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Abstract

This study presents a novel and environmentally friendly microextraction
method for the determination of diphenhydramine hydrochloride (DPH). The
method integrates switchable hydrophilicity solvent-based liquid—liquid
microextraction (SHS-LLME) with magnetic solid-phase extraction (MSPE).
Initially, Fe;O, magnetic nanoparticles were synthesized through co-
precipitation and functionalized with oleic acid to enhance colloidal stability and
prevent agglomeration. The structural and magnetic properties of the
nanoparticles were characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM), field emission scanning electron microscopy
(FESEM), vibrating sample magnetometry (VSM), and Fourier-transform
infrared spectroscopy (FTIR). These analyses confirmed successful modification
of the nanoparticles without altering their core crystalline structure. In the SHS-
LLME step, N,N-dimethyl cyclohexylamine (DMCA) served as the switchable
solvent, with its polarity adjusted by using hydrochloric acid (HCI) and sodium
hydroxide (NaOH). Following this, the MSPE procedure employed
Fe;O,@oleic acid as the sorbent to isolate DPH from the organic phase. Various
critical variables affecting extraction performance—including the type and
volume of solvent, volumes of acid and base, temperature, amount of sorbent,
desorption solvent, volume, and time—were optimized using a one-variable-at-
a-time (OVAT) approach. Under optimal conditions, the method demonstrated
excellent linearity over a concentration range of 2.5-25 mg/L (R? = 0.9996). The
limits of detection and quantification were determined to be 1.30 mg/L and 3.95
mg/L, respectively. This technique achieves a high preconcentration factor with
reduced solvent consumption, aligning with the principles of green analytical
chemistry. Consequently, the combined SHS-LLME/MSPE method enables
efficient, selective, and reproducible measurement of DPH in pharmaceutical
preparations, making it suitable for routine drug quality control applications.
Keywords: Diphenhydramine Hydrochloride« Switchable Hydrophilicity
Solvent (SHS)¢ Fe;O, Nanoparticles¢ Oleic Acid Coatinge Magnetic Solid-
Phase Extraction (MSPE)
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1 Introduction:

Diphenhydramine hydrochloride is 2 -(diphenyl methoxy)-N, N-dimethyl
ethylamine hydrochloride. A common antiallergic, antiemetic, and antitussive, a
histamine H1-receptor antagonist. It comes in a variety of pharmaceutical
formats that are usually used orally, such as tablets, capsules, and syrups. It can
also be injected intramuscularly or intravenously in situations of severe
allergies.(1) Numerous analytical techniques, such as spectrophotometry(2),
have been reported for the determination of DPH in pharmaceutical
formulations(3).(4) (5)Flow Injection Analysis(6) The electrophoresis of
capillaries(7).  (8)Thin  layer  chromatography.(9)Chromatography  of
gas(10)High-performance liquid chromatography(11).(12)Traditional sample
preparation techniques, such as liquid-liquid extraction (LLE) and solid-phase
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extraction (SPE), are often time-consuming, labor-intensive, and require large
amounts of organic solvents, raising environmental and health
concerns(13).(14)Miniaturized and environmentally friendly techniques have
garnered increasing attention in analytical chemistry. One such innovative
method is switchable solvent-based liquid-phase microextraction (SS-LLME).
This technique uses solvents that can reversibly transition between being
miscible and immiscible with water, depending on external stimuli like pH or
carbon dioxide levels.(15)This adaptable behavior reduces solvent consumption,
improves selectivity, and enables efficient analyte partitioning. However, when
an external magnetic field is added, functionalized magnetic nanoparticles are
used in magnetic solid-phase extraction (MSPE), which enables the quick and
precise separation of analytes from complicated mixtures(16).(17)The
integration of SS-LPME with MSPE (Magnetic Solid-Phase Extraction) creates
a hybrid extraction strategy that combines the adaptability of switchable solvents
with the high surface area and magnetically driven recovery of solid sorbents.
This method improves enrichment factors, reduces sample handling, and aligns
with the principles of green analytical chemistry.Currently, there has been
limited research on the use of this dual-extraction technique for determining
diphenhydramine hydrochloride (DPH). Therefore, this study aims to develop
and optimize a combined SS-LPME/MSPE method for the sensitive and
selective extraction of DPH.

