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Abstract: In this study, porous biochar (PvBC) was obtained by the pyrolysis of bean (phase-
olus vulgaris) plant at 600 ◦C, and then activated biochar (PvBCZn) was synthesized by
ZnCl2 activation at an equal biomass ratio (1.0:1.0). Some analytical techniques (SEM-EDX
(scanning electron microscopy–energy dispersive X-ray spectroscopy), TGA/DTA (Thermo-
gravimetric/Differential Thermal Analysis), BET (Brunauer–Emmett–Teller), FTIR (Fourier
Transform Infrared Spectroscopy) and XRD (X-ray diffraction)) were used to characterize
both PvBC and PvBCZn. In addition, their antibiotic sensitivity, water solubility, moisture
content and swelling behavior were investigated in detail. Furthermore, both PvBC and
PvBCZn were used for the adsorption of primamycin la, an anti-inflammatory drug used in
veterinary medicine whose active ingredient is oxytetracycline, in a milk sample. The effect
of both pH and adsorbent dosage on the adsorption capacity was investigated. Based on
adsorption studies, while the maximum adsorption capacity (qmax) of PvBCZn was found
to be 188.48 mg/g, that of PvBC was found to be 122.49 mg/g. According to these results,
PvBCZn is an excellent adsorbent for the removal of primamycin la from milk samples. The
Langmuir isotherm model and the pseudo-second-order kinetic model were more suitable
to describe the adsorption behavior of primamycin la. The PvBCZn adsorbent exhibited
rapid removal exceeding 75% in the first 20 min and reached equilibrium after about 50 min.
In addition, studies on the desorption and reusability of PvBCZn were carried out under
the same optimum experimental conditions. The qmax value of PvBCZn was found to be
171.40 mg/g even in the fifth cycle, confirming the idea that it is a potential adsorbent for
the removal of primamycin la. At the same time, the antimicrobial activity of PvBCZn
against Escherichia coli bacteria increases its potential to be used in both purification systems
and hygiene products.

Keywords: adsorption; bean (Phaseolus vulgaris); antibiotic sensitivity; natural biochar;
swelling behavior

1. Introduction
Some milk and dairy products, which are of irreplaceable nutritional importance,

may contain undesirable residues, such as veterinary drugs, pesticides, mycotoxins, heavy
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metals, dioxins and chemical substance residues [1]. Many of the antibiotics in pollutants
remain in active form because they cannot be metabolized in the body [2,3]. Antibiotics
belonging to the tetracycline class are effective antibacterial agents with widespread use
in the prevention of both human and animal diseases [4]. Oxytetracyclines are the most
widely used antibiotics in the tetracycline class for the treatment of various infections in
both animals and humans.

Primamycin la is a broad-spectrum antibacterial drug used in horses, goats, cattle
and sheep, and its active ingredient, oxytetracycline, can cause harmful and toxic effects
on humans even at low concentrations [5]. Milk obtained from lactating cattle, goats and
sheep should not be offered for human consumption during treatment and for 12 days
(24 milkings) after the last drug application. Not selling milk for 12 days economically
harms the producer, while milk sold without waiting for this period harms the consumer.
Therefore, the removal of oxytetracycline from both milk and dairy products is very
important for both economic and health reasons. The tolerance levels of oxytetracycline
in milk have been set by both the United States Food and Drug Administration and the
European Union as 300 µg kg−1 and 100 µg kg−1, respectively [6].

Currently, many different methods, such as photocatalytic degradation [7,8], biological
treatment [9,10], electrochemical treatment [11,12], filtration [13,14], ultrasound degrada-
tion [15,16], advanced oxidative process [17,18] and adsorption [19–22], are used to remove
antibiotics. With respect to other methods, adsorption has widely been used in the removal of
tetracycline class antibiotics in recent years due to its environmental friendliness, high adsorp-
tion capacity, low cost, high efficiency, ease of application and short processing time [23,24].
The use of biomass as an adsorbent for the removal of pharmaceuticals is currently a pop-
ular research topic. Biochar (BC), a solid carbonaceous product of biomass pyrolysis, has
advantages, such as economic viability, carbon sequestration potential, a porous structure,
various surface functional groups and a large surface area [25,26]. For these reasons, activated
carbon and biochar, which are porous carbonaceous materials, have attracted attention as
adsorbents for the removal of both organic and inorganic pollutants in recent years [27–31].
The activation of biochar after the pyrolysis process is generally used to further strengthen
biochar porosity, charge density and surface area [32]. There are many chemical activating
agents, such as KOH, NaOH, NH3, K2CO3 and ZnCl2, which are alkaline, and HNO3, H3PO4

and H2SO4, which are acidic and used for activation. Among them, ZnCl2 has been widely
used as both an activator and co-pyrolysis agent for the synthesis of BC [32,33].

