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ABSTRACT: A new method for measuring the magnetic properties of aqueous and organic solutions is presented. This ap-
proach is based on quantifying the force resulting from the sample's interaction with a magnetic field. The experimental setup utilizes
neodymium magnets attached to a stepper motor to adjust the distance between the magnets and the test sample, while an analytical
balance serves as a strain gauge. Magnetic susceptibility measurements were performed on selected inorganic and organic solutions.
A series of finite element simulations allowed to convert experimental results to physical quantities describing magnetic susceptibil-
ities of substances. The limit of detection (LoD) and limit of quantification (LoQ) values for the developed method of determining
magnetic susceptibility were equal to 6.67 - 1073M and 2.02 - 1072M, respectively.

1. Introduction.

Magnetic susceptibility is one of the most fundamental
physicochemical properties of matter. The magnetic properties
of substances can be influenced by several factors, including
atomic or molecular structure, electron configuration, and inter-
actions between magnetic moments within the other materials.
Different compounds exhibit different magnetic properties,
such as paramagnetism, diamagnetism, or ferromagnetism, de-
pending on their magnetic moments and interactions with ex-
ternal magnetic fields 2. Magnetic susceptibility of varying
strength is exhibited by all substances, in every state and form,
including the ionic form 2. The magnetic moment of ions refers
to the measure of their magnetic strength or the property that
determines their response to an external magnetic field. The
magnetic moment is a vector quantity, indicating the direction
and magnitude of the magnetic field generated by the ion 1. The
magnetic moment of an ion primarily arises from the presence
of unpaired electrons in its electron configuration. Unpaired
electrons possess a spin, which generates a magnetic dipole mo-
ment. The total magnetic moment of an ion is the vector sum of
the magnetic moments of its constituent electrons . The mag-
netic moment u of an ion is often expressed in units of Bohr
magnetons (uB) 5. One Bohr magneton is equivalent to the mag-
netic moment of an electron in its ground state. The magnetic
moment of an ion can be calculated based on its electronic struc-
ture and the spin and orbital angular momentum of its electrons
6. For multiple unpaired electrons, the magnetic moment is the
vector sum of the individual electron magnetic moments.

It is important to note that the magnetic moment of an ion
can vary depending on its electron configuration, oxidation
state, and coordination environment 7. For complex systems,
computational determination of the resultant magnetic moment
may be difficult, therefore experimental methods of determin-
ing magnetic susceptibility are also commonly used.

The magnetic moment of a substance can be measured
using various experimental techniques 8. One of them is Vibrat-
ing Sample Magnetometry (VSM) °. In this method, the sample
is placed in a magnetometer and subjected to an oscillating
magnetic field. The resulting induced magnetic moment of the
sample is detected and measured, providing information about
its magnetic properties. However, VSM is primarily suited for
measuring the magnetic properties of ferromagnetic materials
1015 paramagnetic materials, including ions, which have weak
magnetic responses, may require specialized techniques or in-
struments with higher sensitivity to obtain reliable measure-
ments.

Greater sensitivity, allowing to quantitatively measure the
magnetic moment of paramagnetic substances, is achieved with
the Superconducting Quantum Interference Device (SQUID).
The procedure for measuring magnetic properties using the
SQUID method involves applying a known magnetic field to a
sample, collecting data on its magnetic response, and analysing
the data to determine relevant properties such as magnetic mo-
ment susceptibility. The measurement is carried out at a tem-
perature close to absolute zero. The measurement time can be
up to several days. The sensitivity of the method enables anal-
ysis of magnetic fields of 108 T6-21,

Another method of determining the magnetic moment is
Electron Paramagnetic Resonance (EPR) Spectroscopy which
is used to study materials with unpaired electrons, such as par-
amagnetic ions. By subjecting the ion sample to a magnetic field
and varying the frequency of applied microwave radiation, EPR
spectroscopy can provide information about the energy levels
and transitions associated with the magnetic moment, enabling
the determination of its magnitude ?2°. The Nuclear Magnetic
Resonance (NMR) Spectroscopy can also be used to study the
magnetic properties. This method is primarily used to study the
magnetic properties of atomic nuclei, and can also provide in-
formation about the magnetic moments of ions %2, By



analysing the resonance frequencies and relaxation times of the
nuclear spins in the presence of a magnetic field, NMR spec-
troscopy can yield insights into the magnetic properties and mo-
ments of the ions 0%,