2 Experimental

2.1 Instruments:

Various analytical and laboratory instruments were employed throughout this
study to ensure accurate characterization and effective analysis. The instruments
used, along with their models, manufacturers, and locations, are described
below: A Field Emission Scanning Electron Microscope (FE-SEM), model
MIRA3 from TESCAN (Czech Republic), was utilized for surface morphology
analysis and was operated in Iran. A Transmission Electron Microscope (TEM),
model A12AB from Leo (Germany), was also used in Iran to investigate the
internal structure and particle size of the synthesized materials. The X-ray
Diffractometer (XRD), model XRD-6000, manufactured by Shimadzu (Japan),
was employed for crystallographic analysis and operated in Iran as well. To
investigate functional groups and confirm chemical structures, a Fourier
Transform Infrared Spectrophotometer (FT-IR), model FT-IR84005 (Shimadzu,
Japan), was used at the University of Al-Qadisiya, College of Science.
Additionally, two types of UV-Visible Spectrophotometers were utilized: a
double-beam spectrophotometer (model UV-1650, Shimadzu, Japan) and a
single-beam spectrophotometer (model 1200RS, FARLAB, Korea), both located
at the same institution. Weighing of samples was carried out using a digital
analytical balance, model EP214C (OHAUS, Switzerland), while drying steps
were performed using a vacuum oven, model DO-18 (HYSC, Korea), both
available at the University of Al-Qadisiyah. Sample mixing and agitation were
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performed using an orbital shaker (model LSI-I, Labtech, Korea) and a hotplate
with magnetic stirrer (model LMS-1003, Labtech, Korea), and sample
dispersion and dissolution were enhanced using an ultrasonic bath, model LUC-
410 (Shimadzu, Japan). All of these instruments were located at the University
of Al-Qadisiya, College of Science.

2.2 Chemicals and reagents:

All solutions were prepared using deionized water. A stock solution of
diphenhydramine hydrochloride (50 mg L.™) was prepared by dissolving 0.0025
g of the standard in hot deionized water. The solution was then filtered and
diluted to a final volume of 50 mL in a calibrated volumetric flask. The organic
solvents utilized in this study—methanol (99.9%), ethanol (99.9%), acetonitrile
(99.5%), acetone (99.5%), and toluene (99.9%)—were obtained from Merck
(Germany). Ferric chloride hexahydrate (FeCl;-6H,0), ferrous chloride
tetrahydrate (FeCl,-4H,0), oleic acid (OA), and agueous ammonia solution
(25%) were purchased from Loba Chemie Pvt. Ltd. (India). The switchable
polarity  solvents, namely  N,N-dimethylcyclohexylamine (DMCA),
triethylamine (TEA), and 2-(dibutylamino)ethanol (DBAE), were supplied by
Macklin (China).

2.3 Synthesis of Fe304 magnetic nanoparticles:

Magnetite (FesO,) nanoparticles were synthesized via a conventional co-
precipitation method. Specifically, 5.6 g of ferric chloride hexahydrate
(FeCl3-6H,0) and 2.3 g of ferrous chloride tetrahydrate (FeCl,-4H,0) were
dissolved in 50 mL of deionized water under constant magnetic stirring. The
solution was then heated to 83 °C under a nitrogen atmosphere. A total of 20 mL
of 25% aqueous ammonia solution was added dropwise, leading to the formation
of a black precipitate, indicating the successful synthesis of Fe;O, nanoparticles.
The resulting nanoparticles were collected by magnetic separation, washed
repeatedly with deionized water to remove unreacted ions, and dried at
65 °C(18) .