In this study, the remaining branches, leaves, husks and stalks of beans after harvesting
from gardens, fields and along roadsides were used to produce BC to add value and
eliminate these wastes. Then, the biochar was activated with ZnCl2, and both porous
biochar (PvBC) and activated biochar (PvBCZn) were used for the removal of primamycin
la from a milk sample. Kinetic and isotherm studies of the best adsorbent were carried
out. In general, one of the biggest problems in terms of human health is the increase in
the number of microorganisms resistant to antibiotics. The uncontrolled application of
antibiotics to lactating animals is one of the most important reasons for the development of
resistance. As a result, the treatment of human diseases is delayed, and allergic reactions,
such as asthma, etc., are increased in humans, the number of resistant microorganisms
in the environment increases, and the quality of important animal products, such as
milk, is impaired, causing economic losses [34]. For this reason, antibiotic sensitivity
studies were also conducted. Antimicrobial activity studies were performed by the disk
diffusion method using erythromycin (10 µg) and chloramphenicol (10 µg) antibiotics for
Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 35150 bacteria, respectively.

The aim of this study is to determine the potential of converting bean plant, which
is an agricultural waste, into both PvBC and PvBCZn and to investigate their uses as
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adsorbents in the removal of primamycin la, which is widely used in veterinary medicine,
from milk samples. The comparison of adsorption capacities, moisture contents, water
solubility, swelling behavior and antimicrobial susceptibility tests of both the obtained
PvBC and PvBCZn also provides insights, helping to address the scarcity of drug removal
studies using raw milk samples.

2. Materials and Methods
2.1. Chemicals and Reagents

Bean (Phaseolus vulgaris) plant residues were collected from agricultural fields in
Isparta city in Turkey, and then they were dried and ground with a blender. Zinc chloride
hexahydrate (ZnCl2·6H2O) was obtained from Merck, New Jersey/USA. Ultrapure water
was used for the preparation of all solutions. Milk sample was obtained from a local vendor
and kept in the refrigerator.

2.1.1. Preparation of PvBC and PvBCZn Biochars

Ground bean plant powder, weighing 100 g, was placed in crucibles and burned in
a muffle furnace Ankara/Turkey at 600 ◦C for 30 min. After cooling, it was washed with
plenty of ultrapure water (18 MΩ·cm) and dried in an oven at 80 ◦C. The obtained PvBC
was stored in glass bottles. To synthesize activated biochar, both PvBC and ZnCl2·6H2O
were mixed at a weight ratio of 1.0:1.5, and the mixture was stirred in a magnetic stirrer
Schwerte/Germany at 500 rpm until homogeneous. Then, the mixture was placed in
crucibles and pyrolyzed at 600 ◦C for 30 min. After cooling, the mixture was washed three
times with ultrapure water and filtered. The filtrate was dried in an oven at 80 ◦C.

2.1.2. Characterization of Biochar and Activated Biochar

SEM-EDX (Carl Zeiss EVO-LS 10), XRD (Bruker D8 Advance, Kα radiation with about
2θ: 10–90◦), FTIR (Perkin Elmer Fronter), TG/DTA (SEIKO SII, 7200) and N2 Adsorption–
Desorption Isotherms (Quantachrome Quadrasorb SI, 77K, P/P0~0.99) were used to de-
termine the different surface morphologies, carry out a surface elemental analysis and
determine the thermal stability and chemical structures of the prepared biochars. A few
drops of NaOH and HCl were used for pH change and measured with a pH meter (Thermo
Scientific, Orion 3 Star, Istanbul/Turkey). XRD, FTIR and TG/DTA analyses were per-
formed at Burdur Mehmet Akif Ersoy University/Turkey (Central Laboratuary) and SEM-
EDX and N2 Adsorption–Desorption Isotherms were performed at Çanakakale 18 Mart
University/Turkey (Science and Technology Application and Research Centers).

