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ABSTRACT: Struvite (MgNH,PO,-6H,0) is a mineral rst
identi ed in 1845. It is tested for several reasons: (1) it is a
problem in liquid wastewater treatment plants; (2) on the other
hand, it is recovered from this wastewater because of phosphorus,
magnesium, and nitrogen; (3) it is the main component of
infectious urinary stones. In this paper, we present the rst
experimental evidences of the ferroelectric nature of struvite at
room temperature. Struvite shows a hysteresis loop and
spontaneous electric polarization that can be reversed by an
application of an external electric eld. The measured value of
residual polarization of struvite is equal to 0.95 C/cm?. We also report observations of the ferroelectric domains in struvite using
birefringence imaging technique. The non-centrosymmetry of the crystal lattice is con rmed with the use of the Kurtz Perry powder
test. The second harmonic generation response for struvite in relation to that of potassium dihydrogen phosphate is 0.36. We suggest
that ferroelectric properties for struvite, in particular, spontaneous polarization, can have a signi cant impact on the behavior of
struvite in agueous solutions, such as liquid wastewater or urine.
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1. INTRODUCTION constraints which the unit cell has to respect according to the
Landau theory.® Struvite, the magnesium ammonium phos-

The phenomenon of ferroelectricity (FE) consists of the
P y (FE) phate hexahydrate MgNH,PO,-6H,0 that is the subject of the

existence of a spontaneous electric polarization of the crystal,

whose direction can be switched by an external electric ~eld. research presented in this article, is also a mineral. For the rst
on the electric eld has a characteristic loop shape, called the Hamburg, Germany.® This mineral was named a struvite in
ferroelectric hysteresis loop. The ferroelectric state is the result honor of Heinrich Christoph Gottfried Struve (1772 1851),
of a phase change at the Curie temperature T, during which a the Russian consul of Hamburg, who performed this function
permanent dipole moment, related to the spontaneous at the time when this mineral was discovered.'® Today, we
polarization, appears (below T¢) or disappears (above T¢). know that struvite is a fascinating inorganic material, and its
Below T, crystal is divided into areas called ferroelectric crystallization has been widely studied in recent years for
domains, di ering in the direction of polarization. Ferro- several reasons.

electrics are a subgroup of pyroelectrics, but all ferroelectrics First of all, struvite often represents a problem in wastewater
are piezoelectrics. FE was discovered in 1920 while studying treatment plants because it easily precipitates at certain
the dielectric properties of Rochelle salt (potassium sodium locations, which can lead to sewage pipes clogging.'* *©
tartrate tetrahydrate), NakC,H,0¢4H,0, a crystal with a Most often, struvite is formed in places with high turbulence;
polar orthorhombic structure.” = The second ferroelectric  these can be pipe elbows, valves, or aeration units. In places
material, discovered after several years, was potassium with high turbulence, carbon dioxide is released. This is the so-

dihydrogen phosphate, KH,PO, (KDP).* The ferroelectric

properties of the third very important material, barium titanate,

BaTiO,, were discovered in the 1940s.> At present, we know of

several hundred ferroelectric materials.® These materials are —

still intensively studied for a better knowledge and under- Received: February 27, 2020 SR

standing of the ferroelectric phenomenon as well as to Revised:  April 8, 2020 .

optimize these materials for speci ¢ applications. Published: April 9, 2020
FE also occurs in minerals, although in the case of minerals

this is not a common phenomenon. A review article’ indicates

only 44 minerals exhibiting FE, due to strong symmetry

called degassing process, which in turn leads to an increase in
pH, and a higher pH promotes the formation of struvite.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.cgd.0c00260
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Under favorable conditions, struvite can build up quickly,
leading to a pipe obstruction.

On the other hand, struvite is the main compound recovered
from wastewater because it is a source of phosphorus, nitrogen,
and magnesium and can therefore be converted into a useful
fertilizer containing these elements (for example, refs 17 19).
Struvite recovery from wastewater is particularly important due
to phosphorus."***!" In addition to nitrogen and potassium,
phosphorus is one of the most important elements necessary
for plant life. Phosphorus de ciency causes various undesirable
e ects on plants, for example, slowing their growth. Therefore,
phosphorus recovery from wastewater, in particular, from
struvite, is very important.

The third and most important reason why struvite has been
the subject of research in recent years is the fact that it is the
main component of so-called infectious urinary stones. The
formation of these stones is associated with urinary tract
infection caused by urease-positive bacteria, mainly of the
Proteus species.”® ?° Urease is a bacterial enzyme catalyzing
the hydrolysis of urea, a natural component of urine.
Hydrolysis of urea, consequently, leads to the formation of
ammonia. Urea decomposition also initiates a cascade of
chemical reactions leading to an increase in urine pH and an
increase in the concentration of NH,*, CO,? , and PO,® ions.
These ions together with magnesium ions Mg?* present in
urine lead to crystallization of struvite.”*?”?® Infectious urinary
stones constitute up to 30% of all urinary stones.?”*° Studies
show that in highly developed countries the number of people
diagnosed with infectious urinary stones is steadily increasing,
which indicates that this type of stones is a social problem.

