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Abstract
This work describes a simple and straightforward magnetic solid phase extraction (MSPE) approach based on benza-
lkonium chloride-modified silica-coated magnetite nanoparticles (Fe3O4@SiO2@BZC). The developed extraction method 
was employed for extracting doxycycline hyclate (DOX) from water and urine samples after derivatization with procaine 
benzylpenicillin (PP) as a color reagent. An orange azo dye with a maximum adsorption wavelength (λmax) of 440 nm was 
produced by the azo-coupling of DOX with the color reagent in the alkaline medium. The analytical conditions were opti-
mized carefully, including the reagent and surfactant volumes, the amount of sorbent, the extraction time, and the pH of the 
solution. The developed extraction approach achieved pre-concentration and enrichment factors of 47 and 25, respectively. 
UV–vis spectroscopy was utilized to determine the target analyte after the extraction step. A good linearity (R2 > 0.99) in the 
concentration range of 0.08–3.00 μg/mL was achieved. Detection and quantification limits of DOX were found to be 0.01 
and 0.04 μg/mL, respectively. The suggested method was successfully applied to the extraction and determination of DOX 
spiked in urine and various water samples, with excellent recoveries of 97.00–98.30% and 98.00–102.00%, respectively.
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Introduction

The global worry about the poisoning of water resources 
with a range of organic pollutants, particularly new pharma-
ceutical compounds, rises daily (Ortúzar et al. 2022). Pollu-
tion from pharmaceutical compounds creates severe hazards 
to the health of humans, animals, and the environment (Al-
Toriahi et al. 2023). Antibiotics are a class of extensively 
used medicines in bacterial infection treatment of people, 
animals, and plants whose residues in the environment, even 
in low quantities, are considered dangerous contaminants 
(Ben et al. 2019; Zaher et al. 2021). Antibiotic remnants in 
aquatic environments can lead to the emergence of antibi-
otic-resistant genes and bacteria (Ben et al. 2019).

Doxycycline (DOX) is a tetracycline-group antibiotic 
with high effectiveness and anti-infective properties ver-
sus both gram-positive and negative bacteria (Rabeie et al. 
2022). The low cost of DOX made it famous in animal 
husbandry as an anti-infection drug and feed additive (Li 
et al. 2023). Nevertheless, only a limited amount of the pre-
scribed DOX is destroyed by the body, with the majority 
excreted into the environment via urine and feces (Rahman 
and Raheem 2022). DOX can stay in the environment long 
and enter the food chain (Li et al. 2023). The maximum 
residue limit for DOX in poultry muscle and fish has been 
reported as 100 μg kg−1 by the European Union (Xu et al. 
2020; Zhuang et al. 2021). The foodstuffs that have relatively 
high quantities of DOX residue may cause unpleasant effects 
such as gastrointestinal upset, allergic responses, liver dam-
age, and tooth yellowing (Feng et al. 2018). As a result, 
creating sensitive and rapid methods for detecting DOX in 
environmental, food, and biological samples is an important 
research topic.
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The literature includes numerous analytical methods for 
quantification of DOX in diverse biological, food, pharma-
ceutical, and environmental water samples (Alipanahpour 
Dil et al. 2020; Cherkashina et al. 2020; Ding et al. 2022; 
Han et al. 2022; Tang et al. 2020; Yang et al. 2021). Due to 
the low concentrations of DOX and the complexity of the 
sample matrices, the majority of these methods include a 
pre-treatment step (Camızcı Aran and Bayraç 2023; Hadjiio-
annou et al. 1993; Cherkashina et al. 2020). Till now, various 
techniques have been developed for pre-concentration and 
extraction of DOX, including cloud point extraction (CPE) 
(Saridal and Ulusoy 2019), liquid–liquid microextraction 
(Alipanahpour Dil et al. 2020; Saghafi et al. 2022), solid-
phase extraction (SPE) (Cherkashina et al. 2020; Tang et al. 
2020; Yang et al. 2021).

