ISSN 1061-9348, Journal of Analytical Chemistry, 2024, Vol. 79, No. 1, pp. 29—34. © Pleiades Publishing, Ltd., 2024.

ARTICLES

Magnetic Sorbents Based on Hydrophobized Silicas:
Influence of Structural Matrix Parameters
on Magnetic and Sorption Properties

Iu. V. Karsakova“, E. N. Goncharova’, and T. 1. Tikhomirova* *
¢ Department of Chemistry, Lomonosov Moscow State University, Moscow, 119991 Russia
5000 “NVTs Agrovetzaschita,” Moscow, 129329 Russia

*e-mail: tikhomirova-tatyana @yandex.ru
Received May 19, 2023; revised June 16, 2023; accepted June 20, 2023

Abstract—The magnetic and sorption properties and structural characteristics of hydrophobized silicas
(CMS-C,¢) modified with magnetite nanoparticles (MNPs) are studied. The structural characteristics of
CMS when modified with MNPs, established by low-temperature nitrogen adsorption, practically do not
change, and the sorption and magnetic properties depend to the greatest extent on the size of the sorbent par-
ticles. The dependence of the efficiency of extraction of some organic compounds on magnetic sorbents on
the size of sorbate molecules is found. The magnetic sorbent was used for the sample preparation using the
QuEChERS method for determining the active ingredients of drugs and their metabolites in animal kidneys

using liquid chromatography—mass spectrometry.
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Sorption extraction of various compounds is an
effective method of sample preparation in analytical
practice. Currently, new sorption materials have been
obtained, and the technology of the sorption process is
being changed. One of developing areas is the produc-
tion and use of magnetic nanomaterials, mainly mag-
netite (Fe;O4) and magnetic sorbents based on it. A
large number of magnetic sorbents have been synthe-
sized, mainly magnetic nanoparticles (MNP) with vari-
ous inorganic or organic compounds with a “core—
shell” structure immobilized on their surface [1—3].

Of particular interest are magnetic nanocomposite
sorbents, which can be synthesized by relatively simple
methods: by encapsulating MNP in the initial matrix
or by forming MNP on the surface of a sorbent. Mag-
netic sorbents combine the sorption properties of
source materials with the ability of separating the sor-
bent from the matrix solution using a magnet.
Depending on the type of the main matrix, which
occupies most of the volume of the nanocomposite
material, carbon-containing [4] or organopolymer
magnetic sorbents, e.g., based on hyper-cross-linked
polystyrene [5], are used.

A method has been developed for producing mag-
netic sorbents based on silicas chemically modified
with hexadecyl groups (CMS-C,¢). These are com-
mercially available sorbents effectively extracting
many organic compounds [6]. A distinctive feature of
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these sorption materials is the presence of samples
with a wide range of matrix structural parameters:
pore diameter, specific surface area, particle size. The
use of magnetic sorbents is promising to simplify the
determination of toxicants, drugs or pollutants in
complex matrices based on the ability of the control of
the movement of sorbents in two-phase systems using
an external constant magnetic field [7—11].

The aim of this work was to study the effect of the
structural characteristics of the silica matrix on the
magnetic and sorption properties of the resulting mag-
netic sorbents in relation to various organic com-
pounds, and also to establish a possibility of using
these sorbents to determine the active ingredients of
drugs and their metabolites in the animal kidneys.

EXPERIMENTAL

Reagents and equipment. Silicas chemically modi-
fied with hexadecyl groups (ZAO BioKhimMak ST,
Russia) and magnetic sorbents obtained on their basis
according to the procedure described in [6] were used
as sorbents.