2.2. Adsorption Experiments

A milk sample of 500 mL was heated to 40 ◦C and then taken into ten falcon tubes and
centrifuged at 7000 rpm for 10 min. Then, the filtrate was again heated to 40 ◦C, centrifuged
at 7000 rpm for 10 min and filtered again. The same procedures were repeated once more.
A 1000 mL stock solution was prepared by taking 100 mL from the milk sample, and it was
centrifuged and filtered three times.

The adsorption of primamycin la using both PvBC and PvBCZn adsorbents was
performed with the batch adsorption method. The effects of some experimental param-
eters, such as pH (3–11) and adsorbent amount (10–50 mg), on the adsorption capacity
were investigated. Both adsorption isotherm and kinetic studies were carried out at ini-
tial concentrations between 2 and 250 mg/L primamycin la at 298 K for 75 min. The
removal/adsorption experiments of primamycin la were performed by using UV-Vis spec-
trometer (Shimadzu UV-1800, from 200 nm to 1100 nm) at 276 nm.
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2.3. Moisture Content, Water Solubility, and Swelling Behavior

The water solubility (WS), swelling behavior (SB), and moisture content (MC) of both
PvBC and PvBCZn were determined gravimetrically. Both PvBC and PvBCZn were first
weighed (m0) after being kept in a desiccator. They were then dried at 105 ◦C for 24 h and
weighed again (m1). Subsequently, the dried PvBC and PvBCZn were immersed in 50 mL
of ultrapure water at 25 ◦C in a shaking water bath for 24 h. After filtration to remove
surface water, both PvBC and PvBCZn were weighed again (m2) and then dried at 105 ◦C
for 24 h. Afterward, they were weighed again (m3). Furthermore, the water solubility (WS),
swelling behavior (SB) and moisture content (MC) were calculated using Equations (1)–(3),
respectively [35]:

WS(%) =

(
m1 − m3

m1

)
100% (1)

SB(%) =

(
m2 − m1

m1

)
100% (2)

MC(%) =

(
m0 − m1

m0

)
100% (3)

2.4. Antimicrobial Activity

For antibacterial tests, Gram-positive Staphylococcus aureus (Catalog No: ATCC 25923)
and Gram-negative Escherichia coli (Catalog No: ATCC 35150) were used to evaluate the
antibacterial properties of both PvBC and PvBCZn prepared through the disk diffusion
method. Freshly activated bacterial cultures on 4 mm thick Mueller Hinton Agar were
inoculated onto the entire surface with 0.5 MacFarland setting (in 0.9% NaCl). An amount
of 10 µg of erythromycin and 10 µg of chloramphenicol antibiotics were used against both
Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 35150 bacteria, respectively.
The commercial disks impregnated with antibiotics were used for the disk diffusion method.
The antibiotic solutions placed in the wells were kept for 30 min, and then the prepared
plates were incubated in an oven at 37 ◦C for between 16 and 18 h.

3. Results and Discussion
3.1. FTIR Spectra and X-Ray Diffraction of Both PvBC and PvBCZn

In the FTIR spectrum of PvBC (Figure 1a), some peaks at about 1450 cm−1 (C=C
aromatic rings) and 1024 cm−1 (C–O groups) [36,37] were observed. Moreover, in the
FTIR spectrum of PvBCZn, these peaks were shifted, and a new peak at around 605 cm−1

confirmed the presence of metal oxides (Zn–O group) in this material [38].
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As seen from the XRD of PvBCZn (Figure 1b), the presence of zinc in the structure was
confirmed by the observation of JCPDS Card 00-007-0155. In the pyrolysis that took place
at 600 ◦C and accompanied by H2 gas, Zn+2 turned into ZnO. A possible reaction during
the pyrolysis step is as follows [22]:

5ZnCl2·6H2O(k) + 26H2(g)
600◦C→
△

Zn5(OH)8Cl2·H2O(k) + 21H2O(g) + 4Cl2(g)

when FTIR and XRD analyses are evaluated together, it is seen that ZnCl2 activation causes
significant changes in the BC structure. The FTIR results confirm the presence of Zn-O
bonds, while the XRD analysis supports the formation of the crystal structure of ZnO.

