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ABSTRACT ARTICLE HISTORY
A magnetic solid-phase extraction (MSPE) method was developed for Received 15 February 2022
the facile and sensitive determination of sulfadiazine prior to high- ~ Accepted 26 March 2022

performance liquid chromatography (HPLC) analysis. The magnetic
sorbent was prepared by the chemical co-precipitation of Fe;O4
magnetic nanocomposites modified with biochar. Characterization of chromatography (HPLO);
the synthesized Fe30,@BC-PN (Fes0, loaded pine leaves derived bio- magnetic solid-phase '
char) was performed by scanning electron microscopy - energy dis- extraction (MSPE); pine
persive x-ray spectrometry (SEM-EDS), X-ray diffraction (XRD), needle biochar; Sulfadiazine
vibrating sample magnetometry (VSM), and Brunauer — Emmett -

Teller (BET) surface analysis. The saturation magnetization value was

17.95emu/g by vibrating sample magnetometry. The Fe30,@BC-PN

particle sizes were determined to be 11.8nm using the Debye-

Scherrer relationship. The pH, mass of adsorbent, type, and volume

of eluent were optimized. The limits of detection and quantification

of the developed MSPE HPLC method were 10.7 ug/L and 35.5 pg/L,

respectively. The intra-day and inter-day repeatabilities were below

4.2% and 7.7%, respectively. The developed method was employed

to determine trace levels of sulfadiazine in spiked water samples.

KEYWORDS
high-performance liquid

Introduction

Antibiotics are frequently used to treat infectious diseases. The use of antibiotics has
steadily increased worldwide (Kraemer, Ramachandran, and Perron 2019). van Boeckel
et al. (2015) stated that the antibiotic consumption in livestock reached 63,151 tons in
2010 and is predicted to increase by 67% by 2030 and nearly double in Brazil, Russia,
India, China, and South Africa. The stability of antibiotics under environmental condi-
tions cause antibiotic resistance (Baby et al. 2021). Monitoring the accumulation and
concentration of antibiotics in environmental samples is essential for developing protec-
tion strategies. Sulfadiazine (SDZ) is a sulfonamide that has been approved by the
United States Food and Drug Administration to treat certain types of infectious diseases
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and is widely used for prophylaxis and therapeutics of diseases in land and aquatic ani-
mals (Kokulnathan et al. 2021; Xu et al. 2021). The studies show that sulfonamides may
be present in soil for long periods (Schauss et al. 2009).

Determining sulfadiazine levels in environmental samples with new analytical meth-
ods is essential for preventing antibiotic pollution and developing ecological strategies.
Various methods for the determination of sulfadiazine are available in the literature.
However, developing rapid, simple, environmentally friendly, and green analytical detec-
tion techniques is a critical topic. In a literature survey with the keywords
’determination of sulfadiazine’ in the Web of Science database, 511 studies were
obtained (access date 10.01.2022). 490 of these studies are research articles, with 34 pub-
lished in 2017 and 32 in 2021. Thus, there is an increasing need for determining the
concentration of sulfadiazine. Surprisingly, few studies have systematically evaluated the
use of magnetic biochar for magnetic solid-phase extraction (MSPE) of sulfadiazine. In
recent years, biochars have become attractive as adsorbents due to their low cost, envir-
onmental friendliness, high thermal stability, porous structure, large surface area, large
pore volumes, and the presence of functional groups. Suitable biomass for the produc-
tion of biochar is an important consideration because the quality and cost depend on
the raw material (Rangabhashiyam and Balasubramanian 2019; Nicolaou et al. 2019) .
However, the separation of biochar from the aqueous solution is an important problem
in adsorption studies. In addition, desorption of adsorbed species may occur, leading to
secondary pollution, low recovery, and time consuming. To solve this problem, loading
magnetic material into biochar is an effective strategy because of the simple removal
from aqueous media by magnetic separation. In particular, magnetic biochar, which has
the combined properties of biochar and magnetic material, is suitable for adsorption
studies (El-Azazy et al. 2020; Gu, Xue, and Zhang 2021; Yi et al. 2020; Zhao
et al. 2021).