We used alcoholic solutions of pyrene and naph-
thalene (0.25 mg/mL, Sigma—Aldrich, United
States), and an aqueous solution of the Sunset Yellow
FCF dye (1 g/L, Sigma—Aldrich, United States).
Solutions of the following standards in methanol with
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Table 1. Characteristics of the initial and resulting magnetic sorbents

Sorbent Sip> m?/g Voores cm’/g dpore; NM
CMS-C(-130, particle size 7 um 198 0.58 11.3
CMS-C4-130/Fe;0, 183 0.52 11.4
CMS-C 4-100, particle size 100—200 um 198 0.47 9.4
CMS-C 4-100/Fe;04 191 0.45 9.4
a concentration of 1 mg/mL were also used: RESULTS AND DISCUSSION

diflubenzuron (98%, TRC, Canada), deltamethrin
(99.7%, Dr. Ehrenstorfer, Germany), piperonyl butoxide
(95.8%, LGC, UK), 4-chlorophenylurea (98%, TRC,
Canada), diflubenzoron-D4 (99%, Pharmaffiliates,
India), deltamethrin-D5 (98%, TRC, Canada),
piperonyl butoxide-D9 (96%, TRC, Canada).

The absorbances of solutions were recorded on an
SF-103 spectrophotometer (Akvilon, Russia). The pH
values of solutions were monitored using an Expert
001 pH potentiometer (Econix-Expert, Russia). Mag-
netic solid-phase extraction was carried out on an
Ekros-6500 electromechanical shaker (Ekroskhim,
Russia). The magnetic sorbent was separated from the
solution using an Nd—Fe—B magnet (20 x 20 X
20 mm). The specific surface area and characteristics
of the porous structure of the samples were deter-
mined by low-temperature nitrogen adsorption on an
ASAP 2010 N automatic sorptometer (Micromeritics,
United States). An LCMS-8050 liquid gas chromato-
graph—mass spectrometer (Shimadzu Corporation,
Japan) was used in this work.

Sorption procedure in the static mode. A solution of
a test substance was put into graduated 15-mL test
tubes and the mixture was diluted with water to 10 mL.
The absorbance of the solution before sorption was
measured. Then a sorbent sample (0.07 g) was placed
in the resulting solution. Before adding to the solution,
the sorbent sample was treated with a small amount of
ethanol (3—4 portions of 50 uL). The test tubes were
shaken on a vibration mixer for the time necessary to
establish a sorption equilibrium. After this, the sorbent
was separated from the solution by decantation (in the
case of magnetic sorbents, using a magnet). The distri-
bution of analytes was controlled by determining equi-
librium concentration in the aqueous phase using a
spectrophotometric method. The concentrations on
the sorbent were calculated from the difference
between the initial and equilibrium concentrations in
the aqueous phase.

Previously, we developed a method for modifying
silica-based sorbents by the sorption of MNP from
methanol [6]. Under the selected conditions, mag-
netic sorbents based on hydrophobized silicas were
obtained: CMS-C,,-100/Fe;O, (particle size 100—
200 um) and CMS-C-130/Fe;O, (particle size
7 um) with different structural parameters (Table 1).
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Properties of the resulting sorbents. The synthe-
sized sorbents are superparamagnetic. The saturation
magnetization of the sorbents obtained under identical
conditions with a magnetite—sorbent mass ratio (1 : 4)
was 0.8 emu/g for coarse fraction sorbents and
5.7 emu/g for fine-grained sorbent. It was found that,
at a ratio in the range 1 : 30—1 : 5, the MNP content
was significantly lower, and the sorbents had less pro-
nounced magnetic properties, which made phase sep-
aration difficult.

The magnetic properties of the sorbents depend on
the magnetite content in the sorbent phase. It was
found that, with an increase in the pore diameter
(from 10 to 50 nm) of the initial hexadecyl silicas, the
iron content decreased slightly (from 0.49 to 0.43%),
which is apparently associated with a decrease in the
specific surface area of the matrix [12]. For the fine
fraction of the sorbent CMS-C,4-130/Fe;0,, the iron
content was 1.5%, i.e. three times higher. The presence
of iron on the surface of silica sorbents was confirmed
by energy-dispersive X-ray spectroscopy data; for one
of the samples of the CMS-C,-100/Fe;0, sorbent it
was 0.45 wt % (0.19 at %).