2.4 Oleic Acid Surface Coating:

"A total of 1.0 g of Fe;O, nanoparticles was dispersed in 20 mL of deionized
water via ultrasonication for 2 minutes. Subsequently, 2 mL of oleic acid was
added, and the resulting mixture was continuously stirred for 6 hours to achieve
surface modification. The functionalized nanoparticles were then magnetically
separated, washed thoroughly with ethanol to remove excess reagents, and dried

overnight at 85 °C(19).
meww

Fiaure 1: The X-rav diffraéfi“r;ﬁnbvattern on of the Fe304(A)
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Figure 2 Linking oleic acid to iron oxide nanoparticles(43)

2.5 SHS-Based Liquid-Liquid Microextraction Procedure:

A 3 mL aliquot of the solution containing diphenhydramine hydrochloride was
transferred into a 10 mL centrifuge tube. Subsequently, 200 uL of DMCA and
500 pL of 6 mol/L HCI were added, and the mixture was vortexed for 10
seconds. The tube was then placed in a water bath at 50°C for 2 minutes. Phase
separation was induced by the addition of 800 pL of 10 mol/L NaOH, resulting
in a turbid solution. Finally, the DMCA-rich phase was carefully collected from
the aqueous phase surface using a syringe.(20)

2.6 Magnetic solid microextraction procedure:

A 0.01 g amount of Fe;O,@oleic acid (Fe;O,@OA) sorbent was added to a
clean tube containing the obtained SHS phase. The mixture was vortexed for 20
minutes to allow folic acid (FA) to adsorb onto the magnetic material. Following
adsorption, the magnetic nanoparticles (MNPs) were rapidly separated from the
solution using a strong magnet. Desorption was performed by adding 2 mL of
methanol and shaking for 15 minutes. The resulting eluent was then used for
UV-Vis spectrophotometric analysis(21).

3 Results and discussion:

3.1 Characterization of Fe304@oleic acid nanoparticles

3.1.1 X-Ray Diffraction Analysis (XRD):

Both uncoated Fe;O, nanoparticles (Figure 2A) and OA-coated Fe;O,
nanoparticles (Figure 2B) exhibit distinct diffraction peaks at 26 values of
approximately 30.1°, 35.5°, 43.1°, 53.5°, 57.0°, and 62.6°. These peaks
correspond to the (220), (311), (400), (422), (511), and (440) planes of the spinel
structure of magnetite (Fe;0,4)(22). This observation demonstrates that the
fundamental crystalline structure of Fes;O, remains unchanged even after the
OA coating(23).(24) However, these peaks appear broader and less intense in
the OA-coated samples. This broadening may result from the surface
modification process, indicating a reduction in crystallite size or an increase in
lattice strain(25).(26)Oleic acid molecules adhere to the surface of Fez;O,
nanoparticles through their carboxylate groups, forming a chemisorbed layer.
The absence of additional peaks in the XRD patterns suggests that this organic
layer does not create new crystalline phases. Instead, it introduces a slight
amount of disorder at the nanoparticle’s surface, which results in peak
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broadening and a decrease in intensity(27). By preventing agglomeration
through steric hindrance, the OA coating significantly improves the dispersion
stability of nanoparticles. This enhanced dispersion is crucial for applications
requiring consistent nanoparticle distribution. The XRD analysis indicates that
coating Fe;0, nanoparticles with oleic acid preserves the core spinel structure
while causing minor alterations to the surface. The observed changes, such as
peak broadening and variations in intensity, are attributed to the formation of an
amorphous organic layer on the nanoparticle surface. This layer enhances
dispersion without compromising the crystalline integrity of the Fe;0,
nanoparticles.