In determining the magnetic properties of substances, mi-
croscopic methods can also be helpful, such as magnetic force
microscopy (MFM) or magneto-optical imaging 34%¢. These
techniques allow for the visualization and analysis of the mag-
netic domains and domain structures within a material . This
provides information about the arrangement and behaviour of
magnetic moments on a microscopic scale 340,

The methods listed above are sophisticated techniques
that study magnetic properties at the atomic level. High sensi-
tivity allows us to determine the magnetic moment of the tested
particles with very good accuracy. Thus, it allows us to deter-
mine the value of the magnetic moment in terms of a physical
quantity, limited to narrow, strictly defined conditions of a
given research procedure. The data obtained from measure-
ments carried out using the above methods may be of great
value for theoretical applications, such as determining specific
physical quantities and developing models and mechanisms of
phenomena occurring on the atomic scale. However, such data
often differ significantly from the resultant value of the mag-
netic moment that real systems show. High discretization of rec-
orded data for these techniques allows for high accuracy but at
the expense of a narrow range of research parameters. There-
fore, primary methods are still used in the measurement tech-
nique, which can be used to directly test real systems, such as
samples with larger masses or volumes compared to the sample
size used in NMR or SQUID.

Primary techniques show much lower accuracy, but the
experimental data recorded with these methods correspond
much better with the magnetic quantity present in the applica-
tion systems. The methodology is usually based on the meas-
urement of the force generated by the tested sample exposed to
the magnetic field “. One such technique is Gouy's balance “*
4, It exploits the principle that the magnetic susceptibility of a
material affects its magnetic moment in the presence of an ex-
ternal magnetic field.

Gouy's balance method involves suspending a sample of
the material in a non-magnetic holder or tube and subjecting it
to a uniform magnetic field. The magnetic field induces a mag-
netic moment in the sample, which causes it to experience a
force within the field. The force acting on the sample is directly
proportional to the magnetic field strength, the magnetic sus-
ceptibility of the material, and the gradient of the magnetic
field. By carefully measuring the displacement of the sample
within the magnetic field, Gouy's method allows for the deter-
mination of the magnetic susceptibility. Analogous varieties of
Gouy's balance are the Faraday balance “6° and the Evans bal-
ance 5152,

It's important to note that Gouy's method assumes that the
sample is in the form of a thin rod or wire and that the magnetic
field is uniform within the sample volume. Deviations from
these assumptions can cause errors in the measurement. This
measurement technique is dedicated mainly to solid samples. A
variation of Gouy's method adapted to liquid samples, is
Quincke's method 5*%. Quincke's method involves the observa-
tion of the behaviour of a liquid within a capillary tube when
subjected to an external magnetic field. The setup typically in-
cludes a thin glass capillary tube filled with the liquid or solu-
tion. The capillary tube is then placed in a uniform magnetic
field. When the magnetic field is applied perpendicular to the
capillary tube, the liquid level rises, proportional to the applied

field and the magnetic moment of the test solution. The differ-
ence in liquid levels in the field and without the magnetic field
indicates the value of the magnetic susceptibility. However, this
method requires a dedicated device, equipped with a strong
electromagnet. In addition, its accuracy can be affected by the
physicochemical parameters of the liquid being measured, such
as density or viscosity. The measurement procedure is adapted
to substances having higher magnetic susceptibilities since
measuring subtle changes in the height of the liquid column is
cumbersome and subject to high error. Therefore, the goal of
this research was to develop a method that would not have these
limitations.

In the following work, a method of dynamic measurement
of the magnetic properties of solutions has been proposed. The
data recorded during the experiments provide information on
the change in the value of the interaction force between the sam-
ple and the field as a function of the shift of the field gradient
in the sample volume.

