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METHOD AND APPARATUS FOR MEASURING THE CAPACITY OF ADSORBENT
MATERIALS TO ABSORB SUBSTANCES DISSOLVED IN A LIQUID MEDIUM

DESCRIPTION
TECHNICAL FIELD

The invention can be framed in the area of chemistry and in the technical field dedicated to

the development of scientific instrumentation.

The invention relates to a method and a device for measuring the capacity of adsorbent

materials to absorb chemical substances dissolved in a liquid medium.

One of the objects of the invention is to provide a method and a device for the measurement
of adsorption in adsorbent materials of chemical substances dissolved in a liquid medium,
which is based on the direct measurement of a parameter for the determination of the amount
of adsorbed mass. This does not require prior characterization of the variation of a magnetic
field. The device is capable of operating autonomously (i.e., without the need to be provided
with a power supply and a cooling circuit) for its application in the determination of adsorption

in adsorbent solids.

STATE OF THE ART

Adsorption is widely used for different purposes due to the advantages it offers, such as low-
cost and high efficiency. For decades, a lot of effort has been concentrated on finding suitable
adsorbents, but a few works have focused on developing suitable direct characterization
techniques for adsorption processes in solution that do not rely on specific physicochemical
properties of the adsorbate. The greatest advantages of adsorption in the removal and
purification of chemicals are the low-cost, high efficiency and ease of operation comparing to
conventional methods such as chemical precipitation, ion exchange, liquid extraction or
filtration and the considerable variety of adsorbents available. For this reason, adsorption is a
widely used process in different industrial and environmental protection applications such as
catalysis, storage and purification of water and air. Therefore, adsorption capacity, kinetics
and enthalpy are widely studied in order to analyze and evaluate the performance of the

adsorbents.

Nowadays, the quantification of the adsorption of chemical species dissolved in a liquid
medium is mostly carried out indirectly, using instruments that determine the variation of the
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concentration of the chemical species of interest in the solution, and not in the adsorbent
support. These instruments include a wide variety of common analytical equipment that are
chosen according to the problem to be analyzed, and are also capable of continuous or semi-
continuous liquid phase analysis. Examples include HPLC-UV, GC-MS, GC-FID, ICP-AES,
NMR, etc.

Although it is possible to extract the content of the adsorbent solid a posteriori, by extracting
and analyzing the species of interest, there is no known universal technique that allows the

adsorption process to be monitored directly on the solid.

Some studies analyze the adsorption of chemical species (drugs, alcohols...) on an adsorbent
using the magnetic lift provided by an electromagnet. In this procedure, the variation of the
current that feeds the electromagnet makes it possible to vary the magnetic field that supports
the adsorbent solid contained in a liquid medium (water or other solvent). This allows to
observe the critical magnetic field in which the solid detaches and falls down. The value of the
critical magnetic field depends on the adsorbed mass and, therefore, the adsorption of the

chemical species of interest can be determined from its value.

It should be noted that this technique determines the ratio of mass of the adsorbed compound
with respect to the mass of the adsorbent material. This enables the measurement of the
adsorbate in-situ without carrying out any manipulation of either the adsorbent material or the
solution with which itis in contact, unlike other analytical techniques. It should also be stressed

that it is a non-destructive technique.

The work described to date requires the use of an electromagnet, a relatively expensive
element (20-30k €) which, in addition to an electrical power supply, requires a cooling system
to prevent the coils from overheating. Moreover, a prior characterization of the electromagnet
is necessary to determine how the magnetic field varies according to the current applied to

the coils of the electromagnet.

On another note, in the vast world of porous materials used as adsorbent, an interesting class
with intrinsic properties that can be directly correlated with the amount of captured adsorbate
are paramagnetic Metal Organic Frameworks (MOFs). MOFs are a class of three-dimensional
(3D) porous crystalline materials built from organic linkers (organic building units, OBUs) and
metal centers or clusters (inorganic building units, IBUs) that are connected through strong
coordination bonds. Their most outstanding properties include high and permanent porosity,

large surface areas (surpassing that of the other adsorbents), structural and functional
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tenability, high thermal stability, tailorable pores and cavities, and high adsorption affinity.