3.2. Nitrogen Gas Adsorption/Desorption Isotherm of Both PvBC and PvBCZn

The nitrogen adsorption/desorption isotherms and the pore size distribution of both
PvBC and PvBCZn are shown in Figure 2a,b, respectively. Their isotherms can be considered
as Type IV and hysteresis Type H4. It is seen that the SBET (BET-specific surface area) of
PvBCZn increases and the Vtotal (total pore volume) decreases. The reason for this is that
Zn also settles in the pores apart from its different interactions. The BET-specific surface
areas of both PvBC and PvBCZn were found to be 92.3 m2/g and 101.5 m2/g, respectively.
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3.3. Scanning Electron Microscopy–Energy Dispersive X-Ray Spectrometry

The SEM-EDX analysis (Figure 3) also confirmed the activation of PvBC by ZnCl2.
The SEM image of PvBCZn (Figure 3b) shows that Zn is deposited in the pores of the
biochar surface. In the EDX analysis of PvBCZn, it can be seen that while the amount of C
decreased, the presence of Zn was observed, which is in good agreement with the FTIR
and XRD results (Figure 1).
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Figure 3. SEM images and EDX analysis of (a) PvBC and (b) PvBCZn.

The SEM image (Figure 3a) shows that the surface of PvBC has a relatively smooth and
dense structure. On the other hand, PvBCZn exhibits a more porous and heterogeneous
structure in the SEM image (Figure 3b). The irregularity and increase in voids on the surface
indicate that the activation process changes the physical properties of the BC. The EDX
analysis reveals that BC contains the main elements: C (58.1%), O (31.0%), Ca (10.7%) and
low levels of Mg (0.2%). This result indicates that the BC is carbon based, and the low
amount of Mg indicates that the mineral content is limited. The EDX analysis performed
after ZnCl2 activation shows that the C (42.0%) and O (37.0%) ratios are reduced, but
a significant amount of Zn (16.9%) is observed. The presence of Zn confirms that the
activation process was successful, and Zn was incorporated into the BC structure. As
a result, ZnCl2 activation significantly changed the surface morphology and elemental
composition of BC. The more porous structure and increased Zn content resulting from
activation can increase both the adsorption capacity and chemical stability of PvBCZn.
These changes can improve the performance of BC, especially in water resistance, ion
exchange capacity, and other environmental applications.

3.4. Thermal Analysis of Both PvBC and PvBCZn

Figure 4 shows the thermal profile of both BCs. The thermal behavior was studied for
1 h at a temperature increase of 10 ◦C per min using an N2 atmosphere ranging from room
temperature to 650 ◦C. Amounts of 7150 mg of PvBC and 8729 mg of PvBCZn samples
were studied, and the mass losses calculated from the TG curves in Figure 4 were found
to be 9.79% and 11.45%, respectively. It is seen that this mass loss occurs in four stages:
0–100 ◦C, 100–250 ◦C, 250–500 ◦C and 500–650 ◦C.
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From the endothermic peak seen in the first stage of the DTA curves, it is understood
that the reason for the mass loss at this stage is the loss of moisture in the samples. The
exothermic peaks seen in the DTA curves (Figure 4a) between the 100–250 ◦C region and
250–500 ◦C region are related to chemical reaction or crystallization, which is in agreement
with the crystalline phases seen in XRD (Figure 1b). The mass loss in the last stage is the
smallest and corresponds to the thermal degradation of the carbon matrix.

3.5. Moisture Content, Water Solubility and Swelling Behavior of Both PvBC and PvBCZn

The water solubility, swelling behavior and moisture content of both PvBC and
PvBCZn are given in Table 1, confirming their water resistance.

Table 1. Moisture content—MC (%); swelling behavior—SB (%); and water solubility—WS (%) of
both PvBC and PvBCZn.

Sample Moisture Content—MC Swelling Behavior—SB Water Solubility—WS

PvBC 15.14% 12.13% 38.27%
PvBCZn 13.41% 10.58% 35.62%

Table 1 demonstrates that the incorporation of Zn in PvBCZn leads to a reduction in
moisture content, water solubility and swelling behavior (water absorption) compared to
PvBC. This reduction in moisture content can be attributed to the filling effect of Zn, which
occupies the voids within the composite structure, thereby enhancing its resistance to water.
Likewise, the possible reason for the decrease in the working behavior values may be the
decrease in the voids in the BC matrix. It is thought that the decrease in water solubility of
PvBCZn may be caused by the pairing of Zn with the functional group of BC.