The work analysed the magnetic properties of, among oth-
ers, holmium solutions. Holmium ion solutions, as an ion with
strong paramagnetic properties, as well as organic extractants
used for the extraction of rare earth metals, were selected for
the study of their magnetic properties. This metal was chosen
for experimental work due to one of the highest values of the
magnetic moment among the rare earth metals 5 %°, Rare earth
metal ions are characterized by different magnetic properties
61, which can potentially be used in the separation of these met-
als in hydrometallurgical processes 2%, So far, research works
on the analysis of the transport of rare earth metal ions under
the influence of a heterogeneous magnetic field in both static %
8, two-phase ® and dynamic ¢ systems have been developed.
Works related to the analysis of the transport of metal ions such
as dysprosium, yttrium, europium %7* and other rare earth met-
als ions have appeared in the literature so far. The crucial ele-
ment in the study of ion migration kinetics is to determine their
magnetic susceptibility in the migration medium. The determi-
nation of the magnetic susceptibility of rare earth ions in various
extraction systems is crucial to the development of research on
the use of magnetic fields for obtaining and separating these
metals. Measurements of the magnetic properties of other metal
ions, i.e. copper and manganese were also performed, as a ref-
erence to substances with a correspondingly, high magnetic sus-
ceptibility for manganese ions > ™ and low magnetic suscepti-
bility for copper ions 7476, The Mn(ll) ion solution is a standard
of the magnetic susceptibility for Quincke's measurement meth-
odology 3. Experimental measurements were compared with
3D and 2D finite element magnetostatic simulations.

In this work, a new method for determining the magnetic
properties of aqueous solutions was proposed. It is assumed that
due to the ionic form of holmium, the ions of this metal exhibit
different magnetic properties.

1. Experimental.

A test stand for magnetic susceptibility measurements was
prepared (Figure 1). The measuring element was an analytical bal-
ance (Ohaus PA214CM/1, New Jersey, U.S.), marked in Figure 1
as (1). A spacer made of PVC, marked in Figure 1 as (2), was
placed on the balance pan to eliminate the direct influence of
the magnetic field on the balance elements, especially the elec-
tronic and weight sensor. Above the analytical balance, on a
wooden frame, marked in Figure 1 as (3), a linear stepper motor,
marked in Figure 1 as (4) was installed. A set of 4 neodymium
magnets, marked in Figure 1 as (5) with a diameter of 20mm,



total height of 40mm and a total magnetic field strength maxi-
mum of 0.5387 T was used as the source of the magnetic field.
The magnetic field strength of the magnets set was measured
using a laboratory Gaussmeter (Lake Shore 475 DSP, Massa-
chusetts, U.S.) The magnets set was attached to the stepper mo-
tor, also on the non-magnetic spacer element, to avoid interac-
tion between magnets and the step motor. The analysed sample
was placed on the top plane of a spacer placed on the balance
pan. A 10mm (optical path length) standard quartz cuvette
marked in Figure 1 as (6) with a volume of 3.7 cm3 (Hellma
Analytics) was used as a measuring vessel, covered with a thin
microscope slide, with dimensions of 20x20mm and a thickness
of 5um, to reduce evaporation of solutions. In addition, the task
of the microscope slide was to obtain a perfectly flat surface of
liquid samples analysed in the system. The stepper motor was
controlled by a computer application. The choice of the PVC
spacer's length was determined based on simulation outcomes.
Subsequently, experimental validation was conducted, affirm-
ing that the observed alteration in mass is negligible and akin to
the balance's inherent drift.

(4) stepper
motor

neodymium I
magnets l

(5) set of = E

(6) quart=
cuvette

Figure 1 Experimental setup for magnetic susceptibility measure-
ments.

The experiment methodology consisted of gradually ap-
proaching a permanent magnet closer to the surface of the solu-
tion placed on the balance. The change in the weight recorded
on the scales was read and saved by the computer application at
a predetermined time interval.

The bottom surface of the magnets in the initial phase of
experiments was located at a distance of 30mm from the slide
covering the cuvette with the analysed solution. Then, with a
step of Sum microns and a speed of 100 steps per second, the
magnets were transported in the direction of the Z axis towards
the analysed sample until they reached Sum the distance from
the surface. A certain distance of the magnets from the sample

was kept to avoid measurement errors related to the direct con-
tact of the magnets with the sample. The magnets set was kept
in this position for 100 seconds and then it was moved away
from the sample with the same speed. During this time, the
change in the weight of the sample was recorded using an ana-
lytical balance with a frequency of 1 second. The transport of
the magnets to the sample surface and back was repeated three
times in one measurement. The same measurements were re-
peated at least 3 times.