Using the method of low-temperature nitrogen
adsorption at 77 K on an ASAP 2010 N installation,
porous structure was studied and the specific surface
area of the initial and magnetic sorbents was deter-
mined. Modification with magnetite practically did
not lead to a change in the total surface area and spe-
cific pore volume for the coarse fraction the CMS-
Cs-100/Fe;0, sorbent; for the fine-grained CMS-
C,6-130/Fe;O, sorbent ,these values decreased slightly
(Table 1). It is likely that magnetite nanoparticles are
sorbed only on the outer surface of the granules. In this
case, the MNP content and saturation magnetization
are higher for a finely dispersed sorbent. This is
explained by the higher sorption capacity of a finely
dispersed sorbent due to the 15—30 times higher value
of S, (m?/g) of the outer surface of its granules com-
pared to the coarse sorbent fraction (the ratio of Sy, of
sorbents of coarse and fine fractions is proportional to
the ratio of the radii of granules).

From a comparison of electron microphotographs
(Fig. 1), one can see that MNP on the surface of the
sorbent are present as agglomerates, because, taking
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Fig. 1. Electron microphotographs of (a) CMS-C,-100 and (b) CMS-C,4-100/Fe;Oy.

into account the scale of the image, the particle size is
at least 1 pm.

Thus, the structural parameters of hydrophobized
silicas practically do not change when they are modified
with magnetite, and the MNP content depends to a
greater extent on the particle size of the initial sorbents.

Sorption properties of magnetic sorbents. A distinc-
tive feature of almost all magnetic sorbents is their lim-
ited use in the region pH < 2, because magnetite
begins to dissolve under these conditions. In [12], we
found that magnetic hydrophobized silicas are stable
in the pH range 3—7, which creates certain restrictions
in using them for the sorption preconcentration of var-
ious analytes. The sorption capacities of CMS-
C,¢/Fe;0, in relation to food dyes, phenols, and some
PAH were compared. The determination of these
compounds, which differ in molecular size and hydro-
phobicity, is an important environmental challenge.

It was found in [12] that the sorption of the Sunset
Yellow (SY) food dye as an ion pair with cetyltrimeth-
ylammonium bromide (CTAB) on magnetic sorbents
is slower and less efficient compared to the initial sor-
bents. Among the coarse-fraction sorbents, CMS-
C6-100/Fe;0, turned out to be the most effective;
therefore, it was chosen for the further research. In
addition, CMS-C,,-100/Fe;0, is closest in structural
parameters to the finely dispersed CMS-C ;-
130/Fe;0, sorbent, which makes it possible to study
the dependence of sorption on the particle size of the
sorbent. It was found that particle size significantly
affects the sorption of SY (Fig. 2). As one can see in
the figure, sorption on CMS-C¢-130/Fe;0, is faster
and more efficient than on CMS-C-100/Fe;0,;
however, in this case, the recovery of the dye on the
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magnetic sorbent is lower than that on the initial one.
Below are the recoveries (R, %) of SY on (a) non-magnetic
and (b) magnetic sorbents (m, = 0.07 g, ¢, = 0.01 g/L,
Cotap = 4.6 X 1074 M, V= 10.0 mL, /= 60 min):

CMS-C6-130
90 (a) 75 (b)

CMS-C6-100
90 (a) 65 (b)

One possible explanation for this effect is the large
size of the SY molecule (the projection area of the SY
molecule is 1.8 nm?, and its ion pair with CTAB is even

R, %
100

75

50

25

1
0 20 40 60
t, min

Fig. 2. Dependence of the recovery of the “Sunset Yellow”
dye on magnetic sorbents CMS-C4-130/Fe;O,4 (1) and
CMS-Cy4-100/Fe3O4 (2) on the time of phase contact.