3.6. Antimicrobial Activity Results

The disk diffusion results of both PvBC and PvBCZn are given in Table 2. According
to antimicrobial activity, while PvBC did not show antimicrobial activity against the Gram-
positive bacteria, it showed a smaller inhibition zone diameter against Gram-negative
bacteria with respect to PvBCZn. This feature makes both PvBC and PvBCZn usable in
water treatment systems and hygiene products.
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Table 2. Antimicrobial activities of both PvBC and PvBCZn.

Bacteria Sample Inhibition Zone Diameter [mm]

Staphylococcus aureus
ATCC 25923

PvBC 0.00
PvBCZn 9.00

Escherichia coli
ATCC 35150

PvBC 17.25
PvBCZn 23.50

3.7. Adsorption Studies of Primamycin La

Adsorption studies were carried out by taking 50 mL of the stock milk sample whose
preparation was described in the “Adsorption Experiments” Section. In the adsorption
experiments of Primamycin la with both PvBC and PvBCZn, the effect of some experimental
parameters, such as pH (3–11) and adsorbent dosage (10–50 mg), on adsorption was
investigated under the conditions of 20 ppm of a 50 mL solution at a 75 min contact time,
at room temperature and at a 250 rpm stirring speed (Figure 5).
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The best adsorbent for Primamycin la was found to be PvBCZn with the highest ad-
sorption capacity of 34.51 mg/g at pH = 7.5 (Figure 5a). The maximum adsorption capacity
increased to pH 7.0 and then decreased. This may be due to the repulsive forces between
the drug and the adsorbent. The active ingredient of Primamycin la, oxytetracycline, has
three acid dissociation constants (pKa) and four different forms depending on the pH of
the solution [39]. The maximum adsorption capacity at pH 7.5 corresponds to the range
where oxytetracycline passes into the neutral form. In the neutral form, weak electrostatic
repulsion forces occur between drug molecules and PvBCZn, and the adsorption efficiency
increases. After pH 7.5, with the transition of oxytetracycline into the anionic form, the
electrostatic repulsion forces between the adsorbent surface and drug molecules increase,
which leads to a decrease in the adsorption capacity.

As shown in Figure 5b, no significant increase and/or decrease in adsorption efficiency
was observed in the adsorbent dosage. This slight change can be explained by the fact
that as the adsorbent dosage increases, the probability of interaction between the empty
active sites and drug molecules decreases and the adsorbent does not agglomerate at the
amounts used.
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3.8. Adsorption Isotherms and Kinetics

To understand the mechanism behind adsorption and the rate at which the pollutant is
adsorbed on the surface, the adsorption reaction was carried out at different time intervals,
and kinetic parameters were calculated using pseudo-first-order, pseudo-second-order
and Elovich kinetic models (Table 3). For this purpose, 50 mL of milk solutions, including
20 mg/L of primamycin la, was taken, and the reaction was carried out at pH 7.5 using
25 mg of adsorbents (Figure 6a). The pseudo-first-order kinetic model is based on the
assumption that adsorption is limited to active sites on the surface and is often used to
estimate initial adsorption rates. The pseudo-second-order model emphasizes chemisorp-
tion and electron exchange or sharing at the adsorbent surface. The Elovich kinetic model
is used to describe the process of chemisorption, especially on heterogeneous surfaces,
and assumes that the adsorption rate is directly related to the unoccupied active sites on
the surface.

Table 3. Kinetic model data of primamycin la adsorption on both PvBC and PvBCZn.