According to the above procedure, solutions of aqueous
holmium ions were measured in concentrations ranging from
0.1 to 1M of holmium ions. The solutions were prepared by dis-
solving the appropriate amount of holmium (111) chloride (p.a.
Onyxmet) in a 0.1M hydrochloric acid solution (p.a. Chempur).
In the experimental work, solutions of manganese (I1) sulphate
(V1) (p.a. Chempur), manganese(ll) chloride (p.a. Chempur)
and copper(I1) sulphate (V1) (p.a. Chempur) in concentrations
of 0.1M and 1M were used. The solutions were prepared by dis-
solving appropriate amounts of salts in 0.1M sulfuric acid (p.a.
Chempur) for sulphate solutions and 0.1M hydrochloric acid for
chloride solutions. The pH of the solutions was equal to 1 +
0.05.

Magnetic susceptibility measurements were also carried
out for organic compounds such as ethanol (wt. 95% p.a. Chem-
pur), cyclohexane (p.a. Avantor), Verstaic 10 (Hexion),
D2EHPA (Baysolvex), and the commercial organic solvent
Orlesol 110/170 (Orlen S.A.). To determine the influence of in-
dividual elements of the system on the measured values of mag-
netic susceptibility, the response of the measurement system to
the measurement without any sample, with an empty cuvette,
and in a cuvette with distilled water (Polwater DL3N-150). was
checked. The sample evaporation rate test was carried out to
determine the contribution of this phenomenon to the recorded
mass change during the actual measurements. The results are
presented in this work. The temperature during the measure-
ments was equal to 20 °C.

The relationship between the magnetic force measured by
the analytical balance and the magnetic susceptibility of the so-
lution in the cuvette was evaluated numerically. Using the
COMSOL Multiphysics 6.1 software (AD/DC module), the
magnetostatic problem consisting of:

VxH=1J
VxB=0

and the material constitutive relation expressing the mag-

netic flux density B as a function of the magnetic field H:
B=B(H)

was solved through a finite element analysis. Particularly,

the aqueous solution was assumed to behave as homogeneous,

isotropic, and linear material and is thus described by the con-
stitutive relation:

B = /usol H

where the agueous solution magnetic permeability p,;
can be expressed as a function of the solution dimensionless
magnetic susceptibility y;:

lusol = :uo (1+ Zsol )

The magnetic susceptibility y,,; depends on the compo-
sition of the considered solution. In an aqueous solution with n
chemical species with molar concentration and molar suscepti-
bility ¢, and y,, respectively, the solution susceptibility y,;
can be expressed as:

n
Xsol = X0 T Zk=1ck7(k



where yp,ois the dimensionless magnetic susceptibility
of water. According to the above-mentioned homogeneity as-
sumption, y.,; is considered uniform over the entire solution.
The magnetic force acting on the cuvette has been obtained by
integrating the Maxwell stress tensor T on a closed surface en-
compassing the cuvette. In the framework of the magnetostatic
formulation, the Maxwell stress tensor takes the form:

7ot (BB 1327')
Ho 2

where T is the identity tensor.

2. Measurements of magnetic properties.

3.1 Metals ions solutions.
Using the prepared experimental system (Figure 1), measure-
ments of the magnetic properties of selected substances were
carried out. The value read directly from the analytical balance
during the measurement was the weight of the sample. Typi-
cally, the weight of a sample depends on its mass, the other
components being relatively constant. As it is known, the mass
of the sample did not change during the measurement. Its
weight changed because the resultant of the forces making up
the value of the sample weight was accompanied by a third
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component, which was the value of the force of attraction or
repulsion of the sample towards the magnet, directly propor-
tional to the value of the magnetic susceptibility of the tested
sample. For simplicity, the term "apparent mass change" is used
in the analysis of the results.

The results for the measurement of the solution of Ho(l1l)
with a concentration of 1M are shown in Figure 2. The OY axis
shows the apparent change in the mass of the sample during the
measurement.

Figure 2 A) presents the apparent mass change recorded
on the analytical balance during a single experiment cycle con-
sisting of moving the magnets from zero point () to the sample
surface (I1-111), holding the magnets in this position for 100 sec
(1) and moving them away from the surface (1V-V), back to
the zero point (VI). Knowing the speed of the magnet's move-
ment and the exact distances of the sample from the magnets
during the measurement cycle, the measurement results were
presented as a function of the distance of the magnet relative to
the sample surface. Figure 2 B) thus shows the mass change
recorded on the balance depending on the distance of the mag-
net from the sample. The formation of a hysteresis loop was
observed; therefore it can be assumed that some ions shifting in
the solution occurred under the influence of the approaching
magnetic field.
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Figure 2 Apparent mass changes of the sample of a 1M solution of Ho(lll) ions as a function of A) measurement time, and

B) distance of the magnet from the sample surface.