In the present study, a simple magnetic solid-phase extraction method was developed
to rapidly extract and preconcentrate sulfadiazine from water samples prior to HPLC
analysis. Fe;O, magnetic nanocomposites modified with biochar obtained from pine
needles as the sorbent was synthesized by chemical co-precipitation and characterized
and demonstrated to be useful for MSPE of trace levels of sulfadiazine in various water
samples. The developed method is simple, easy to apply, and environmentally friendly
and the sorbent was synthesized using widely available materials.

Materials and methods

All reagents were of analytical grade and used without further purification. All solutions
were prepared in deionized water (18.2 MQ). Sulfadiazine, HCl, CH;COOH, H;PO,,
and NH; were purchased from Sigma Aldrich; KCl, KH,PO,4 and acetonitrile were
from Carlo Erba; and K,HPO, from Scharlau Chemical. 10 mg of sulfadiazine were dis-
solved in 50 mL of 0.010 M NaOH to obtain 100 mg/L sulfadiazine. The appropriate vol-
umes of 1.0M of KH,PO, 1.0M of K,HPO, and 1.0M of H;PO, were mixed to
prepare buffer solutions. 70.0 mL of formic acid (0.1%) and 30.0 mL of acetonitrile were
mixed, degassed, and used as the mobile phase for HPLC. Sulfadiazine calibration solu-
tions were prepared in 5% NHj;-methanol to ensure matrix matching of the sample
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solutions with calibration solutions. 5mL of stock NH; (26%) were diluted to 100 mL
with methanol to obtain 5% NH;-methanol.

Crystal structure analysis of magnetic solid nanocomposite was determined with X-
ray diffraction (XRD) (Pan Analytical, Cu K, radiation at 0.15nm). Scanning electron
microscopy - energy dispersive x-ray spectrometry (SEM-EDS) was conducted with a
Tesca MIRA3 instrument. SEM was used for topographic imaging and EDS to charac-
terize the elemental composition of the biochars. Brunauer-Emmett-Teller (BET) analy-
ses were done with a Quantachrome, Nova Touch LX4 instrument at 77 K with liquid
N,. The magnetic properties of nanocomposite were determined by a Lake Shore 7407
vibrating sample magnetometer (VSM).

Preparation of magnetic nanocomposite

The preparation of magnetic nanocomposite was performed according to literature with
modifications (El-Sheikh, Nofal, and Shtaiwi 2019; He et al. 2019; Yang et al. 2013; You
et al. 2019). The pine needles were collected and washed with deionized water to
remove dust, dried at 60°C, and ground to small pieces. To obtain the biochar, the
ground material was heated to 1000 °C for 2 hours.

2.0g of biochar were added to 200 mL of deionized water and sonicated to obtain a
finely dispersed solution. 6.1 g of FeCl; 6H,0 were dissolved in 100 mL of deionized water,
and 4.2 g of FeSO,7H,0 and a few drops of concentrated HCI were added. The solution
was heated to 90 °C, and 20 mL of NH; and dispersed biochar solution were added. The
mixture was incubated for 30 minutes at 90 °C and the magnetic nanocomposite material
was separated from the aqueous phase with a magnet. The material was washed with water
and ethanol several times and dried at 60 °C.

Separation and preconcentration of sulfadiazine by magnetic solid-
phase extraction

Firstly, 150 mg of Fe;O,@BC-PN powder were washed with deionized water and the buffer
solution. The material was mixed with 40 mL of 0.5mg L™" of sulfadiazine solution buf-
fered to pH 7.0 at 50 rpm for 10 minutes, the Fe;0,@QBC-PN powder was held with a mag-
net, and the aqueous phase was decanted. 1.0 mL of 5% NHj;-methanol was added to the
Fe;0,@BC-PN powder and the tube was tightly closed. The mixture was vortexed for
10 minutes at 1000 rpm to achieve complete elution. Lastly, the Fe;O,@BC-PN powder
was removed, and 20 pL of the NH;-methanol phase was analyzed by HPLC.