According to the presented literature, struvite is an
interesting inorganic material studied for various reasons.

The purpose of the research presented in this article is to
examine the ferroelectric properties of this crystal. To our
knowledge, there are no literature reports on the ferroelectric
properties of struvite, so our research presented in this article is
the rst study on this subject. We undertake this research
mainly because struvite is the main component of infectious
urinary stones. In this paper, we put forward a hypothesis that
ferroelectric properties, and thus spontaneous polarization,
may for example a ect the di erent capture of admixtures on
opposite crystal faces perpendicular to the polarization vector.
Thus, the examination of these properties may indicate
potential ways of dealing with struvite to, for example, inhibit
the nucleation and/or growth of struvite in the urinary tract.
Additionally, the ferroelectric properties, and in particular the
existence of spontaneous polarization, can a ect the value of
the zeta potential of struvite and, consequently, the aggregation
of small struvite crystals, which leads to the formation of large
stone. The above phenomena such as nucleation or
aggregation of struvite crystals have been studying for years,
but we still do not have full knowledge about them.

2. MATERIALS AND METHODS

2.1. Struvite Crystals Growth from Gel Medium. To study the
ferroelectric properties, and in particular to measure the hysteresis
loop, struvite crystals in the form of a at plate with speci c sizes were
necessary. We have grown such crystals in a metasilicate gel
environment using a single di usion gel growth technique. All
reagent-grade purity chemicals used were purchased from Sigma-
Aldrich. For the preparation of the gel, we used anhydrous sodium
metasilicate (Na,SiOz; SMS), ammonium dihydrogen phosphate
(NH4H,PO,; ADP), and magnesium acetate tetrahydrate
((CH;CO0),Mg-4H,0). Chemicals were dissolved in distilled
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water. A 0.5 M aqueous ADP solution and 1.07 speci ¢ gravity
SMS solution were mixed together in appropriate amounts to obtain a
pH of 7.0. The mixture prepared in this way was poured into 19 cm
long tubes with a diameter of 3 cm and allowed to gel for 24 h. After
gelation, 25 mL of 1 M magnesium acetate tetrahydrate was gently
poured onto the surface of the newly formed gel in test tubes and
closed with a lid. The crystal growth usually lasted for 3 4 weeks.
After this time, struvite crystals were observed in the form of
rectangular platelets about 1 cm long along the b axis. A more detailed
description can be found in ref 31. Growth conditions were
intentionally selected to obtain crystals of this shape and size, since
such crystals are desirable for testing ferroelectric properties, and in
particular for measuring hysteresis loop.

2.2. Hysteresis Loop Measurement. FE characterization was
performed at room temperature by means of a TF Analyzer 2000E
system, produced by AiIXACcT GmbH, equipped with the AixACcT
ferroelectric module and expanded by a TREK 220 high-voltage
ampli er, allowing to us characterize also bulk samples. The sample
preparation was carried out by preparing a planar plate capacitor
circuit through the metallization of thin and large struvite crystals
(such as the one in Figure 1) obtained by painting both surfaces

Figure 1. Struvite crystal in a metasilicate gel.

perpendicular to the z axis with a thin layer of conductive silver paste
(ranging approximately from 20 to 50 m of thickness) contacted
with two 100 m-diameter copper wires and then put into the gel
solution to prevent the phase degradation until the measurement took
place. The ferroelectric properties investigation was performed
utilizing the dynamic hysteresis measurement (DHM) protocol
(which is described in ref 32), by exciting the system with 0.1 5
kHz triangle voltage pulses with amplitudes varying from 20 to 1200
V.

2.3. Second Harmonic Generation Studies. The second
harmonic generation (SHG) method was used to con rm the non-
centrosymmetricity of struvite, which is necessary for the existence of
ferroelectric properties.

The assessment of SHG e ciency of struvite was performed with
the use of the Kurtz Perry technique. Potassium dihydrogen
phosphate (KDP) was used as an SHG reference.**** Generally,
the Kurtz Perry technique necessitates the use of crystalline powders
of graded particle sizes, in order to preserve the reproducibility of the
results. Hence, prior to measurements, the single crystals of struvite
and KDP were crushed with a spatula and sieved through a mini-sieve
set (Aldrich), collecting a microcrystal size fraction of 125 177 m.
Next, size-graded samples of struvite and KDP were xed between
microscope glass slides (forming tightly packed layers), sealed, and
mounted to a holder. The Kurtz Perry test was performed at 293 K.