Similarly to the 1M concentration shown in Figure 2,
measurements were carried out for other concentrations of
Ho(lll) ions. The results are summarized in Figure 3 The values
read for the 120th second of the measurement, as representative,
were averaged for at least 3 independent measurements of the
same sample. The relative standard deviation of the results for
all concentrations was within Relative Standard Deviation
RSD<1.1%. The zero concentration value was the measurement

for a sample of demineralized water, for which, after 5 repeti-
tions, the average of results with the value of RSD=2.12% was
obtained. A linear relation of this function was determined with
the coefficient R? equal to 0.999. The standard deviation for
each measurement point is shown in the graph as error bars. The
value of this parameter has been multiplied by 10, otherwise,
the error bars would not be visible on the chart.
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Figure 3 The influence of Ho(lll) initial concentration on the ap-
parent mass changes.

Measurements were also carried out for manganese (I1)
ions, as a standard of magnetic susceptibility found in the liter-
ature 273, The course of a single experiment with a 1M solution
of Mn(ll) ions in chloride solution (see Figure 4) was analogous
to the measurement of a 1M solution of Ho(lll) ions. In this
case, however, the recorded values were much lower, which
proves that the magnetic susceptibility of Mn(ll) ions is lower
than that of Ho(ll1).
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Figure 5 The influence of Mn(ll) (Cl-) initial concentration on the
apparent mass changes.

The exact values and other results for the measurements
of Mn(Il) ions in the sulphate and chloride medium, and Cu(ll)
ions in the sulphate medium are presented in Table 1.

As can be seen, the magnetic susceptibility of Cu(ll) ions is
much lower than the magnetic susceptibility of Mn(ll) ions.

On the other hand, a significant difference in the results
for Mn(ll) ions in the sulphated and chloride medium proves
that the metal ion environment affects its magnetic susceptibil-

ity.

Table 1 Results of magnetic susceptibility measurements for Cu(ll)
and Mn(Il) ions.
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Figure 4 Apparent mass changes of the sample of a 1M solution of
Mn(ll) (CI-) ions as a function of A) measurement time, and B)
distance of the magnet from the sample surface.

The results for solutions of manganese (I1) chloride with
a concentration of 1M, 0.1M and water as a zero concentration
are presented in Figure 5. This graph has also a linear relation
and contains information about the standard deviation for each
measurement point, and this value is also multiplied by 10 for
better clarity of the figure.

Substance Apparent Am [g] o [%]

0 (H20) 0.02734 2.12
CuS04 0.1M (aq) 0.02816 0.54
CuSOs 1M (aq) 0.00195 0.08
MnS040.1M (aq) 0.6566 4.68
MnSO4 1M (aq) -0.3077 0.22
MnCl. 0.1M (aq) 0.002633333 0.05
MnCl2 1M (aq) -0.20973333 0.13

3.2 Organic and inorganic solvents

The values of mass change and RSD for inorganic acids
solutions and organic solvents were measured analogously, the
results are presented in Table 2. In the case of inorganic sub-
stances, the mass change is small, reaching a maximum of ap-
prox—~0.027 g. The relative standard deviation in the case of
sulfuric acid is equal to 0.05%, which proves a very good re-
peatability of measurements and stability of this solution. On
the other hand, in the case of organic substances, both greater



weight changes and higher RSD values are observed. This is
probably because the molecules of organic substances are
larger, and therefore their diffusion is difficult. Another reason
for this may be intermolecular interactions.

Table 2 Results of magnetic susceptibility measurements for or-
ganic and inorganic substances.