A ProntoSILC18 ace -EPS (250 x 4.6 mm, 4 pm) column was used for chromatographic
separation. The mobile phase composed of 70% formic acid (0.1%) and 30% acetonitrile
was used in an isocratic mode. The mobile phase flow rate was adjusted to 1 mL/min, the
detection wavelength was 270 nm, and the sample injection volume was 20 pL.

Results and discussion
Characterization results

The evaluation of SEM images and EDS measurements is essential for evaluating elemental
composition and topological data and is frequently used to characterize magnetic materials
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Figure 1. Scanning electron micrographs and energy dispersive x-ray spectra of pine needles derived
biochar (BC-PN) and Fe;0,4 loaded pine needles derived biochar (Fe;0,QBC-PN).

(Jack et al. 2019). The SEM images and EDS spectra of BC-PN and Fe;0,@BC-PN are
shown in Figure 1. The surface topologies of BC-PN and Fe;0,@BC-PN nanocomposite
are different. After the modification, the iron oxide particles were embedded in the BC-
PN. The EDS spectrum of BC-PN shows that BC-PN contains Ca, Mg, and K in addition
to C and O. On the other hand, the EDS spectrum of Fe;0,@QBC-PN shows the presence of
Fe and BC-PN. The elemental carbon percentage was 90% for BC-PN and 44% for
Fe;0,@BC-PN. In addition, approximately 32% of the elemental composition is iron for
Fe;0,@BC-PN, indicating that the magnetic nanocomposite was synthesized (Quah et al.
2020; Salimi et al. 2019; Shang et al. 2016; Yan et al. 2015).

The surface area, pore volume, and pore diameter of a material used for solid-phase
extraction affect the extraction efficiency and time and must be determined. An increase
in the surface area generally enhances the interaction area, which substantially improves
the extraction efficiency.

The textural characteristics of bare BC-PN and Fe;0,@QBC-PN were investigated by the
Brunauer-Emmett-Teller method. The results are provided in Table 1 and show that the
surface area of Fe;0,@BC-PN is higher than for the bare BC-PN. El-Azazy et al. (2020)
reported that the higher surface area of Fe;0,@BC-PN may be due to magnetite nanopar-
ticles on the biochar surface. Similar observations were also provided by Mahanty and
Mondal (2021). They indicated the surface area of biochar increased after magnetization
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Table 1. Brunauer-Emmett-Teller surface area, average pore volume, and average pore radius of the
synthesized materials.

1 1

BET surface area, m?g~ Average pore volume, cm®-g~ Average pore radius, angstroms

BC-PN 755 0.05 18.9
Fes0, 853 0.29 57.8
Fe;0,@BC-PN 938 0.196 67.5

BET: Brunauer-Emmett-Teller, BC-PN: pine needles derived biochar; Fe;0,@BC-PN: Fe30, loaded pine needles
derived biochar.
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Figure 2. X-ray diffraction pattern for Fe30, loaded pine needles derived biochar (Fes0,@BC-PN).

with iron oxides from 16.48 to 183.62 mz/g. The specific surface area of Fe;0,QBC-PN
was similar to that of bagasse magnetic biochar synthesized by Liang et al. (2020). The sur-
face area of Fe;0,@BC-PN was approximately 40 times the specific surface area of rice
straw and 27 times the specific surface area of the material synthesized by Tan et al. (2017).
The average pore volume and pore radius were also higher for Fe;0,@BC-PN.