3.1.2 Transmission Electron Microscopy (TEM):
A transmission electron microscopy (TEM) image of iron oxide nanoparticles

Figure 3 TEM image of Fe304(A)Fe304@O0A

with a semi-spherical form and obvious aggregation is displayed in Figure 3A.
Strong interparticle interactions, such as van der Waals forces and magnetic
dipole-dipole attractions, are usually the cause of this clustering. Due to their
high surface energy, uncoated magnetic nanoparticles are particularly
susceptible to these forces, which encourage agglomeration as a means of
lowering the system's overall energy consumption(28). On the other hand,
Figure 3B displays the identical nanoparticles following their oleic acid coating.
Particle aggregation is greatly decreased by this surface change, leading to a
more distributed arrangement. The enhanced dispersion is presumably owing to
the steric barrier generated by the oleic acid layer. Since the carboxylic end of
its long hydrophobic tail establishes a bond with the iron oxide surface, it creates
a physical barrier that prevents direct contact between the nanoparticles(29).(30)
It is frequently used to increase colloidal stability and solubility in organic
solvents, which is particularly useful in biomedical applications like imaging
and medication delivery. Differences in electron density between the organic
shell and the iron oxide core could be the cause of the contrast difference
between the two TEM images. Because the oleic acid coating has a lower
electron density, certain areas of the image have less contrast. Nonetheless, the
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core nanoparticles' general shape doesn't essentially alter. Because of its
demonstrated capacity to reduce nanoparticle aggregation through steric
stabilization, oleic acid was chosen as a coating agent. Its long hydrophobic
tail's carboxylic end forms a strong bond with the iron oxide surface, creating a
protective organic shell that improves colloidal stability in organic fluids and
blocks direct particle-to-particle interaction. This makes it ideal for enhancing
the dispersion of nanoparticles and avoiding agglomeration(29).

3.1.3 field emission scanning electron microscopy (FESEM):

SEMMV. 1500%V WO 6,108 mm

SEM MAG: 10000 ko Det: inBeam 500 nm {
View fleld: 2.167 m  Date(midly): 04/1926 /]

Figure 4 FESEM of Fe304 (A) Fe304@OA(B)

Figure 4A shows a Field Emission Scanning Electron Microscope (FESEM)
image of iron oxide nanoparticles before they have been modified with oleic
acid. The particles appear to be aggregated and range in size from 59 to 70
nanometers. The strong van der Waals forces and high surface energy of the
nanoparticles contribute to this aggregation when no stabilizing surface coating
is present. The scientific literature has extensively demonstrated that nanoscale
particles tend to cluster in the absence of protective coverings(31)(32)The
FESEM image in Figure 4B shows iron oxide nanoparticles coated with oleic
acid, which facilitates the formation of Fe3O,. These coated particles exhibit
greater dispersion and smaller diameters, ranging from approximately 31 to 50
nanometers, compared to uncoated Fe;O,. The oleic acid layer prevents the
particles from direct contact with one another, reducing aggregation and
enhancing colloidal stability, particularly in organic environments(31). The
Fe;O, particles in the oleic acid (OA) photographs display a more uniform size
and less aggregation compared to the uncoated particles. The uncoated particles
show significant clumping and a broader size distribution. The steric hindrance
caused by the lengthy hydrophobic chains of the oleic acid molecules extending
outward reduces van der Waals and magnetic interactions. Additionally, a
connection is formed between the carboxyl groups of oleic acid and the surface
of the Fe30, particles.(33)The steric hindrance provided by the lengthy
hydrocarbon chains of oleic acid is responsible for the enhanced particle
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dispersion and decreased size shown in the oleic acid-coated nanoparticles. By
lowering magnetic interactions and van der Waals forces, this barrier improves
the colloidal stability of the particles. The literature has extensively shown such
behavior for magnetic nanoparticles coated with oleic acid(34).

3.1.4 Vibrating Sample Magnetometer (VSM):

Fe304 OA

204

Magnetization (emu/g)
o

-20

-1C1I)00 -5[‘500 ] 50‘00 IO(I)OO
Applied Field (Oe)

Figure 5 Magnetization curve of Fe304(A)Fe304@O0A(B)

Figure 5illustrates the typical super-paramagnetic behavior seen in the magnetic
hysteresis loop of Fe;O, nanoparticles that are coated with oleic acid. This
behavior is characterized by very low coercivity (Hc < 1 Oe) and nearly zero
remanent magnetization (Mr = 0).(29)Due to surface spin canting and the
presence of a non-magnetic oleic acid shell, the saturation magnetization (Ms) of
Fe;O, nanoparticles ranges from 54 to 80 emu/g, which is somewhat lower than
that of bulk Fe;O,. This magnetic behavior is attributed to their small particle
size, typically less than 20 nm, which leads to rapid fluctuations in magnetic
moments and allows thermal energy to overcome the anisotropic energy barrier.
The mechanism of Néel relaxation governs this process. The oleic acid coating
acts as a steric stabilizer by reducing interparticle magnetic interactions,
preventing agglomeration, and enhancing colloidal stability. These
characteristics make Fe3;04,-OA nanoparticles highly suitable for various
biomedical applications, such as magnetic drug targeting, MRI contrast
enhancement, and hyperthermia treatment(35).