Based on the literature, SPE is one of the most frequent 
pre-treatment methods for extracting antibiotics from dif-
ferent samples (Suseela et al. 2023). The popularity of SPE 
is due to its simplicity, high extraction factor, minimal sol-
vent usage, and time-saving features (Ramezani and Yamini 
2020; Soylak et al. 2021; Suseela et al. 2023). There are 
various varieties of SPE, the most prevalent being traditional 
SPE, dispersive SPE, and magnetic SPE (MSPE) (D. Sun 
et al. 2021). Using a magnetic adsorbent that can be easily 
separated from the solutions by an external magnetic field 
is a distinguishing and attractive characteristic of the MSPE 
technique (Arain et al. 2019; Camızcı Aran and Bayraç 
2023; Zhao et al. 2008). Magnetite nanoparticles (Fe3O4 
MNPs) are the magnetic material that is most commonly 
utilized for MSPE (Zhang et al. 2023). The Fe3O4 MNPs 
have unique features, including superparamagnetic prop-
erties, large surface area, low toxicity, and convenience of 
surface functionalization (Abed and Hadi 2020; Simamora 
et al. 2018). Nonetheless, bare MNPs have limited dispers-
ibility, chemical stability, and selectivity. Modifying the 
surface with appropriate chemical compounds can readily 
overcome these limits (Hassan and Hadi 2022, 2023). In this 
context, numerous surface modification techniques were uti-
lized, including salination, polymer coating, and surfactant 
adsorption (Hamidi 2023). The silica (SiO2) modification 
of the Fe3O4 MNPs surface can enhance their surface area 
and stability in aqueous media (Soylak et al. 2023). Sur-
factant-modified Fe3O4 MNPs often exhibit better extrac-
tion efficiency than bare Fe3O4 MNPs, which is due to the 
electrostatic and hydrophobic interactions of the surfactants 
(Treder et al. 2023).

This work combines the advantages of surface modifica-
tion of the Fe3O4 MNPs with silica and surfactant. In this 
regard, an MSPE approach based on benzalkonium chloride-
modified silica-coated Fe3O4 MNPs (Fe3O4@SiO2@BZC) 
was designed for the efficient extraction of DOX from water 
and urine samples after derivatization with the diazotized 
reagent. Procaine benzylpenicillin (PP) was utilized as a 

cost-efficient, available, and non-toxic derivatization rea-
gent. The UV–vis spectrophotometric determination of DOX 
followed the extraction process.

Experimental

Apparatus

All aqueous solutions were prepared using bi-distilled water, 
and all reagents utilized were of analytical quality. All spec-
tra measurements were carried out by a UV–vis spectro-
photometer (Shimadzu 1260, Japan, https://​www.​shima​dzu.​
com). The pH of solutions was adjusted using a pH meter 
model 827 Metrohm (Switzerland, https://​www.​metro​hm.​
com) with a glass electrode. A magnetic stir bar (IKA, USA, 
https://​www.​ika.​com) was used to agitate the liquids. A pow-
erful Nd-Fe-B magnet (1 × 5 × 4 cm, 1.4 T) was utilized to 
gather MNPs. The FTIR spectra of prepared MNPs were 
obtained in the 400–4000 cm−1 range using an FTIR spec-
trophotometer (Shimadzu Prestige-21, Japan, https://​www.​
shima​dzu.​com). A scanning electron microscope (SEM, 
ZEISS LEO 1430VP, https://​www.​zeiss.​com) was used to 
characterize the structure of the produced nanoparticles.

Chemicals and materials

DOX and PP (99.0%) were supplied by the Samarra company 
for the drugs industry and medical appliances (Samarra, 
Iraq, https://​www.​sdi.​indus​try.​gov.​iq). Hydrochloric acid 
(36% w/w) was obtained from Merck (Darmstadt, Germany, 
www. merckmillipore.com). Benzalkonium chloride (50% 
w/v) was purchased from Sigma-Aldrich (St. Louis, Mis-
souri, USA, https://​www.​sigma​aldri​ch.​com). FeCl3.6H2O, 
FeCl2.2H2O, sodium nitrite, sodium hydroxide, and sodium 
silicate were purchased from BDH (Poole, United. Kingdom, 
https://​www.​copens-​sci.​com). A standard stock solution of 
100.0 μg/mL of DOX was prepared by dissolving 0.0100 g 
in 100.0 mL of bi-distilled water. The diazotized procaine 
benzylpenicillin (DPP, 1.0 mM) stock solution was prepared 
by dissolving 0.0589 g of PP in 20.0 mL of bi-distilled water 
in a 100.0 mL volumetric flask. After the flask was placed 
in the ice bath, the PP solution was acidified with 3 mL of 
hydrochloric acid (1.0 M), then 0.0069 g of sodium nitrite 
was added, and the solution was brought up to the mark with 
bi-distilled water. A solution of sodium silicate (100.0 mL, 
1.0 M) was prepared by dissolving 12.2060 g of Na2SiO3 in 
a 100.0 mL of bi-distilled water. A 2% v/v BZC surfactant 
solution was made by diluting 2.0 mL of its concentrated 
solution (50% w/v) with bi-distilled water in a 100.0-mL 
volumetric flask. A solution of sodium hydroxide (2.0 M) 
was made by dissolving the precise weight of the base in 
bi-distilled water and then standardized.