The x-ray diffraction pattern of Fe;0,@BC-PN is shown in Figure 2. The characteris-
tic peaks of the synthesized Fe;0,@BC-PN at 30.3°, 35.7°, 43.3°, 54.1°, 57.3°, and 62.9°
are assigned to the indexed planes (220), (311), (400), (422), (511), and (440). These
match the pattern of Fe;O, (magnetite) (Keshavarz and Ghasemi 2011; El-Sheikh,
Nofal, and Shtaiwi 2019; El Ghandoor et al. 2012; Noriega-Luna et al. 2014; Pant et al.
1995; Yang et al. 2020).

The crystal size was determined using the Debye-Scherrer equation (Aguiar et al.
2018; El Ghandoor et al. 2012): © = kA/Bcos where k is 0.9, /4 is the wavelength of the
incident radiation (0.154056nm), 0 is the Bragg angle, and B is the full width at half
maximum (FWHM) of the peak. The particle size of Fe;0,@BC-PN was determined to
be 11.8 nm using the most intense peak with 20 equal to 35.7°.

The use of magnetic materials as adsorbents allows rapid and easy separation. The
magnetic properties of the Fe;0,QBC-PN were characterized at 288 K by applying a
20kOe magnetic field. The magnetic hysteresis curve of Fe;O,@BC-PN is presented in
Figure 3 and indicates that Fe;0,@BC-PN has superparamagnetic properties. The satur-
ation magnetization of Fe;O,@BC-PN was 17.95emu/g. Fe;O, retained its magnetic
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Figure 3. Magnetic hysteresis curve of Fe;0, loaded pine needles derived biochar (Fe;0,@BC-PN).

properties after modification which allows easy and rapid separation by a strong exter-
nal magnetic field (Zheng et al. 2020).

Optimization of experimental parameters affecting the solid-phase extraction
efficiency of sulfadiazine

The pH of the medium and mass of adsorbent affect the extraction efficiency of the
analyte in solid-phase extraction. Therefore, these parameters were optimized to
increase the extraction efficiency.

Influence of pH

The pH is critical for extraction as it influences the stability of the adsorbent, the charges
on its surface, and charges of analytes (Sajid, Nazal, and Thsanullah 2021). 25 mL model
solutions containing 0.5 pg/mL sulfadiazine with 100 mg Fe;0,QBC-PN were prepared.
The pH of the solutions was adjusted between 3.0 and 8.0 using buffer solutions as shown
in Figure 4a. Increasing the pH from 3.0 to 4.0 increased the extraction efficiency from
72% to 82%. Between pH 6.0 and 8.0, the recovery reached its highest value, between 85
and 87%. Hence, a pH of 7 was employed in subsequent measurements.

The point of zero charge of Fe;O0,@BC-PN is essential for elucidating the interaction
mechanism. At pH lower than the pH,,., the positive charge density increases, while at
higher pH, the negative charge density on the surface increases. The isoelectric point
(pH,p.) for Fe30,@BC-PN was determined to be 5.6 (Figure 4b). In the acidic region, the
positive charges dominate the surface. As the pH value approaches 5.6, the densities of
positive and negative charges on the surface equalize. On the other hand, the pK,; and
pK.» values of sulfadiazine are 1.57 and 6.50, illustrating its ampholytic properties (Sukul
et al. 2008). The fraction of the neutral state of the sulfadiazine is high when the pH of the
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Figure 4. (a) Influence of pH on MSPE using 25 mL model solutions containing 0.5 mg/L sulfadiazine
shaken at 50 rpm for 10 min. (b) Point of zero charge of Fe;0, loaded pine needles derived biochar
(Fe30,@BC-PN).