MOFs offer the possibility to design and synthesize a targeted material with atomic precision.
Thus, such materials have become very attractive, as their properties can be easily designed
and tuned. Although many MOFs contain paramagnetic centers, there are very few
characterization techniques that seize the advantage of their magnetic behavior to monitor the
different physical/chemical parameters.

DESCRIPTION OF THE INVENTION

The present invention provides a method and a device based on a maintenance-free
permanent magnet capable of operating autonomously (i.e., without the need to be provided
with a power supply and cooling circuit) for its application in the determination of adsorption
on adsorbent solids. The scientific grounds are based on a linear correlation between a
physical parameter, directly measurable, for example the separation distance between a
permanent magnet and a recipient containing a liquid medium with magnetically active
particles, and the amount of adsorbed mass. In other words, it does not require a prior

characterization of the field variation, as is the case with an electromagnet.

More specifically, one aspect of the invention relates to a method for measuring the capacity
of adsorbent materials to absorb substances dissolved in a liquid medium, wherein the method
comprises:

providing a recipient containing a liquid medium with particles of an adsorbent material with
positive magnetic susceptibility (magnetically active), and a substance dissolved in the liquid

medium,

placing the recipient in proximity to at least one permanent magnet so that the magnetically
active particles are retained in the liquid medium by the magnetic attraction of the permanent
magnet,

increasing the separation distance between the permanent magnet and the recipient until the

magnetic attraction of the permanent magnet no longer holds the magnetically active particles,

measuring the separation distance between the permanent magnet and the recipient at which

all or a predetermined amount of the magnetically active particles have fallen by gravity to the
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bottom of the recipient, and

determining, by a linear correlation, the mass of the captured substance by the magnetically
active particles on the basis of the measured separation distance.

Preferably, the adsorbent material is a material endowed with porosity, relatively high surface

area and positive magnetic susceptibility.

The step of increasing the separation distance between the permanent magnet and the
recipient is preferably carried out by keeping the permanent magnet in a fixed position, and
moving the recipient linearly with respect to the permanent magnet in a direction orthogonal

to the permanent magnet.

Preferably, the recipient is a test tube which is placed between two permanent magnets facing
each other, and in close proximity or in contact with one of the magnets, and in a way that the

bottom of the test tube is outside the magnetic field generated by the magnet.

The equation that mediates the attraction between the particles of the magnetically active
material and the magnetic field implies: Fqgnetism = V(m - H), where the gradient V is the
change of the quantity m - H per unit distance (m magnetic dipole of the particle and H:
external magnetic field), and the direction is that of the maximum increase of m - H. As the
magnetic dipole (m) of the particles is oriented in the same direction as H, the gradient attracts

the particles towards the region of maximum H field.

Since the magnetic dipole of the particles can be expressed as a function of the external
magnetic field and the magnetic dipole gradient is negligible if the particles are small (< 1 mm),
the magnetic dipole moment can be considered constant over the entire length of the particle
and expressed as a function of the magnetic susceptibility of the particle material (Equation
1):

Fp = g ~pp-Vp-H-V(Hp) (1)

XM
MW
Where Fp is the magnetic attraction force on the particle, y, the vacuum permeability, x,, the
molar susceptibility, MW the molecular weight of the adsorbent structure (excluding solvent
molecules located in the pores), pp the adsorbent density, Ve the particle volume, H and V(H,,)

the magnetic field and the field gradient at the position occupied by the particle.
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The magnetic lift experiments described are the result of a balance between the three forces
to which the particles of the adsorbent material are subjected: Magnetic attraction, buoyancy

(flotation) and gravitational force.