https://www.shimadzu.com
https://www.shimadzu.com
https://www.metrohm.com
https://www.metrohm.com
https://www.ika.com
https://www.shimadzu.com
https://www.shimadzu.com
https://www.zeiss.com
https://www.sdi.industry.gov.iq
https://www.sigmaaldrich.com
https://www.copens-sci.com
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Preparation of the spiked samples

Urine samples were collected from volunteer healthy males 
and females and stored in the refrigerator without preserva-
tives. Before the extraction operation, the urine samples 
were kept in ambient conditions until reaching the ambient 
temperature. After that, 5.0 mL of the clear supernatant was 
spiked with various amounts of the DOX stock solution, 
then centrifuged (15 min at 2500 rpm), and filtered through 
a cellulose membrane filter (Millipore, 0.45 μm pore size). 
Finally, the samples were diluted to 50.0 mL with bi-distilled 
water. The spiked samples were achieved by adding differ-
ent amounts of the DOX stock solution to the diluted urine 
samples.

Two environmental water samples were analyzed, includ-
ing river water collected from the Tigris River (Iraq) and 
surface water from Al-Karrada (Baghdad, Iraq). The water 
samples were kept in polyethylene bottles. Before analy-
sis, water samples were filtered using Millipore cellulose 
membrane filters (0.45 μm pore size) and pH adjusted to 7.0 
with NaOH solution. The spiked samples were achieved by 
adding different amounts of the DOX stock solution to the 
water samples.

Synthesis of Fe3O4@SiO2 MNPs

The co-precipitation method that was previously described 
was used to prepare iron oxide (Fe3O4) MNPs (Sun et al. 
2007). Concisely, FeCl3.6H2O (10.40 g), FeCl2.2H2O 
(3.27 g), and 1.7 mL of HCl (12.0 M) were dissolved in 
50.0 mL of bi-distilled water to make the stock solution 
of ferrous/ferric chloride. The prepared stock solution was 
gradually added dropwise into the 500.0 mL of sodium 
hydroxide solution (1.5 M) within 30 min. Throughout 
the process, the temperature of the solution was kept at 
80 °C with vigorous stirring (1000 rpm). The produced 
Fe3O4 MNPs were then dried at 40°C for 24 h after being 

washed several times with bi-distilled water. The proce-
dure described earlier (Zhao et al. 2015) was followed to 
cover the prepared Fe3O4 MNPs with SiO2. Briefly, 1.00 g 
of Fe3O4 MNPs was dispersed in 100.0 mL of bi-distilled 
water at 80 °C. After that, the Fe3O4 MNPs solution was 
vigorously stirred while the sodium silicate solution (10.0 
mL, 1.0 M) was added dropwise. The solution's pH was 
adjusted to 6.0, and it was vigorously agitated for three 
hours. After being washed with bi-distilled water several 
times, the generated Fe3O4@SiO2 MNPs were resus-
pended in 50.0 mL of water and stored for further use. 
The obtained Fe3O4@SiO2 suspension has a concentration 
of about 20.0 mg/mL.

Solid phase extraction process

The extraction process of DOX by Fe3O4@SiO2@BZC 
NPs was performed as follows: (1) The aqueous solutions 
of DOX with different concentrations (50.0 mL, 0.08–3.00 
µg/mL) were prepared in a 50.0 mL volumetric flask; (2) 2.0 
mL of the DPP solution (1.0 mM) was added to the aque-
ous solutions of DOX, and then, the pH of the solutions 
was adjusted to 11.3 by adding 2.0 mL of NaOH solution 
(0.1 M); (3) an orange azo dye (λmax = 440 nm) was gener-
ated after incubation for two minutes; (4) the mixture was 
mixed with 3.0 mL of Fe3O4@SiO2 MNPs suspension and 
3.0 mL of benzalkonium solution (2% v/v); (5) the mixture 
was stirred at 1250 rpm for 10 min to increase the adsorption 
of the azo dye onto the MNPs; (6) MNPs were separated 
from the solution by a powerful magnet, and the supernatant 
was then poured away; (7) the adsorbed dye was desorbed by 
agitating of the MNPs in 2.0 mL ethanol for 2.0 min; and (8) 
finally, an external magnet was used to separate the MNPs 
again, and spectrophotometric analysis was performed on 
the eluate solution. Figure 1 displays digital photos of the 
solution at every stage of the MSPE process.