VaQ-P~ =5mL, myypen = 0.05 8.
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Fig. 3. Dependence of PAH sorption on the time of phase contact on sorbents CMS-C,-100 (/) and CMS-C4-100/Fe;0,4
(2). (a) Pyrene: mgy e = 10 mg, 20% aqueous—alcoholic solution of pyrene (¢ = 1.25 ug/mL, V=10 mL, A = 335 nm). (b) Naph-
thalene: mg,p0ne = 20 mg, 1% aqueous—alcoholic solution of naphthalene. ¢ = 5 x 1077 M, V=10 mL, A = 275 nm.

larger). To test this assumption, we studied the sorp-
tion of pyrene and naphthalene, whose molecular
sizes are different (the projection area of pyrene and
naphthalene molecules is 2.0 and 1.4 nm?, respec-
tively) on CMS-C,-100 and CMS-C,4-100/Fe;0,.
The sorption of pyrene on a magnetic sorbent is less
efficient compared to the initial one (Fig. 3). Com-
pared to pyrene, the difference in the sorption recov-
ery of naphthalene on these sorbents is insignificant,
which is probably due to the almost twofold smaller
size of the naphthalene molecule.

The assumption that sorption depends on the size
of the sorbate molecules is also confirmed by the
results of studying the sorption capacity of magnetic
sorbents in relation to phenol and its chlorine and
nitro derivatives, the projection areas of the molecules
of which are 0.2—0.7 nm?. It was found that the sorp-
tion capacity of the magnetic sorbent does not differ
from that of the initial one [13].

Thus, the structural characteristics of CMS modi-
fied with MNP, determined by the method of low-
temperature nitrogen adsorption, practically do not
change; therefore, the sorption capacity of magnetic
sorbents is preserved in relation to small molecules (the
projection area of the sorbates is less than 1 nm?). A

decrease in the sorption capacity of magnetic sorbents
for larger molecules may be due to the partial blocking
of the sorbent pores by magnetite nanoparticles.

Determination of deltamethrin (DM), piperonyl
butoxide (PBO), diflubenzuron (DFB) and 4-chloro-
phenylurea (4-CPU) in animal kidneys. Hydrophobi-
zed silicas are used not only to extract the analyte
being determined, but also to purify the sample from
accompanying non-polar compounds using the
QuEChERS method, while the analyte component
remains in the organic phase [14, 15]. Thus, it is pos-
sible to determine the active ingredients of drugs in
animal organs and tissues [10, 16, 17].

We studied a possibility of using the magnetic sor-
bent CMS-C,-100/Fe;0O, for the determination of
medicinal substances (MS) according to the proce-
dure [18], which uses the Chromabond C,g sorbent.

Table 2 presents the characteristics of the sorbents used.

To determine drugs in the kidneys of animals, 1.0 g
of a pre-crushed kidney sample was placed in a 15-mL
polypropylene test tube and extraction was carried out
with 2 mL of acetonitrile. The extract was separated by
decantation. A 0.1-g portion of a sorbent was added to
the resulting solution, and the analytes to be deter-
mined remained in the acetonitrile extract, while the

Table 2. Characteristics of hydrophobized silica sorbents used in the QuEChERS method

Characteristic Chromabond Cig CMS-C4-100/Fe;0,
Sep> M/ 500 191
Pore size, nm 9.4
o(C), % 14—15 16.5
o(Fe), % 0.45
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Table 3. Equations for calibration dependences of chromatographic peak area on the concentration (ng/g) of a medicinal

substance in the kidneys

. The most intense MRM Calibration Linearity range, 5

Active substance transition Q1/Q3 equation ng/g R
Diflubenzuron (DFB) 311.00 > 158.10 (+) |y =10.22x+ 0.30 10—500 0.992
Deltamethrin (DM) 523.20 >280.90 (+) |y=0.03x+0.03 10—500 0.995
Piperonyl butoxide (PBO) 356.20 > 149.10 (+) |y =0.06x + 0.004 1-50 0.995
4-Chlorophenylurea (4-CPU)* 169.00 > 126.00 (—) |y = 1850.x + 2680 10—500 0.987
* Calibration dependence was obtained without using an internal standard.
Table 4. Results (ng/g) of the simultaneous determination ~ interfering matrix components (e.g., fats) were

of diflubenzuron (DFB), deltamethrin (DM), piperonyl
butoxide (PBO), 4-chlorophenylurea (4-CPU) in the kid-
neys of animals (n = 3, P=0.95)