Magnetic force is defined as the force that is exerted on the particle by the magnet and lifts
the particle up to the bottom border of the magnet pole (zone of maximum magnetic force)
(Equation 2), gravity is the opposite force that pushes down the particles (Equation 3) and the
buoyancy of the liquid medium that pushes the particles up (Equation 4). The equations

governing each force described above are described below.

Fnagnetism = V(m-H) =m- VH = p - Ve - H-VH  (2)
F

Fgravity=M'g=(MF+MM)'g=(VF'pF+VM'pM)'g (3)

Fflotation = (VF “ps+ V- pS) g 4)

In these equations, an arbitrary separation has been made between the mass, volume and
density corresponding to the adsorbent material (Mg, Vr and pr) and those of the adsorbate
(My, Vi and py,). The other parameters () being the molar susceptibility, (H) the magnetic
field, (H - V H) the magnetic field gradient and (g) the acceleration of gravity of the Earth.

The value of the critical magnetic field corresponds to the value at the moment when the forces
exerted on the particle are equalised (Equation 5):
Fmagnetism = Cgravity — Fflotation (5)

Replacing Equations (2-4) in Equation (5), Equation (6) is obtained:

J%F'PF'VF'H'VH= Ve -pp+Vu-pu) g —Vp-ps+Vy-ps) g ©®)

Which can be simplified and rewritten as Equation (7):

\%
A;_VPL'PF'H'VH=(PF‘PS)'H"‘(PM_PS)'V_IZ'Q (7)

On the other hand, Vr and Vu can be defined as:

M n-Mw M, nx-MW,
Ve=—t=—"H£ and V,="H=—"""H
PP PF Pu Pu

In order to have the ratio between the volumes of adsorbate captured (V) and sorbent (V)

shown in Equation (8):
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VM _ x'MWM'pF
Vp MWgpm

(8)

Replacing Equation (8) in Equation (7) gives Equation (9):

;_VIL'PF “H-VH = (pp —ps) - g + (pu _ps)'ﬁ' g (9
Which can be rewritten as Equation (10):
MW, = —XMMWE Py .VH — PE=PS)MWE Py 10
x M ™ Mwe-(pm-ps)g (pm—ps)-PF (10

Taking into account that all parameters are constant with the exception of "H - VH" and

“x - MWy" , the above equation can be simplified to the form of Equation (11):
x MWy = A-H-VH—-B (11)

We can define My, sy = x - MW, wherein My, is the mass of adsorbate captured per weight

formula of the adsorbent to obtain Equation (12), which gives a linear relationship between

the mass captured and the H - VH to which particles fall.
Mypy=A4A-H-VH —B (12)

If a magnetic field configuration that shows a linear variation of "H - VH" with respect to an
easily measurable physical parameter (D) is available (Equation 13), where a and b are the
corresponding constants representing the slope and y-intercept of the corresponding straight

line, Equation (12) could be rewritten as Equation (14):
H-VH=a-D+b (13)

Equation (14) can be simplified further as a, b, A and B parameters are constants in the form
of Equation (15):

In this arrangement of permanent magnets, this physical parameter is the lateral displacement
of the recipient containing the particles of adsorbent material suspended in a liquid and can
be obtained directly from the reading of the actuator integrated in the equipment. This linearity
remains within the ranges of displacements observed in the experimental measurements as

represented in Figures 6 and 7.

Therefore, once the values of the constants A'and B’ have been determined for the adsorbent
used, by means of a calibration with samples with a known amount of captured mass, the

equipment provides easily quantitative information on the amount of mass captured of any
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adsorbate by the adsorbent material.

The calibration process for each adsorbent material is carried out by measuring the parameter
D (lateral displacement) at which the last particles fall on the device of the invention and also
for the same adsorbent materials but incorporating adsorbed molecules in a known mass
amount. The captured adsorbate mass amount of the samples employed for the calibration,
is calculated from the difference between the initial adsorbate containing solution
concentration and the remaining one after the in-solution adsorption process. The
measurement of the adsorbate concentration in the solution requires the use of analytical
techniques, such as UV-Vis spectroscopy, NMR or chromatography according to the intrinsic
characteristics of the adsorbate molecule. The representation of both values in a Mass (%)
vs. lateral displacement (D) diagram allows to establish the calibration straight line. This result
subsequently allows to quantify the percentage of adsorbate mass captured by the adsorbent

directly from the reading of D parameter in this device, as represented in Figures 8 and 9.