Fig. 1   Digital pictures of 
A DOX solution, B colored 
product formed by a diazotiza-
tion reaction between DOX and 
DPP, C colored solution after 
addition of the Fe3O4@SiO2@
BZC suspension, D collecting 
of MNPs from sample solution 
with a magnet, and (E) eluted 
dye
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Results and discussion

The current study used an MSPE method based on Fe3O4@
SiO2@BZC MNPs for the effective pre-concentration of 
DOX in urine and water samples, followed by spectro-
photometric analysis. The previously published research 
supports using pharmaceutical compounds as economical 
and safe reagents for color development or derivatization 
(Al-Uzri et al. 2023; Muhammed and Abed 2022). Prior 
to extraction, a diazotization coupling reaction between 
diazotized PP (a medicinal compound) and DOX was car-
ried out in an alkaline medium to produce an orange azo 
dye with a maximum absorption wavelength of 440 nm.

The PP with an aromatic amino group is diazotized 
and then coupled with the o- or p-position of the phe-
nolic groups of the DOX molecule in alkaline media. The 
coupling process requires the alkaline medium because it 
changes the DOX (phenolic compound) into a more reac-
tive ionic form (phenoxide anion) (Hassan and Hadi 2022). 
The ratio of DOX to DPP was predicted to be 1:1 using the 
continuous variation method (Chatzēiōannou n.d.). Elec-
trostatic adsorption of the azo dye with negative charge 
groups is possible on the surface of Fe3O4@SiO2@BZC 
MNPs. The pH zero point of charge of the Fe3O4@SiO2 
MNPs is 6.5, so it has a negative surface charge in the 
alkaline medium. The BZC is a cationic surfactant that 
can easily electrostatically adsorbed on the negatively 
charged surface of the Fe3O4@SiO2 MNPs and produces 
an admicelle layer (Scheme 1). The azo dye can quickly 
establish electrostatic contact with the BZC cationic head 
that is present on the Fe3O4@SiO2@BZC MNPs surface. 
The absorption spectra of the generated azo dye before 
and after extraction are presented in Fig. 2. The stability 
of the azo dye λmax before and after the extraction process 
confirms the existence of electrostatic interaction and the 
absence of chemical interaction between the azo dye and 
the adsorbent (Fe3O4@SiO2@BZC MNPs). Scheme  1 
depicts the proposed mechanism for the coupling reaction 
between DOX and DPP and the azo dye adsorption mecha-
nism on the Fe3O4@SiO2@BZC MNP surface. 

Characterization of the adsorbent

The synthesized MNPs were investigated using SEM 
and FTIR analysis. The FTIR spectrogram of the bare 
Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2@BZC MNPs were 
recorded to investigate their surface functional groups 
(Fig. 3A). The distinctive absorption band of Fe–O is rec-
ognizable in the spectra of Fe3O4 (at 570 cm−1), Fe3O4@
SiO2 (at 572.8 cm−1) and Fe3O4@SiO2@BZC MNPs (at 
588 and 597.9 cm−1) (Faraji et al. 2010). The stretching 

and bending vibrational bands of O–H are responsible 
for the absorption bands at approximately 3420 and 1627 
cm−1, respectively. The FTIR spectra of Fe3O4@SiO2 
and Fe3O4@SiO2@BZC MNPs clearly show the distinc-
tive bands of asymmetry bending (at 1002–1022 cm−1), 
symmetry bending (at 879 cm−1), and stretching bending 
(at 489 cm−1) of Si–O–Si (LEE et al. 2012). These find-
ings validate the SiO2 coating on the Fe3O4 MNPs. The 
adsorption of BZC on the Fe3O4@SiO2 MNPs surface was 
confirmed by the characteristic peaks of N+–CH3 (at 2937 
cm−1), C–H stretching vibrations (at 2852 cm−1), and C–H 
bending (at 1469 cm−1) in the spectrum of Fe3O4@SiO2@
BZC NPs (Hassan and Hadi 2022). Figure 3B–D shows 
the SEM images of the Fe3O4, Fe3O4@SiO2, and Fe3O4@
SiO2@BZC MNPs, respectively. The SEM images display 
the agglomerated Fe3O4 MNPs with a diameter of about 
17–30 nm, Fe3O4@SiO2 MNPs with a diameter of about 
28 − 40 nm, and Fe3O4@SiO2@BZC MNPs with a diam-
eter of about 40 − 56 nm.