Compound Found (added)

DFB 52+4 104t 6 192 + 11
(50) (100) (200)

DM 51£3 105+ 6 190 + 10
(50) (100) (200)

4-CPU* 53+4 102 £7 195+ 10
(50) (100) (200)

PBO 52+0.5 10.7 £ 0.9 19+3
(5) (10) (20)

*Determination without using internal standard.

In determining the active substances without introducing them
into the initial matrix, the determined concentrations in the
matrix were below the lower limit of quantification: 1 ng/mL for
PBO, 10 ng/mL for DM, DFB, 4-CPU.

retained on the sorbent. Next, the sorbent was sepa-
rated from the solution by centrifugation, the mag-
netic sorbent was separated by magnetic separation,
and the supernatant was filtered into a vial through a
syringe membrane filter. The resulting sample was
used for an HPLC—MS/MS analysis. The conditions
were as follows: ZORBAX Eclipse Plus C18 column
(2.1 X 50 mm, 5 um); pre-column ZORBAX Eclipse
Plus CI18 (2.1 X 12.5 mm, 5 um); mobile phase A—
deionized water; mobile phase B—a 5 mM solution of
ammonium formate in methanol. Gradient program
was as follows: 0—0.5 min—50% B; 0.5—10 min—
100% B, 10—13 min—100% B, 13—13.05 min—0% B,
13.05—19 min—0% B. Injected volume was 5 uL, col-
umn temperature was 30°C, flow rate was 0.3 mL/min.

To construct calibration graphs using the reference
sorbent Chromabond Cg, standard MS solutions were
added to kidney samples. The calibration dependences
of the chromatographic peak area on the MS concen-
tration were linear in the ranges 10—500 ng/g (DFB,
DM, 4-CPU) and 1-50 ng/g (PBO). The equations of
the calibration graphs are given in Table 3.

x 104
- 4
00 x10 2
-8
700+
2 L6
£ 600 ;
= 5001 4
2 400F 3
k= L 2
5 300F 1 3
E : 0 | | | | | N
2000 7650 675 7.00 7.25 7.50 7.75 I\
wor [ 4
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \ 1 /I\
65 70 75 80 85 90 95 100 105 110
Time, min

Fig. 4. Chromatogram of medicinal substances using CMS-C,¢-100/Fe;O4 at the sample preparation stage: (/) 4-chloropheny-
lurea (500 ng/g), (2) diflubenzuron (500 ng/g), (3) piperonyl butoxide (50 ng/g), and (4) deltamethrin (500 ng/g).
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Artificial mixtures of MS added to kidney samples
were analyzed using the magnetic sorbent CMS-C ¢-
100/Fe;0, for the purification of extracts. Concentra-
tions were calculated using the resulting calibration
graphs. The results are presented in Table 4. A chro-
matogram of a mixture of the studied MS using the
CMS-C(-100/Fe;0, sorbent is shown in Fig. 4.

The data obtained indicate a possibility of using a
magnetic sorbent in this method as an alternative to
Chromabond-C,g without losing the efficiency of sub-
stance extraction. At the same time, the sample prepa-
ration stage is simplified and accelerated, because in
the case of Chromabond-Cj, centrifugation for
15 min at 4500 rpm is used to separate the sorbent,
while in using a magnetic sorbent, phase separation
occurs within 1 min and no special equipment is
required.
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