amount of
pollutant removed per unit adsorbent obtained in the experi-
mental studies and the values calculated from the kinetic

®- Experimental, @ Pseudo [irst order,
0.010 A Pscudo second order, v Elovich,
@ Intra-Particle Diffusion, -~ Liquid film diffusion , 'Y
»- Bangham
0.008 - 4
S e S ¥
S 0.006 P & 4
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=, 4
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0.002 + ; /
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Fig. 11 Graph of change of kinetic evaluation experimental and theo-
retical removal efficiencies versus time
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Sips

models, against the equilibrium concentration, is presented

in Figure 13.

If the results are examined, the R? value of the Dubinin-

Radushkevich

model is quite low (0.284) compared to the

others. On the other hand, R? values of Freundlich and Tem-
kin models were calculated as 0.921 and 0.943, respectively.
However, the R? value of the Redlich-Peterson and Sips
model was calculated as 0.999. Error functions were used
to choose the most appropriate model [88]. When looking

at the diversity

(SSE) between the data, this value is 0.005

in the Sips model, but O in the Redlich-Peterson model. In

addition, when

the sum of absolute errors (SAE) between the

values calculated with the experimental results is examined,

@ Springer

it is found to be 0.157 in the Sips model and 0.006 in the
Redlich-Peterson model. In addition, when the ratio of the
square of the difference between the data in the experiments
and the calculated values (non-linear chi-square test, X?) was
calculated as O in the Redlich-Peterson model. Moreover, if
the ARE, HYBRID, and MPSD values are examined, it is
clear that these values are higher in the Sips model. There-
fore, when looking at the error functions as well as the R?
value in choosing the best model, it can be seen that the
most suitable model for our study is the Redlich-Peterson
model. When the literature was examined, the Freundlich
and Redlich-Peterson models were calculated as the most

suitable

model with an R? value of 0.867 in the reaction with



Biomass Conversion and Biorefinery (2024) 14:10771-10789

10785

0.18 — T T T T T T T T T 0.040
-
0.16 ~\\ +0.038
N\
I8 \ ®— Experimental [0.036
0.124 ¢ A Langmuir
‘\'~‘.-\.\‘ # - Dubinin - Radushkevich [0.034
S 0.104 N\ < Sips =
) + Freundlich 0.032 =0
Lc)n 0.08 k- - Temkin L;D
g N - Redlich-Peterson F0.030 £
E; 0.06 =
+0.028
0041 ¢ 4
102 ] g t T3 Loos
~
0.00 1 P | L « r0.024
T T T T T T T

T T T
100 120 140 160 180 200
Ce

0 20 40 60 80

Fig. 13 Graphical representation of Ce value versus g, values
obtained experimentally and theoretically in isotherm evaluation

5.03 mg/g removal efficiency in the study in which phos-
phate adsorption on magnetic iron oxide NP was examined
[89]. On the other hand, in the study examining the adsorp-
tion of heavy metals on chitosan nanofibers, NP functional-
ized with TiO,; the Redlich-Peterson model was found to be
suitable with the highest R? value of 0.991 [90]. In another
study, the adsorption of Co(II) with NiO NP with a size of
3040 nm was performed, and the Redlich-Peterson model
was evaluated as the most suitable model with an R? value
of 0.99 [91]. In our study, it is stated that the most suitable
model for PCM removal of OB-ZnO NP is the Redlich-
Peterson model with an R* value of 0.999, and the single-
layer reaction of OB-ZnO NP is the dominant reaction in
removing PCM ions [90].

3.9.3 Adsorption mechanism

The produced OB-ZnO NPs were not soluble in water, and
as can be seen from the pH,, . values, in the optimum adsorp-
tion observed at lower pH values between 2.0 and 8.0, the
electrostatic interaction ensured that the biosynthesized NPs
had too much activity on paracetamol adsorption. Therefore,
intermolecular mechanisms such as bonding and van der
Waals transfers, which are not affected by charged species
in distribution, likely govern the adsorption of paracetamol
[23].

3.10 General assessment on removal efficiencies

The summary of the treatment studies with nanoparticles
in the literature is presented in Table 6. The particle size of
OB-ZnO NP obtained from the Arachis hypogaea plant was
measured as 68.61 nm, and ophthalmic and ciprofloxacin
drugs were removed with this product. While the use of 10
g/L adsorbent was reported in the adsorption experiment at

room temperature, it was reported that the drug concentra-
tion removed per unit adsorbent was 8.07 mg/g [92]. On
the other hand, the particle size of the NP obtained by ZnO
coating on the zeolite material was measured in the range
of 27-47 nm, and it was reported that the removal efficiency
of Acid red 57 and Remazol red dyes was high with this
product [93]. In addition, in a different study with Zn-coated
NP, the photocatalyst and adsorptive properties of NP were
investigated. In the study, in which products with a surface
area of 8-40 m?%/g and a size of 30~100 nm were obtained,
tetracycline and ibuprofen were removed from pharmaceu-
tical wastes, and it was reported that a removal efficiency
of 2-10 mg/g was reached and NP also had photocatalytic
properties [94]. On the other hand, in the study where the
removal efficiency of ciprofloxacin from the continuous fed
system of ZnO was examined, it was reported that 6.1 mg/g
removal efficiency was reached, and the application and
operation were easy [95].

On the other hand, chitosan-reinforced Fe-NPs with a
size of 15-20 nm were synthesized. In a study in which
bisphenol-A removal was performed with these, it was
reported that a removal efficiency of 65.16 mg/g was
achieved [100]. On the other hand, in the adsorption study
where the removal of 2 types of neutral aromatic carba-
mazepine was carried out with a lignin-based composite
nanoparticle, it was reported that a removal efficiency of
91-150 mg/g was achieved thanks to the functional groups
of the nanoparticle [101]. In addition, hematite-derived
nanoparticles were produced, and particles with a size of
15-41 nm were obtained. In a study where carbamazepine
was removed with these, it was reported that a removal
efficiency of 2.89 mg/g was achieved [102]. In our study,
the surface area of OB-ZnO NP obtained from OB plant
wastes was measured as 13.826 m?/g, the maximum par-
ticle diameter was 30.39 nm, and the PCM removal effi-
ciency was calculated as 23 mg/g.

4 Conclusions

The results obtained in this study, in which the characteri-
zation of OB-ZnO NPs produced in OB plant wastes and
adsorption tests for PCM removal were performed, are
briefly listed below:

— It was calculated that the size distribution of OB-ZnO
NPs ranged from 10 to 40 nm to medium and the aver-
age size was 30.39 nm.

— BET surface area analyzer of OB-ZnO NPs is 13.826
m?/g and total pore size of 0.0475 cm>/g.

— The zeta potential of biosynthesized OB-ZnO NPs is
—22.1 mV.

@ Springer



10786

Biomass Conversion and Biorefinery (2024) 14:10771-10789

— Since OB-ZnO NPs experience a mass loss of 33% at
about 750 °C, these NPs show that they are durable at
high temperatures.

— Six different kinetic and isotherm models are studied
and used in error function tests to compare kinetics and
isotherms.

— The most suitable kinetic model for PCM removal with
synthesized OB-ZnO NPs was Elovich with an R? value
of 0.989, and the most suitable isotherm model was
Redlich-Peterson with an R? value of 0.999.

— The amount of PCM removed per unit of OB-ZnO NP
was calculated as 23 mg/g.

This study shows that ZnO NPs obtained from waste
OB plant are effective in PCM removal.
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