3.1.5 FTIR Analysis:

A B

IR I I T T

Traasnitance [

B0 &5 TR TS M B S0 95 W00

Winanumber em-1

Figure 6: FT-IR spectra of Fe304(A) Fe304@0OA(B)
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Figure 6A: Uncoated FeO, Nanoparticles

The presence of surface hydroxyl groups and the iron oxide structure is
confirmed by distinctive peaks in the FTIR spectrum of uncoated iron oxide
nanoparticles:

- The large absorption peak at 3411 cm™ corresponds to the stretching
vibrations of -OH groups, which are often associated with surface-adsorbed
water or hydroxyl functional groups on the nanoparticles' surface.

- The bending vibrations of H-O—H produce bands in the range of 1629-1566
cm™, further indicating the presence of adsorbed moisture on the surface.

- The characteristic peaks at 574 cm™ and 432 cm™ confirm the presence of the
spinel structure typical of FeQ,, as they correspond to the stretching of the Fe-O
bond(36).

Nanoparticles of FeO, Coated with Oleic Acid Figure 6B

When the nanoparticles' surfaces are modified with oleic acid, the FTIR
spectrum exhibits notable alterations, suggesting that the coating procedure was
successful(37). The asymmetric and symmetric stretching vibrations of the CH,
groups present in the lengthy hydrocarbon chain of oleic acid are linked to the
peaks at 2920 and 2850 cm-1.(38)The stretching of the carbonyl group (C=0)
from the free—COOH group in unbound oleic acid is represented by the band
1710 cm-%(39). The asymmetric and symmetric stretching vibrations of
carboxylate groups (-COQ") appear as peaks at 1533 cm™ and 1441 cm™. This
indicates that coordination with Fe2* ions has led to the chemisorption of oleic
acid onto the surface of the nanoparticle. Additionally, the Fe—O band is still
detectable at 571 cm™, suggesting that the magnetic core remains physically
intact.

3.2 Optimization Conditions for SHS-LLME Technique:
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The switchable hydrophilicity solvent-based liquid-liquid micro-extraction
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Figure 7 Type of Switchable Solvent(A) Volume of SHS(B) Volume of Acid(C) Volume of
Base(D) Extraction Temperature(E)

(SHS-LLME) methodology utilizes solvents that can transition between
hydrophilic and hydrophobic states in response to environmental stimuli, such as
pH. This innovative approach to sample preparation enhances extraction
efficiency. We employed a one-variable-at-a-time (OVAT) method to
investigate the effects of various critical factors and improve the extraction
process for DPH. Our findings indicate that the following conditions are
optimal:

3.2.1 Type of Switchable Solvent:
Three tertiary amines were evaluated:

e N, N-Dimethyl cyclohexylamine (DMCA)
e Triethylamine (TEA)
e Dibutylaminoethanol (DBAE)
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Due to its favorable log Kow value (which is less than 2.5) that allows for
reversible polarity switching, DMCA has been identified as the most efficient
solvent. It was selected because of its advantageous physicochemical properties,
including low toxicity, moderate solubility in both organic and aqueous phases,
and its commercial availability. This indicates that SHS can be effectively
developed in line with previous research findings(40), as shown in Figure 7A.
3.2.2 Volume of SHS:

Test volumes of DMCA varied from 100 to 800 pL. Previous research on SHS-
based techniques indicated that the best recovery occurred with 200 uL; beyond
that volume, dilution effects began to reduce extraction effectiveness(41), as
shown in Figure 6 B.

3.2.3 Volume of Acid (HCI):

Hydrochloric acid (6 M) acts as a polarity modulator, converting the solvent into
a hydrophilic state. It was found that a volume of 500 pL ensures complete
protonation of the solvent, thereby maximizing analyte solubilization (Figure
6C).

3.2.4 Volume of Base (NaOH):

The solvent was converted back to its hydrophobic state, and phase separation
was induced using a 10 M sodium hydroxide solution. An amount of 800 pL
yielded the best results, as it facilitated an effective phase transition and allowed
the analyte to partition into the organic layer (see Figure 6D).