Substance Am [g] a[%]

H.0 0.02734 212

0.1M H2:SO4aq 0.02773 0.05

0.1M HCl aq -0.01755 1.13

Ethanol wt.95% aq -0.30416 1.55

Orlesol 110/170 -1.0087 11.71

cyclohexane -0.96935 14.87

D2EHPA 0.0241 0.17

Verstatic 10 -0.2094 3.43

The elevated magnetic susceptibility of organic com-
pounds is elucidated in the study conducted by Jeremy I.
Musher 7. This investigation reveals that the non-uniform mag-
netic characteristics detected in aromatic hydrocarbons, often
ascribed to the m-electron "ring currents," can be accurately
comprehended as a composite outcome stemming from contri-
butions of localized electrons of both © and ¢ natures. The sup-
position of electronic distribution being "delocalized" does not
exert a substantive influence; rather, it emerges primarily as a
consequence of London's approximative computation. The em-
pirical approach was employed to ascertain specific values, re-
ferred to as Pascal's constants, pertinent to aromatic carbon at-
oms. Intriguingly, these constants exhibit a remarkable align-
ment with the magnetic properties observed within experi-
mental settings.

3. Numerical simulations

FEM analysis was used to calculate the magnetic field
produced by the permanent magnets at various positions of the
cuvette. The analysis was conducted using both two-dimen-
sional and three-dimensional geometric models.

For a 2D case, the computational problem could be solved
using a magnetic vector potential formulation as in 7®7°. How-
ever, thanks to the absence of free currents, one has J = 0 in Eq.
V xH =J , which yields a magnetic field that is irrotational
in every point of the considered geometry. In this case, one may
define a scalar potential 1 such that H = —V, which allows to
operate with a scalar Poisson-type problem in both the 2D and
3D cases. The specific geometry of the considered problem
would require a three-dimensional model, due to the non-cylin-
drical shape of the cuvette.

However, for a given mesh size, a 3D FEM model in-
volves a much greater computational load than a 2D one. In this
respect, the force calculation through the described surface in-
tegration of Maxwell’s stress tensor presents some criticalities,
since it requires great accuracy and, therefore, a very refined

calculation mesh. While introducing an approximation in the
geometric shape of the cuvette, a 2D FEM analysis allows to
obtain adequate mesh refinements more easily. For the 2D cal-
culations discussed in this work, an axisymmetric r-z geometry
was used, i.e., the solution in the cuvette was represented as a
cylinder. Its radius r,,, has been selected so that the real cu-
vette and the cylindrical one in the 2D approximation have
equal volumes:
lcop = i dc
T

where w, and d,. are the real cuvette width and depth, re-
spectively.

Figure 6 shows two plots representing the magnetic flux
density distributions as computed by the 2D and 3D models.
The 3D result in Figure 6 B) also shows part of the employed
mesh. A structured hexahedral mesh has been used for the cu-
vette and the air gap between the cuvette and the magnet. The
cylindrical magnet has been subdivided into an inner (square
section) and an out region. The square section inner region has
been discretized once again with a structured hexahedral mesh,
contiguous to the one used for the air gap, while the outer region
has been obtained by extruding a superficial layer of unstruc-
tured triangles. The thickness of the hexahedral elements in the
air gap decreases from the magnet surface to the cuvette surface.
This feature is necessary for two reasons: first, to limit the over-
all amount of mesh elements when large values of d,, . are em-
ployed, and secondly to create a boundary layer-like structure
with respect to the cuvette region, which considerably increases
the accuracy of the Maxwell stress tensor integration. The mag-
netic flux density trend along the axis of the cuvette is shown in
Figure 7. Here, the magnet surface closer to the cuvette is taken
as a reference for the axial distance reported on the abscissae
axis. The calculation mesh used for the 3D models requires
about 8 - 10 tetrahedral elements, with a minimum character-
istic dimension of a few tenths of a millimeter. Conversely,
meshes constituted by ~ 8 - 10* triangles have been used for
2D calculations, with minimum characteristic sizes similar to
the ones reported for the 3D case.
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Figure 6 Magnetic flux density in the magnet (top) and cuvette
(bottom) from 2D (A) and 3D (B) calculations when d(m,c)=1 mm.
In the 3D case, only one quarter of the physical domain has been
considered, thanks to the symmetry of the problem
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4.1 Experimental magnetic susceptibility determina-
tion.