Another aspect of the invention refers to a device for measuring the absorption capacity of

adsorbent materials of substances dissolved in a liquid medium.

The device comprises:

a support of ferromagnetic material and two permanent magnets placed on the support of

ferromagnetic material in such a way that they face each other, and with a gap between them,

an elongated recipient for containing a liquid medium containing magnetically active particles

of an absorbing material, and

a substance dissolved in the liquid medium, and a platform configured to retain the recipient
between the two permanent magnets, so that the bottom of the recipient is outside the

magnetic field generated by the magnets.

The device further includes a mechanical actuator coupled to the platform and configured to
move the recipient relative to the permanent magnets, and means for measuring the

separation distance between the recipient and one of the magnets.

The device additionally includes computing means adapted to determine the mass of
substance captured by the linear correlation in accordance with the method defined above.
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BRIEF DESCRIPTION OF THE DRAWINGS

To complete the description and in order to provide a better understanding of the invention, a
set of illustrations is provided. These form an integral part of the description and depict
embodiments of the invention, which should not be interpreted as restricting the scope of the
invention, but just as examples of how the invention can be implemented. The illustrations

comprise the following figures:

Figure 1.- shows a perspective view of the metal frame where the permanent magnets are

placed, wherein their components are shown decoupled to facilitate their identification.

Figure 2.- shows the methacrylate support attached to the mobile axis in charge of increasing

or decreasing the distance between the test tube and the magnet surface.

Figure 3.- shows a view of the metal frame and magnets mounted with the methacrylate
support. An enlarged view in this figure shows the methacrylate plate where the test tube is

supported, which moves away from the permanent magnet thanks to the mobile axis.

Figure 4.- shows a test tube touching one of the magnets.

Figure 5.- shows how, as the test tube is displaced away, a distance is reached where the
particles of the porous material fall due to the weakening of the external magnetic field, which

will be characteristic of each porous material and the mass of adsorbate captured.

Figure 6.- shows a graph of the parameter H-VH (magnetic field and magnetic field gradient)
versus lateral displacement (D) within the range measured for the adsorbent material MIL-

100(Fe) showing the linear dependence between both parameters.

Figure 7.- shows a plot of the parameter H-VH versus lateral displacement (D) within the range
measured for the adsorbent material MIL-101(Cr) showing the linear dependence between

both parameters.

Figure 8.- shows a graph of the adsorbed mass versus lateral displacement for the adsorbent
material MIL-100(Fe). Molecules whose adsorbed mass has been corroborated by another
analytical technique to determine the equation of the line are identified with a circle, while

molecules whose mass has been determined by the extrapolation of their lateral parameter
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(D) value are identified with a square.

Figure 9.- shows a plot with a linear representation of the adsorbed mass versus lateral
displacement for the adsorbent material MIL-101(Cr). Molecules whose adsorbed mass has
been corroborated by another analytical technique to determine the equation of the calibration
line are identified with a circle, while molecules whose mass has been determined by the
extrapolation of their lateral parameter (D) value are identified with a square.

PREFERRED EMBODIMENTS OF THE INVENTION

Figures 1 to 3 show a preferred embodiment of a device (1) for measuring the absorption
capacity of adsorbent materials of substances dissolved in a liquid medium according to the

invention.

The device (1) is provided with at least one and preferably two permanent magnets (marked
as 2 and 2") arranged in a facing configuration and with a reduced distance between them (3-
10 cm) to concentrate the field lines in the confined zone between both magnets (2, 27). A
sufficiently high field gradient is generated away from this intermediate zone, so that the test
tube (3) containing particles (4) of the magnetically active porous material can be placed at

the boundary of this zone. There, the magnetic field gradient will be at its maximum value.