Kinetic Model Parameters PvBC PvBCZn

Pseudo-first-order
(PFO)

k1 (min−1) 0.0761 0.1014
qe (mg/g) 24.0800 33.0164

R2 0.9619 0.9886

Pseudo-second-order
(PSO)

k2 (g/(mg.min)) 0.0029 0.0035
qe (mg/g) 29.5872 37.8372

R2 0.9396 0.9911

Elovich
β (g/mg) 0.1460 0.1361

α (mg/(g.min)) 4.4492 14.2314
R2 0.9071 0.9311
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The Langmuir, Freundlich and Temkin isotherm models were used to describe the
relationship between adsorbate and adsorbent at equilibrium temperature (Figure 6b). For
this purpose, drug solutions of different concentrations (2–250 mg/L) were prepared and
the adsorption process was carried out to evaluate the maximum adsorption capacity, and
the data obtained are shown in Table 4. The Langmuir isotherm focuses on homogeneous
and monolayer adsorption. One of the main features of the Langmuir isotherm is that
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it can calculate the maximum capacity of adsorption (qmax) and the saturation state of
the adsorbent surface. In addition, the Langmuir isotherm assumes that each adsorption
point on the surface has equivalent energy. The Freundlich isotherm describes multilayer
adsorption on heterogeneous surfaces, where the surface energy varies according to the
adsorption points. The Temkin model assumes that the adsorption energy shows a linear
decrease at low and high concentrations. From the R2 values in Tables 3 and 4, it is seen that
the adsorption of oxytetracycline by PvBCZn is in accordance with the Langmuir isotherm
and pseudo-second-order kinetic model.

Table 4. Isotherm model data of primamycin la adsorption on both PvBC and PvBCZn.

Isotherm Model Parameters PvBC PvBCZn

Langmuir
KL (L/mg) 0.0216 0.0171
qm (mg/g) 122.4907 188.4817

R2 0.9710 0.9702

Freundlich

KF
(mg/g)/[(mg/L)n] 11.5469 13.6514

1/n 0.4098 0.4495
R2 0.8549 0.8582

Temkin
KT (L/mg) 0.2360 0.1941
B (J/mol) 25.8319 39.4940

R2 0.9551 0.9342

Assumptions for the possible adsorption mechanism are as follows:

(a) Oxytetracycline can create electrostatic attraction with Zn ions on the BC surface. Zinc
ions are positively charged and can interact with the negative groups of oxytetracy-
cline.

(b) Zn ions can be replaced with metallic ions or other cations on the BC surface. This can
allow for the adsorption of oxytetracycline on the surface.

(c) The aromatic rings of oxytetracycline can perform the π-π stacking interactions with
organic compounds on the BC surface.

Oxytetracycline removals from different environments with different adsorbents are
compared in Table 5.

Table 5. Comparison of adsorbents used for oxytetracycline removal.

Adsorbent Sample Adsorbent Dosage (mg) Contact Time (min) Adsorption (mg/g) Reference

PvBC Milk 25 60 122.49 This work
PvBCZn Milk 25 60 188.48 This work
PKC-4 Water 10 180 543 [40]
ZIF-8 Water 10 240 312 [41]
MIP1 Milk 20 15 96% [6]
MIP2 Eggs/Honey 20 24 h - [42]

The stability and reusability of an adsorbent are very important in both economic and
practical applications. To test the stability and reusability of PvBCZn, after adsorption,
the adsorbent was desorbed in a water/alcohol mixture for 12 h. Then, it was pyrolyzed
at 600 ◦C for 2 h and then used directly for the adsorption of oxytetracycline in milk
samples. This process was repeated four times, and after five cycles, the adsorption
capacity decreased by 8% (Figure 7); thus, it is concluded that PvBCZn has efficient stability
and reusability.
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In this study, both PvBC obtained by the pyrolysis of bean plant and PvBCZn obtained

by the activation of PvBC with ZnCl2 were used as adsorbents for the removal of pri-
mamycin la from a milk sample. From the characterization results, PvBC was successfully
activated. PvBCZn showed a higher adsorption capacity at the optimum conditions of
pH and adsorbent dosage, which were found to be 7.5 and 25 mg, respectively. Based on
the results of moisture content, water solubility, swelling behavior, antimicrobial activity
and adsorption capacity, PvBCZn has the potential to be used as an adsorbent for the
removal of primamycin la from a milk sample. Considering its reusability, it was concluded
that it is an economical adsorbent since it has a stable structure. It was concluded that
more effective biochar-activated adsorbents can be synthesized by conducting studies with
different chemicals at different ratios and different pyrolysis temperatures.
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19. Şahin, M.; Arslan, Y. Adsorptive and oxidative removal of naproxen and diclofenac using Ag NPs, Cu NPs and Ag/Cu NPs. Res.
Chem. Intermed. 2023, 8, 3627–3643. [CrossRef]
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