The magnetic susceptibility of the aqueous solution has been
iteratively adjusted so that the numerically calculated force fits
the experimental result. In Figure 8 the obtained fits were ob-
tained with the 2D and 3D models at different Ho(lIl) concen-
trations. It is worth noting that for each concentration, a single
magnetic susceptibility value was identified, which was used
for both 2D and 3D calculations. The magnetic susceptibility
value is reported in the top-right corner of each subfigure in
Figure 8.
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Figure 8 Comparison of the measured magnetic force acting
on the cuvette at various distances from the magnets with the 2D
and 3D computations at different holmium concentrations.

The computations show a good agreement between the
results of the 2D and 3D approaches. Thus, exploiting the lower
computational burden and the absence of critical issues of the
2D model, a force map was obtained as a function of the dimen-
sionless magnetic susceptibility and the distance of the cuvette
from the magnets. This map, shown in Figure 9, can be used to
estimate the magnetic susceptibility of any solution within the
considered range for y.
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The Ho(lll) molar susceptibility y;, has been evaluated
through equation, neglecting the contribution of chlorine ions
to the solution susceptibility:

_ Xsol _)(HZO
XHo = C
Ho
A dimensionless magnetic susceptibility of yy,0 = —9-

107 has been taken for water 8. The Ho(l11) molar susceptibil-
ity resulting from the solution susceptibility values obtained for
the three cases shown in Figure 8 are reported in Table 3.

Table 3 Ho(lll) molar susceptibility resulting from three different
concentrations.

C[mol/] Xsol Xno[m*/mol]
1.0 5.1-10° 5.19-107
0.4 2.0-10* 5.23-107
0.2 9.5:10° 5.20-107

5. Experimental error analysis

To quantify the influence of external factors on the test results,
a series of measurements was carried out for systems without
test samples. The course of these baseline experiments was
analogous to the actual measurements for the test samples. The
measurement consisted of moving the magnet by a given dis-
tance, stopping for a certain time and then returning the magnet
to its starting position. During this time, the weight change was
recorded.

First, a measurement without a sample was performed to
investigate the balance drift in a time corresponding to that of a
standard experiment. Three replicates of the experiment were
performed. The average weight change resulting from balance
drift was 1.57 - 10~* g with a RSD<0.01%.

Then, the magnetic properties of an empty quartz cuvette
with a microscope slide were measured. The mean value of
change in weight recorded for three replicates of the experiment
was —5.28 - 1073g with an RSD<0.2%.

The evaporation rate of 0.1 M hydrochloric acid solution
as the base solution for the tested samples was also tested. In
this case, the measurement was static and consisted of leaving
the cuvette with the solution for a certain time and recording the
mass change during this time. A coverslip was used during the
measurements, analogous to the course of standard experi-
ments. The measurement was made in the presence of a mag-
netic field when the magnet was placed directly at the surface
of the sample and in the version without the magnet. The meas-
urement results are shown in Figure 10.

This experiment was carried out to determine how the
mass loss of the sample due to evaporation will affect the result
of the magnetic susceptibility measurement. As can be seen in
Figure 10, the mass loss caused by evaporation during the meas-
urement has a negligible effect on the total measurement result.

Interestingly, it was noticed that the waveform of the
evaporation curve for the sample exposed to the magnetic field
is different from the sample without the magnetic field. This
suggests that the presence of an external magnetic field may

affect the rate of solution evaporation. The proposed method is
perfectly suited to study this type of effect.
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Figure 10 Mass changes during evaporation of a 0.1 M HCI solu-
tion, in the presence of a magnetic field and without a magnetic
field.

Measurement stability and analytical balance drift tests were
carried out. For this purpose, the measurement was run without
any sample for 6 hours with a mass reading every 15 minutes.
The recorded weight drift was below +/- 1 - 10™* g/h.

The accuracy and repeatability of the measurements
strictly depended on the precision of the stepper motor used, so
the test was carried out using a dial indicator with a pitch of
10/0.01mm (Limit 10/0.01, Alingsés, Sweden). The test con-
sisted of installing a dial indicator on a tripod in the place where
the sample was located during the standard experiment, setting
the zero point. Then, the course of the stepper motor was set for
the maximum distance and then returned to the zero point. The
experiment was repeated 8 times, each time recording the indi-
cations of the dial gauge. The results indicate that the average
divergence from the zero point is -2.37um, with a standard de-
viation of 3.48um. The drift of subsequent measurements did
not have a linear relationship, which means that the stepper mo-
tor has its error, but it does not "lose steps".