solution is between these pK, values. Sulfadiazine is in the cationic form in the acidic
region. When pH exceeds 5, sulfadiazine is deprotonated and negatively charged (Di et al.
2020). The results show that the magnetic sorbent effectively adsorbs the neutral and
anionic form of sulfadiazine. The material surface is also negatively charged at these pH
values, so the interaction cannot be expected to be electrostatic attraction. Hence H-bond-
ing, m — m bonds, and hydrophobic interactions are more likely (Dutt et al. 2020). Since
the biochar is prepared at high temperatures, the density of functional groups is not
expected to be high. Therefore, the probability of hydrogen bonding interactions is low.
As reported in the literature, hydrophobic effects (HPO) and m—m electron
donor — acceptor (EDA) interactions between carbonaceous sorbents (e.g., biochar) and
aromatic compounds (e.g., sulfadiazine) are possible mechanisms (Ling et al. 2016; Xiao
and Pignatello 2015). Similar results have been reported in the literature. Dil et al. (2021)
obtained the highest extraction capacity at pH 6 to enrich sulfadiazine and sulfathiazole
from milk using syringe-to-syringe magnetic solid-phase microextraction.

Influence of the mass of Fe;0,QBC-PN

The mass of Fe;0,@BC-PN is critical to the extraction efficiency. To determine the
optimum mass of adsorbent for the recovery of sulfadiazine, 50, 100, and 150 mg
Fe;0,@BC-PN were added to 25mL model solutions containing 0.5 mg/L sulfadiazine.
The pH was adjusted to 7, followed by shaking at 50rpm for 10min. For 50mg,
100mg, and 150mg of Fe;0,@BC-PN were used, the recoveries were 87.7+2.5%,
90.0£2.0% and 95.1 +2.1%, respectively (Table 2). The optimum mass of Fe;O,@QBC-
PN was 150 mg that was used in further measurements.

Influence of eluent

To examine the influence of the eluent on MSPE of sulfadiazine by Fe;0,@BC-PN, 2.5mL
of 5% NH3, methanol, 5% NH;-methanol, and 10% NHj-methanol were investigated. The
results are shown in Figure 5. Quantitative recovery was only obtained with 5% NH;-
methanol (95.2 £2.1%) and hence was employed in subsequent experiments.
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Table 2. Optimization of the mass of Fe30,@BC-PN for the recovery
of sulfadiazine.

Mass of Fe30,@BC-PN (mg) Recovery, %
50 87.7+25
100 90.0+2.0
150 95.2+2.1
100 T
80 -
RN
> 601
2
3 -
5 40 -
20 +
0

5% NHy Methanol 5% NH;-Methanol 10% NH;-Methanol

Eluent type

Figure 5. Influence of eluent using 25 mL model solutions containing 0.5 mg/L sulfadiazine at pH 7.0
with shaking at 50 rpm for 10 min.

Influence of sample volume and eluent volume

The sample and eluents volume are necessary for determining the enrichment factor.
MSPE was applied to 25, 40, and 50 mL model solutions containing 150 mg adsorbent
and 0.5pug/mL sulfadiazine. The results are summarized in Table 3. The recovery of
sulfadiazine was 96.2 +2.1% using the 40 mL sample volume.

MSPE method was performed with 1.0mL and 2.5mL of 5% NHj-methanol as the
eluent using the same conditions. The recovery was 95.1+2.1% for 1.0mL and
96.2+2.1% for 2.5mL. The enrichment factor was determined to be 40. The sample vol-
ume was deemed to be 40 mL and the eluent volume 1 mL for further work.

Analytical figures of merits for Fe;0,QBC-PN MSPE of sulfadiazine

To determine the limit of detection (LOD), 10 blank solutions containing 40 mL of
0.025 mg/L sulfadiazine were prepared. The developed MSPE method was applied to
these solutions. The detection limit was obtained by dividing three times the standard
deviation of the peak areas by the slope of the calibration line for the measurements of
10 blanks solutions containing 0.025 mg/L sulfadiazine. The detection limit was 10.7 pug/
L considering the enrichment factor.