Magnetic solid phase extraction optimization

The effects of several factors, including the solution pH, the 
amount of MNPs, surfactant, and reagents, eluent type and 
volume, and the time of adsorption and desorption, were 
examined to achieve the highest extraction efficiency. The 
aqueous solutions containing 2 µg/mL of DOX were used 
in the optimization step. The absorbance intensity of the 
azo dye (λmax = 440 nm) after desorption was utilized as the 
analytical signal. All the optimization experiments were rep-
licated three times.

Influence of the reagent concentration and the solution pH

This study utilized PP as a safe and affordable color devel-
opment reagent instead of hazardous and costly chemical 
substances. Furthermore, the current colorimetric reac-
tion may be utilized to simultaneously determine both 
drugs (PP and DOX) by employing each drug as a rea-
gent for the other drug. Before the extraction process, a 
diazotization coupling reaction between DPP and DOX 
was used to create a sensitive orange azo dye with a maxi-
mum absorption peak at 440 nm. The effect of the reagent 
concentration in the range of 1.0–5.0 mL (1.0 mM) on 
the analytical signal was examined, and the correspond-
ing results are shown in Fig. 4A. Based on the findings, 
the volume of 2 mL was chosen as the optimal amount for 
the diazotized reagent solution (1.0 mM). According to 
preliminary investigations, an alkaline medium was neces-
sary for the diazotization coupling reaction. Additionally, 
the pH of the extracted solution is a critical factor that can 
influence the solution's chemistry and the MNPs surface 
charge (Bagheri et al. 2024). Therefore, the solution pH 
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was optimized as an essential analytical factor. The solu-
tion pH was adjusted by adding a varied amount of NaOH 
solution (0.1 M). The effect of NaOH solution (0.1 M) 
volume in the 0.5–4.0 mL range on the analytical signal 
was evaluated (Fig. 4B). The maximum adsorption effi-
ciency (98.9%) and absorbance value of the desorbed dye 
were reached with pH = 11.25 (2 mL of NaOH solution). 
Therefore, 2 mL was selected as the optimum volume of 
the NaOH solution.

Influence of BZC amount

The impact of changing the amount of BZC solution (2% 
v/v) volume from 1.0 to 5.0 mL on the analytical signal 
was investigated, and the corresponding results are displayed 
in Fig. 4C. The extraction procedure yielded the best ana-
lytical signal when 3.0 mL of BZC solution was used. By 
increasing the BZC solution amount, the admicelle layer 
gradually forms on the surface of the Fe3O4@SiO2 MNPs. 

Scheme 1   The suggested reac-
tion pathway and MSPE extrac-
tion process
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These findings suggest that the absorbent surface can be sat-
urated with 3.0 mL of BZC solution. By further increasing 
the volume of the BZC solution, micelle production in the 
bulk solution could distribute the analyte into the solution, 
reducing analyte adsorption. Therefore, 3.0 mL of surfactant 
volume was selected for further use.

Influence of MNPs amount

The amount of Fe3O4@SiO2 MNPs is a significant factor 
influencing the extraction efficiency. Different volumes of 
the Fe3O4@SiO2 MNPs suspension (20.0 mg/mL) were 
added to the sample to vary the mass of the MNPs from 20 
to 100 mg (Fig. 4D). By increasing the amount of sorbent 
to 60 mg, the extraction efficiency of azo dye was improved 
since more extraction sites were available. The extraction 
efficiencies remained almost constant by further increasing 
the sorbent concentrations. So, 60 mg of magnetic sorbent 
was selected as the optimal condition.

Influence of extraction time

The extraction time is the time required to completely trans-
fer the analyte to the adsorbent after bringing the solution 

and adsorbent into contact. The impact of extraction time on 
azo dye extraction efficiency was examined over a duration 
of 4–16 min. The results demonstrated that the maximum 
analytical signal and removal efficiency were achieved for 
10 min. For extraction time above 10 min, the adsorption 
efficiency approximately stayed constant. Therefore, 10 
min was chosen as the optimal extraction time (Fig. 4E). 
The rapid extraction process was achieved due to the fast 
dynamic process, the large surface area of the MNPs, and 
uniform sorbent dispersion throughout the sample (Bagheri 
et al. 2024; Khalid et al. 2023).

Desorption conditions

The azo dye can be desorbed using a suitable organic solvent 
by disrupting the BZC admicelle structure on the adsorbed 
(Fe3O4@SiO2@BZC MNPs) surface. The desorption con-
ditions were optimized by studying the impact of different 
parameters, including the type and volume of eluent, des-
orption time, and sample volume, on the analytical signal.