3.2.5 Extraction Temperature:

Temperatures ranging from 10 to 90 degrees Celsius were examined. To achieve
a better balance between extraction kinetics and reduced solvent or analyte
evaporation, an extraction temperature of 50 °C was determined to be ideal
(42)(Figure 6E).

3.3 Optimization Conditions for MSPE Technique
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Figure 8: Sorbent Amount(A) Elution Solvent(B) Eluent Volume(C) Desorption Time(D)

After SHS-LLME, the magnetic solid-phase extraction (MSPE) process was
improved to increase recovery and selectivity. FesO, nanoparticles
functionalized with oleic acid (FesO,@OA) served as the adsorbent. Adsorption
and desorption processes were the main focus of optimization, and the following
parameters were set:

3.3.1 Sorbent Amount:

Fe;0,@O0A was tested at different concentrations ranging from 0.016 to 0.056
g. The highest extraction efficiency was achieved with a sorbent mass of 0.016
g; concentrations above this led to surface saturation and increased viscosity,
preventing further gains as shown in Figure 8A.

3.3.2 Elution Solvent:

The ability of several solvents, including methanol, ethanol, acetonitrile,
acetone, and toluene, to desorb DPH from Fe;O,@oleic acid nanoparticles was
evaluated. Due to its high polarity, protic nature, and strong hydrogen bonding
capabilities, methanol exhibited the greatest efficiency in breaking the
interactions between the analyte and the sorbent surface. Consequently,
methanol was selected as the optimal desorption solvent for the subsequent tests
(see Figure 8B).
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3.3.3 Eluent Volume
Eluent volumes ranging from 1 to 10 milliliters were examined. Full desorption
of the analyte required only 2 mL of methanol, providing the best balance
between volume efficiency and recovery (see figure 8C).
3.3.4 Desorption Time:
The study investigated the desorption efficiency over a time frame of 5 to 30
minutes. It was determined that 15 minutes is the optimal duration for ensuring
complete release of the analyte into the elution solvent, based on the adsorption-
desorption kinetics of magnetic sorbents, as illustrated in Figure 8D.
3.4 Method validation
Model solutions of DPH were prepared by spiking them with working standard
solutions and analyzed using a combined SHS-LLME and MSPE procedure
under optimized conditions. The calibration curve, represented by the equation \(
y = 0.0021x - 0.0006 \), exhibited excellent linearity over the concentration
range of 2.5 to 25 mg/L, with a correlation coefficient (R2) of 0.9996. The limit
of detection (LOD) and limit of quantification (LOQ) were calculated using the
formulas LOD = 3.3 x Sb / m and LOQ = 10 x Sb / m, where (Sb) is the
standard deviation of seven replicate measurements of the blank solution, and
(m) is the slope of the calibration curve. Table 1 presents the LOD and LOQ
values obtained from this analysis.
Due to the preconcentration factor of the method, the ratio of the initial sample
volume to the final sample volume after extraction was significantly enhanced,
demonstrating improved sensitivity and detection capabilities.

Table 1: The LOD and LOQ values for Diphenhydramine hydrochloride

Analyte LOD LOQ

DPH 1.30 mg/L 3.95 mg/L

4 Conclusion

To determine diphenhydramine hydrochloride (DPH), this study proposes an
effective integrated microextraction method that combines magnetic solid-phase
extraction (MSPE) with switchable hydrophilicity solvent-based liquid-liquid
microextraction (SHS-LLME). The use of oleic acid-coated Fe;O, nanoparticles
enhances extraction efficiency due to their high surface area, stability, and
magnetic properties. The robustness and reproducibility of the method were
demonstrated by optimizing key parameters, leading to good selectivity and
sensitivity with low solvent consumption. The method also exhibited high
linearity and a low detection limit, confirming its analytical reliability.
Furthermore, this approach aligns with green chemistry principles, making it a
more environmentally friendly alternative to traditional extraction methods.
These findings underscore the potential of the proposed method for routine DPH
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measurement in pharmaceutical formulations, paving the way for other

applications in quality control and drug monitoring.
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