The high magnetic field gradient at the lower boundary between the inter-magnet zone and
the outside exerts a sufficiently strong attraction on the particles (4) of the magnetically active
adsorbent or porous material (paramagnetic or functionalised with ferromagnetic particles), so

that they are retained and do not fall down to the bottom.

Additionally, the device (1) comprises a lateral displacement actuator (5) to modify and
measure the relative distance of the porous material from the area of maximum magnetic field
gradient. This actuator (5) is adapted to allow homogeneous, smooth displacement and an

accuracy of, at least, one tenth of a millimetre.

The value of the magnetic field and its gradient shall decrease as the test tube (3) is moved
away from the magnet surface. The value of the distance at which the last particle falls down,
which depends, as described above, on the balance of the forces of gravity, the attraction
exerted by the magnetic field and the buoyancy effect of the solvent, will be characteristic of

each porous material and of the amount of adsorbate captured.
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The measurement starts with the test tube (3) containing the liquid in the area of the maximum
field gradient (bottom part of the permanent magnet pole) and the porous material or a
suspension of it is added to the test tube (3). The adsorbent material (4) is retained in the area
where the field gradient is at its maximum and then the actuator (5) is used to increase the
distance (D) of the test tube (3) with respect to this area of maximum magnetic field gradient
until the necessary separation is reached for the particles of the material to fall. This distance
value is the one that provides, after calibration of the equipment, a parameter directly linked
to the percentage of mass adsorbed by the porous material (4). The calibration of the
equipment is carried out for each adsorbent material and requires several preparations of the
adsorbent material with different percentages of known mass captured. Both the calibration
measurements and the adsorption quantification measurements must be carried out at the
same temperature.

For the construction of the device (1) as shown in Figure 1, three pieces (6a, 6b, 6¢) of
magnetic steel or ferromagnetic metal capable of condensing the magnetic field lines of a
magnet are used. These three are fixed together in a U-shaped arrangement, with the longest
one acting as the base, configuring a U-shaped support of ferromagnetic material. Two circular
spacers (7, 7°) of ferromagnetic steel or other ferromagnetic metal/alloy are attached to the
upper inner ends of the U-shape with a screw. Two circular permanent magnets (2, 2°) are
attached to the spacers (7, 7°) by the magnetic attraction force itself.

A methacrylate support (8) is provided with an indentation (12) of the width and length of the
metal support in a U-shape, so that the metal U-shaped support can be positioned and cannot

move or shift.

A plate of methacrylate (or any other non-ferromagnetic material) (9) with a hole (10) is fixed
on the shaft (13) of the actuator (5), in such a way that when the test tube (3) is inserted into
this hole (10), it becomes firmly attached to the surface of a magnet (2), as shown in Figure 4

at the beginning of the measurement, but it can also be displaced laterally.

The test tube (3) is positioned with respect to the magnets (2, 2°), so that the level of the liquid
(11) contained inside the test tube (3), is above the lower edge of the magnet (2) and the
bottom of the tube, in this case, below the lower edge of the magnet. In this way the test tube
(3) is within the same plane defined by the U-shaped support and the magnets (2, 27), and in

contact to one of the permanent magnets, as shown in Figure 4.

The test tube (3) is filled with water or any other liquid (11) and placed in the measuring device
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(1) attached to one of the permanent magnets (2, 27). Subsequently, particles of the
magnetically active adsorbent material are dropped, either directly or contained in a
suspension. The buoyancy effect exerted by the liquid (11) medium decreases the force of
gravity and slows down the rate of their fall, allowing the magnetic field of the permanent
magnet to retain the particles in the area of the test tube (3) adjacent to the lower edge of the
permanent magnet (2). Once attached, the shaft (13) of the actuator (5) is used to slowly pull
the test tube (3) away from the surface of the magnet (2), as represented in Figure 5.