Influence of type and volume of eluent

The admicelle can be rapidly and completely disrupted 
by the organic solvents. By the admicelle disruption, the 
adsorbent dye can be desorbed. This study examined vari-
ous organic solvent (eluent) types, including methanol, etha-
nol, acetone, chloroform, acetic acid, and cyclohexanol, for 
the desorption of the azo dye from the Fe3O4@SiO2@BZC 
MNPs. Based on the findings, it was concluded that ethanol 
was the best solvent since it produced the strongest signal 
(Fig. 5A). The influence of the ethanol volume on the ana-
lytical signal was also monitored in the range of 1.0 to 5.0 
mL (Fig. 5B). As demonstrated in Fig. 5B, the analytical 
signal increased by increasing the ethanol volume up to 2.0 
mL and then decreased. This decrease can be due to the 
dilution effect.

Influence of sample volume and desorption time

In addition, the influence of the sample amount and the des-
orption time on the analytical signal were also examined in 
the range of 10.0–100.0 mL and 1–5 min, respectively. As 
can be observed in Fig. 5C, the best analytical signal was 
achieved for the sample volume of 50.0 mL. Additionally, 
the analytical signal rose with an increase in the desorp-
tion time from 1 to 2 min and then started to level off at 
the higher time (Fig. 5D). Based on these obtained results 
(Fig. 5C, D), 2.0 mL of the sample volume with a desorption 
time of 2 min was selected as the optimal conditions. Table 1 
summarizes the final optimum experimental parameters.

Fig. 2   Absorption spectra of the azo dye produced from the coupling 
reaction between DOX and DPP with (1) and without (2) extraction 
against blank (3)
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Influence of sample volume and reusability 
of the adsorbent

A large pre-concentration factor is usually obtained 
with a considerable volume of the sample. To examine 
the impact of sample volume, the azo dye product was 
extracted from a sample volume ranging from 10.0 to 

100.0 mL, which contained 2.0 µg/mL of DOX under 
optimum conditions. As demonstrated in Fig. 5D, the 
absorbance value of desorbed azo dye increased up to a 
50 mL volume before decreasing at higher test volumes. 
Thus, it was determined that under the given experimen-
tal conditions, the sorbent is unable to quantitatively 
adsorb the dye from solutions with volumes greater than 

Fig. 3   A The FTIR spectrogram of the bare Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2@BZC MNPs. SEM images of B Fe3O4 MNPs, C Fe3O4@
SiO2 MNPs, and D Fe3O4@SiO2BZC MNPs
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50.0 mL. With the sample volume of 50 mL and the 
final elution volume of 2.0 mL (described previously), 
a pre-concentration factor of 25 was easily attained. The 
reusability of prepared nanoparticles was evaluated (Al-
Jabari et al. 2019). Six times, 60.00 mg of the NPs were 
utilized repetitively (Fig. 5E). Before being reused, the 
nanoparticles were twice cleaned for 30 s using ethanol 
and water and then dried. Subsequent investigations have 
demonstrated that the adsorption efficiency of the reused 
silica coated-Fe3O4 MNPs was sustained at around 90% 
and RSD% < than 4.4% after at least five recycles. All of 
the optimal studied variables are listed in Table 1.

Analytical characteristics of the method

To evaluate the current method, several figures of merit, 
including the limits of detection (LOD) and quantification 
(LOQ), linearity ranges, regression equations, the correla-
tion of determinations (R2), and the accuracy and repeatabil-
ity of the suggested method, were studied with and without 
MSPE at the optimal investigational variables (Table 2). 
The calibration plot was obtained by plotting the absorp-
tion intensity of the azo dye (at λmax) against the DOX con-
centration in the sample solutions. A good linear range of 
0.08–3.0 µg/mL with a correlation coefficient 0.9977 was 

Fig. 4   Effect of A DPP (1 mM), B sodium hydroxide (0.1 M), C BZC volume, D amounts of Fe3O4@SiO2 MNPs, and E contact time on the 
extraction process



5079Chemical Papers (2024) 78:5071–5084	

achieved. The LOD 0.01 µg/mL and the LOQ 0.04 µg/mL 
were estimated for the target analyte. The influence of the 
pre-treatment step on the sensitivity of the developed MSPE 
approach was confirmed by evaluating all analytical param-
eters without the extraction step. The obtained results are 
summarized in Table 2. The appropriate pre-concentration 
factor of 47 and enrichment factor of 25 were estimated. 
The pre-concentration factor is defined as the ratio of the 
sample volume to the eluent volume. Moreover, the accu-
racy and precision of the established extraction technique 
were assessed. In this regard, three spiked samples contain-
ing various amounts of DOX were prepared. Each of the 
prepared solutions was analyzed five times, and then, the 

error percentage, recovery percentages (Re%), and relative 
standard deviation percentages (RSD%) parameters were 
calculated (Table 3). These findings validate the excellent 
accuracy and precision of the developed method. 