The limit of quantification (LOQ) was obtained by dividing ten times the standard
deviation of the peak areas by the slope of the calibration line for the measurements of
10 solutions containing 0.025 mg/L sulfadiazine. The limit of quantification was 35.3 pg/
L for sulfadiazine considering the enrichment factor.
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Table 3. Influence of the sample volume upon the recovery of

sulfadiazine.

Sample volume (mL) Recovery, %

25 97.6+1.5

40 96.2 +2.1 (for 2.5 mL eluent)
95.1+2.1 (for 1.0 mL eluent)

50 924+33

Table 4. Intraday and inter-day reproducibilities of the developed magnetic solid-phase extrac-
tion method.

Intra-day Repeatability Inter-day Repeatability
Added sulfadiazine Relative standard Relative standard
(ng/mL) Measured (ng/mL) deviation, % Measured (ng/mL) deviation, %
0.05 0.046 +£0.002 4.6 0.046 +0.004 7.7
0.2 0.20+0.01 5.0 0.19+0.01 5.2
0.5 0.48+0.02 4.2 0.48+0.01 2.1

Table 5. Application of proposed magnetic solid-phase extraction for the analysis of spiked
water samples.

River water + Tap water + Wastewater +
0.05 mg/L 0.05 mg/L 0.05 mg/L
River water sulfadiazine Tap water sulfadiazine Wastewater sulfadiazine
Recovery, % - 85+2 - 86.1+2 - 525+5

The intra-day and inter-day reproducibilities of Fe;O,@BC-PN MSPE were deter-
mined. Sulfadiazine solutions (0.05, 0.1, and 0.5mg/L) were analyzed five times per day
for three consecutive days. The averages, standard deviations, and relative standard
deviations are provided in Table 4. The intra-day and inter-day reproducibilities of the
method were reported as the relative standard deviations. The intra-day and inter-day
reproducibilities for sulfadiazine were from 4.2 to 5.0% and 2.1 to 7.7%, respectively.
The results show that the method has good reproducibility.

Adsorption capacity for sulfadiazine

The pH values of 40 mL model solutions containing 150 mg/L sulfadiazine were adjusted
to 7 and added to tubes containing 150 mg Fe;0,@BC-PN. The system was mechanic-
ally shaken for 24 hours at room temperature (25°C). The sulfadiazine concentrations
(Ce) in the solution were determined. The adsorption capacity (qe, mg/g) was deter-
mined by q. = (Cy - C.)V/m where C, and C, are the initial and equilibrium concen-
trations of sulfadiazine, V is the solution volume, and m is the mass of Fe;O,QBC-PN.
The adsorption capacity for SDZ was determined to be 7.9 mg/g.

Analysis of spiked water samples

The calibration curve for sulfadiazine was linear from 0.5 to 20 mg/L with a correlation
coefficient of 0.999 (Figures S1 and S2) and described by A =94.1 Csp, — 24.4 where
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Cspz is the concentration of sulfadiazine in mg/L and A is the area of the chromato-
graphic peak.

The developed Fe;O,@BC-PN MSPE method was employed to analyze wastewater,
river water, and tap water for sulfadiazine. The samples were prepared as described
above but without the addition of sulfadiazine and analyzed by HPLC. In addition, to
characterize the accuracy, 0.05mg/L sulfadiazine was added to each sample (Figures S3,
S4, and S5) and the recoveries were determined (Table 5).

Conclusion

Antibiotic waste is a significant environmental problem due to the resistance to degrad-
ation and resulting persistence in the environment. Sulfadiazine, which is frequently
used to treat infectious diseases, is widely used. Simple and sensitive methods are
required to determine sulfadiazine in environmental samples. A new easily applicable
MSPE approach was developed for the sensitive determination of trace sulfadiazine. The
biocomposite prepared from biochar and nanocomposite material was characterized fol-
lowed by characterization of the suitability for the determination of sulfadiazine. The
parameters affecting the MSPE efficiency were optimized and the method was validated.
The developed protocol was successfully applied to analyze spiked water samples.
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