6. LoD, LoQ calculation

Based on the results of measurements of the magnetic suscepti-
bility of solutions of Ho(l11) ions of various concentrations (see
Figure 3), the LoD (limit of detection) and LoQ (limit of quan-
tification) of the developed analytical method were calculated.
The detection limit is the lowest concentration or amount of a
substance that can be reliably detected, but not necessarily
quantified, with a given analytical method. It represents the
point at which the signal generated by the substance is distin-
guishable from background noise, usually expressed as a signal-
to-noise ratio.

The quantification limit is the lowest concentration or
amount of a substance that can be accurately measured and
quantified with a given analytical method. It is a more stringent
criterion than the detection limit, as it ensures that the



measurement results fall within an acceptable range of accuracy
and precision.

For the developed graph (Figure 3), the value of the o is
equal to 0.00152, while the value of the S is equal to -0.75226.
The value of the S parameter for the calculations was assumed
in the absolute value.

Accordingly, the calculated LoD value is 6.67 1073
while the LoQ is 2.02 - 1072,

Since the value of S refers to the OX axis in the graph,
LoD and LoQ refer to the same unit, i.e. the concentration

mol
dm3’

7. Conclusions:

The presented methodology for determining the magnetic
susceptibility of materials is characterized by significant sensi-
tivity, enabling the measurement of organic and inorganic sub-
stances. Using the proposed measurement setup, measurements
of the magnetic susceptibility of solutions of selected metal
ions, inorganic acids and selected organic solutions were car-
ried out. As a methodological example, measurement results for
holmium(lll) ions solutions were developed using numerical
simulations, which allowed for the extraction of magnetic sus-
ceptibility values. The obtained molar magnetic susceptibility
of holmium (I11) ions in a solution with a concentration of 1M
was 5.19-107 m3/mol, with an external field intensity acting on
the sample of 0.5387 T. This indicates a high magnetic suscep-
tibility of holmium(I1l) ions, which is in good agreement to the
literature 8%,

Comparing the results obtained directly from measure-
ments on an analytical balance, it can be concluded that a solu-
tion of manganese(ll) ions at a concentration of 1M has a mag-
netic susceptibility value that is more than three times lower
than a solution of holmium(lll) ions. It is also significant that
the anion conjugated to the tested cation is also important. Man-
ganese (II) ions in a chloride environment show much lower
magnetic susceptibility than in a sulphate (V1) ion environment.
Copper ions, similarly to metal in bulk form, have a much lower
magnetic susceptibility than holmium or manganese.

Surprisingly high values were recorded for selected or-
ganic substances. Ethanol with a concentration by weight of
95% showed a magnetic susceptibility almost equal to a 1M so-
lution of manganese(ll) sulfate. However, cyclohexane and the
commercial organic solvent Orlesol 110/110 showed a mag-
netic susceptibility more than three times higher than that of
ethanol, reaching the highest recorded value. The organic com-
pound D2EHPA showed a marginally low magnetic suscepti-
bility, while Versatic 10 showed a high magnetic susceptibility,
equaling the susceptibility value recorded for a 1M manga-
nese(Il) chloride solution. We suggest, that the difference in
magnetic properties of some organic compounds can be used
for their detection/determination and separation in HPLC
(High-Pressure Liquid Chromatograph) and/or UHPLC (Ultra
High-Pressure Liquid Chromatograph).

The large differences in the recorded results result from a
large number of parameters that can affect the magnetic prop-
erties of the solutions, especially under the influence of an ex-
ternal magnetic field ®. This opens new horizons for research
on the physicochemical properties of substances and reactions
in a magnetic field. This predicts a wide application of methods
that allow for the study of the magnetic properties of solutions.
The presented methodology allows for quantitative quantifica-
tion of the magnetic susceptibility of almost any substance, us-
ing a relatively simple experimental system. Moreover, the very

analysis of direct results, expressed in the form of an apparent
change in mass, provides preliminary information about the
magnetic properties of the tested substance during the measure-
ments. This allows us to determine optimal measurement con-
ditions without the need to perform numerical analyses each
time.

The above work presents the concept of the measurement
method, along with examples of application. Optimization of
both the experimental and numerical parts can further increase
the sensitivity and accuracy of the measurement method. Addi-
tional work within this area is scheduled for the future.
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