The reusability of the prepared sorbent was evaluated. 
In this regard, 6.00 mg of the Fe3O4@SiO2 MNPs were 
repeatedly used six times (Fig. 6). At every turn, the MNPs 
were washed twice for 30 s using ethanol and water and 
then dried. The findings have demonstrated that the adsorp-
tion efficiency of the Fe3O4@SiO2 MNPs was sustained at 
around 90% after at least five recycles. All of the optimal 
studied variables are listed in Table 1.

Analysis of the spiked samples

To check the reliability of the proposed MSPE approach in 
real sample analysis, the DOX was measured in urine sam-
ples and various types of water (surface and river water). 
In this regard, the real samples were spiked with different 
amounts of DOX, and after doing the MSPE process, the 
recovery values were calculated. The averages of five inde-
pendent assessments are shown in Table 4. The obtained 
recovery percentage values for the urine and water samples 
analysis were 98–102% and 97–98.3%, respectively. The 

Fig. 5   Effect of A eluent type, B eluent volume, C desorption time, and D sample volume

Table 1   Optimum extraction variables

Variable Studied range Selected value

Volume of DPP (1 mM), mL 1–5 2
Amount of MNPs, mg 20–100 60
Amount of BZC (2% v/v), mL 1–5 3
Volume of NaOH (0.1 M), mL 0.5–4.0 2
Contact time, min 4–16 10
Desorption time, min 1–5 2
Volume of eluent, mL 1–5 2
Volume of sample, mL 10–100 50
Type of eluent Different solvent Ethanol
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findings values in Table 4 validate the excellent accuracy 
and precision of the developed method.

Comparison with other documented methods

The performance features of the current method in com-
parison with previously described methods for DOX analy-
sis in Table 5. The current spectrophotometric method is 
simple and cost-effective and can be substituted with many 
costly and sophisticated techniques, such as HPLC, LC/
MS, and flow injection analysis (Al Abachi and Hadi 2014; 
Belal et al. 2019). Compared to the other given approaches 
in Table 5, the recommended strategy has good sensitivity 
and precision. Additionally, in the developed method, the 
MNPs can be easily synthesized using a minimal organic 
solvent and a safe colorimetric reagent that is a medicinal 
compound.

Conclusion

A quick, easy, and inexpensive magnetic solid-phase extrac-
tion (MSPE) approach based on benzalkonium chloride-
modified silica-coated magnetite nanoparticles (Fe3O4@
SiO2@BZC) was developed for the extraction and pre-con-
centration of doxycycline hyclate (DOX) from environmen-
tal and biological samples. Prior to extraction, DOX was 
coupled with procaine benzylpenicillin (PP) as a cost-effi-
cient, available, and non-toxic color reagent using the azo-
coupling procedure. The coupling of DOX with PP caused 
the generation of an orange azo dye with a λmax of 440 nm. 
Following the pre-treatment step, the target analyte was 
determined spectrophotometrically. Under optimal condi-
tions, the developed technique demonstrated good analytical 

Table 2   Analytical performance 
data for the proposed methods

Parameter Value

With MSPE Without MSPE

Regression equation y = 0.6327x + 0.2231 y = 0.0135x + 0.0613
Linearity range (µg/mL) 0.08–3.00 2.00–30.00
Maximum wavelength (nm) 440 439
Correlation of determination (R2) 0.9977 0.9966
Slope, b (mL/μg) 0.6327 0.0135
Intercept, a 0.2231 0.0613
Average of recovery% ± SD 100.19 ± 1.85 98.90 ± 1.54
RSD (%) 0.41–1.37 0.74–2.39
Molar absorptivity (L/mol.cm) 3.25 × 105 6.92 × 103

Sandellʼs sensitivity, S (µg/cm2) 1.58 × 10–3 7.41 × 10–2

Limit of detection, LOD (µg/mL) 0.01 0.87
Limit of quantification, LOQ (µg/mL) 0.04 2.89
Standard deviation of residuals (Sy/x) 0.0343 0.0074
Standard deviation of intercept (Sa) 0.0212 0.0040
Standard deviation of slope (Sb) 0.0124 0.0002
Pre-concentration factor 47 –
Enrichment factor 25 –