As the distance D between the attached particles and the magnets increases, as shown in
Figure 5, the gradient of the magnetic field allowing these particles to avoid falling down to the
bottom of the tube decreases. At some point, there will be a distance at which the magnetic
force is too small to counteract the weight of the porous material, causing it to descend. The
distance D at which the last of the particles fall from the adsorbent material, a value obtained
directly from the linear actuator, is the parameter that allows the quantification of the
adsorption. As the adsorbent material (4) captures a larger mass of adsorbate, the distance

at which this fall occurs decreases.
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CLAIMS

1.- Method for measuring the absorption capacity of adsorbent materials to absorb substances

dissolved in a liquid medium, comprising:

providing a recipient containing a liquid medium with magnetically active particles of an
adsorbent material, and a substance dissolved in the liquid medium,

placing the recipient in proximity to or in contact with at least one permanent magnet, so that
the magnetically active particles are retained in the liquid medium by the magnetic attraction

of the permanent magnet,

increasing the separation distance between the permanent magnet and the recipient until the

magnetic attraction of the permanent magnet no longer holds the paramagnetic particles,

measuring the separation distance between the permanent magnet and the recipient at which
all or a predetermined amount of the magnetically active particles have fallen down by gravity

to the bottom of the recipient, and

determining, by a linear correlation, the mass of substance captured by the magnetically active

particles based on the measured separation distance.

2.- Method according to claim 1, wherein the linear correlation for determining the mass of

substance captured is the following:
MM(F) = A, -D — B,
where: (Myr) is the mass of adsorbate captured per weight formula of the adsorbent; (D) is

the lateral separation distance between the permanent magnet and the recipient; (A’ and B)

are constants determined through a calibration procedure.

3.- Method according to claim 2, wherein the constants A" and B” are obtained for each
adsorbent through a calibration procedure in which D parameter is measured on several
samples of the adsorbent containing known adsorbate mass percentages with respect to the
adsorbent mass, and wherein the linear fitting of the obtained Mass percentage vs. D
representation provides the values of A’ from the slope of the fitting to a straight line and B’

from the extrapolated value of the straight line at D = 0.

4 - Method according to any of the preceding claims, wherein the recipient is placed between
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two permanent magnets facing each other and such that great H - VH product values are

achieved at the bottom part of the space between the magnets (H being the magnetic field

and VH, being the gradient of the magnetic field).

5.- Method according to any one of the preceding claims, wherein increasing the separation
distance between the permanent magnet and the recipient is carried out by keeping the
permanent magnet in a fixed position and moving the recipient linearly with respect to the

permanent magnet in a direction orthogonal to the permanent magnet.

6.- Method according to any one of the preceding claims, wherein the absorbing material is a
metal-organic framework (MOF).

7.- Method according to any one of the preceding claims, wherein the permanent magnet is

cylindrical.

8.- Method according to any of the previous claims, where the recipient is elongated and is
positioned in front of the permanent magnet, in such a way that the bottom of the recipient is

outside the magnetic field generated by the magnet.

9.- Device for measuring the absorption capacity of adsorbent materials of substances

dissolved in a liquid medium, comprising:

a ferromagnetic material support and two permanent hard magnets placed on the
ferromagnetic material support in such a way that they face each other and with a separation

space between them,

an elongated recipient for containing a liquid medium containing magnetically active particles

of an absorbing material, and a substance dissolved in the liquid medium,

and a platform configured to retain the container between the two permanent hard magnets,

and so that the bottom of the recipient is outside the magnetic field generated by the magnets,

a mechanical actuator coupled to the platform and configured to move the recipient relative to

the permanent magnets,

means for measuring the separation distance between the recipient and one of the magnets,

and
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computing means adapted to determine the mass of substance captured by the linear
correlation of claim 2 or claims 2 and 3.

10.- Device according to claim 9, wherein the ferromagnetic material support has a U-shaped

configuration, and wherein the elongated recipient is positioned within a plane defined by the
U-shaped support.
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