Table 3   Application of the proposed method for the assessment of 
DOX in pure forms with and without MSPE extraction

Method Amount of 
DOX (µg/mL)

Error % Recovery% RSD% (n = 5)

Added Found

With MSPE 0.80 0.79 − 1.25 98.75 1.17
1.50 1.54 2.67 102.67 1.37
2.50 2.49 − 0.40 99.60 0.41

Without 
MSPE

6.00 5.83 − 2.83 97.18 2.39
16.00 16.01 0.06 100.06 1.04
26.00 25.86 − 0.54 99.46 0.74

Fig. 6   Reusability of the Fe3O4@SiO2@BZC MNPs
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properties and was effectively utilized for the extraction and 
detection of DOX in the different water and urine samples. 
The developed approach in the present study outperforms 

most previous studies in terms of LOD. Another benefit 
of this study is the utilization of a straightforward, eas-
ily accessible, and user-friendly UV–vis spectroscopy to 

Table 4   Analysis of DOX in the 
urine and various water samples

*The average of five determinations

Samples Spiked (µg/mL) Found ± SD* (µg/mL) Recovery% RSD%*

River water 0.00 – – –
1.00 1.02 ± 0.03 102.00 3.37
2.00 1.98 ± 0.06 99.00 2.92
3.00 2.96 ± 0.06 98.67 1.95

Surface water 0.00 – – –
1.00 0.99 ± 0.016 99.00 1.06
2.00 1.97 ± 0.06 98.50 2.96
3.00 2.94 ± 0.07 98.00 2.33

Urine (1) 0.00 – – –
1.00 0.97 ± 0.04 97.00 3.65
2.00 1.96 ± 0.05 98.00 2.58
3.00 2.95 ± 0.08 98.33 2.53

Urine (2) 0.00 – – –
1.00 0.97 ± 0.03 97.00 2.94
2.00 1.95 ± 0.05 97.50 2.36
3.00 2.94 ± 0.06 98.00 2.15

Table 5   Comparison of the several analytical approaches for the extraction and estimation of DOX

HPLC–UV high-performance liquid chromatography-ultraviolet, SPME solid-phase microextraction, SPE solid-phase extraction, MIP molecu-
lar imprinted, FLD fluorescence detector, LLE–LC–MS liquid–liquid extraction-liquid chromatography–mass spectrometry, HPTLC high-per-
formance thin-layer chromatography, DLLME dispersive liquid–liquid microextraction, SIC sequential injection chromatography, RSD% relative 
standard deviation percentage, LOD limit of detection
*μg/kg

Analytical method Sample type Linearity 
range (μg/
mL)

LOD (μg/mL) LOQ (μg/mL) Recovery% RSD% References

HPLC–UV Pharmaceutical forms 50–100 2.83 8.59 100.33 1.13 Kogawa and Salgado 
(2013)

HPLC Human urine and 
pharmaceuticals

3–30 0.02 0.1 106.0  < 1 Ramesh et al. (2010)

LLE–LC–MS Human plasma 0.5–5.0 0.05 0.1 96.08–104.60 0.13–0.74 Selvadurai and 
Meyyanathan 2010)

SPE–HPTLC Surface Waters 0.05–1.50 0.017 0.057 99.47 2.93 Opriş et al. (2012)
SPE–HPLC Lake water 0.001–0.2 0.0012 0.00356 90.5 2.5 Liu et al. (2014)
MSPE–UV Tap, well, and agri-

cultural water and 
honey

2–250 – – 89.0–103.5 < 3 Ghaemi and Absalan 
(2015)

DLLME–HPLC Beef 5–500* 4.21– 4.69* 14.02 – 15.65* 95.33–106.67 3.8–14.9 Aliu et al. (2023)
SIC Pharmaceutical forms 2–100 0.5–2.0 6.7 99.3–99.9 0.5–5.4 Šatínský et al. (2005)
LC/MS Mice plasma 0.625–15 0.0021 0.0064 79.93 0.46–4.89 Sancho et al. (2022)
HPLC Ovine plasma and 

milk
0.125–2.5 0.05–0.09 0.15–0.26 72.24–83.77 2.46–7.56 Mileva (2019)

Rabbit plasma
SPE–Spectropho-

tometry
River water, surface 

water, urine
0.08–3.0 0.01 0.04 98–102 0.79–2.39 Present work
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quantify the target analytes. The existing extraction method 
is expandable to pre-concentrate and quantify various phe-
nolic compounds.
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