The laser radiation was delivered from a Quantronix Integra-C
regenerative ampli er operating at 800 nm, pulse duration of 130 fs,
and repetition rate of 1 kHz. The laser beam (P 810 mW) was
focused using an aspheric lens of f = 150 mm to the elliptical area of

https://dx.doi.org/10.1021/acs.cgd.0c00260
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approximately 0.5 cm? and was directed onto samples at 45 deg.
Signal-collecting optics, mounted to the glass optical ber, was placed
perpendicularly to the plane of sample (backscattering geometry).
Scattered pumping radiation was suppressed with the use of 700 nm
short-pass dielectric Iter (FESH0700, Thorlabs). The spectra of the
di used SHG were recorded by an Ocean Optics 2000 ber-coupled
CCD spectrograph. The collection time of SHG traces for both,
struvite and KDP, was 7000 ms.

2.4. Imaging Method of Ferroelectric Domains. To visualize
the domains, measurements of birefringence were made by means of
an Oxford Cryosystems Metripol Birefringence Imaging System
(Metrigol). Details of the technique have been described else-
where.®> " Hence, we give here only a short description of the
experimental technique. The hot stage was capable of maintaining a
constant temperature to within 0.1 K. The Metripol system consists of
a polarizing microscope equipped with a computer-controlled plane-
polarizer capable of being rotated to xed angles from a reference
position, a circularly polarizing analyzer, and a CCD camera. The
intensity measured at any position within the captured image is given
by the formula I = 1o/2:[1 + sin(2 2 ) sin ], where I is the
intensity of light passed through the sample and represents its
transmittance, s the angle of an axis of the optical indicatrix of the
specimen projected onto the image measured from a predetermined
direction (it is measured anticlockwise from the horizontal axis), and

is the phase di erence between the polarized light components and
isgivenby =2 1(n, nyd, where is the wavelength of the
light, d is the thickness of the sample, and n = (n, n,) is the so-
called plano-birefringence of the sample, i.e., the birefringence
measured as seen in projection down the microscope axis. By
measuring several images with varying angle  between polarizer and
analizer, the quantities [sin | and  are separately calculated, and then
images of these quantities are shown in false color techniques. In this
way, any spatial variation in the birefringence or orientation can be
presented with a very high sensitivity. It is an original technique for
checking the optical anisotropy of the crystal.

3. RESULTS

Using the single di usion gel growth technique described in
Materials and Methods, struvite crystals were obtained in the
form of rectangular plates with the largest dimension along the
b axis of up to 1 cm. An exemplary photo of such a crystal is
shown in Figure 1.

Struvite structure was examined several times using single X-
ray di raction®**® “° and neutron di raction.** These studies
show that struvite crystallizes in the orthorhombic non-
centrosymmetric polar space group Pmn2; (No. 31). The point
group is mm2, and the unit cell parameters are as follows: a =
6.9650(2) A b = 6.1165(2) A, and ¢ = 11.2056(3) A.** These
results indicate that struvite exhibits symmetry that allows for
the existence of the ferroelectric phenomenon. However, to
make sure that struvite is indeed non-centrosymmetric, we
have checked whether struvite generates the second harmonic
of radiation upon irradiation with femtosecond laser pulses,
since observation of SHG is possible only in materials of
acentric structure.

To that end, the Kurtz Perry powder test was performed.*
The irradiation of size-graded powder of struvite (125 177

m) with 800 nm femtosecond laser pulses at 293 K gave a
clear SHG signal (Figure 2, red trace), providing strong
evidence for the non-centrosymmetric nature of this
compound. Under identical irradiation conditions, the SHG
signal from reference KDP powder of the same particle size
distribution was collected (Figure 2, black trace). The ratio of
integral intensities of SHG signals (lgyyite/Ikpe) Shows that
struvite 0 ers an SHG response as high as 0.36 that of KDP at
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Figure 2. A comparison of SHG traces for struvite (red) and that of
KDP (black).

room temperature; hence this material is strongly polar at
ambient conditions.

We also carried out a detailed study on the dielectric
properties of struvite. The study of the dielectric properties was
performed on several struvite single crystals properly prepared
as reported in Materials and Methods. At 1 kHz, the
compound showed few leakage current losses with an average
relative permittivity g = 50 =+ 4, behaving as a good dielectric
material between 0.1 kHz and 1 kHz for pulses of variable
amplitude 20 1200 V. The dynamics of the dielectric response
was studied as a function of the duration of the pulse under
low-voltage excitations, and it is plotted in Figure 3.

0.4 40
—— signal
—— DHM pulse at 1 kHz
0.2 120
< s
= ©
5 ° ° 8
5 o
3 >
0.2 1-20
0.4 : - . . -40
0 0.2 0.4 0.6 0.8 1
time (ms) %107

Figure 3. DHM measurement performed at 1 kHz on a planar plate
capacitor with struvite as the dielectric component in the low-voltage
regime.

The plot highlights the phase retardation of the current
signal (orange curve of Figure 3) with respect to the linear
voltage excitation, displaying in the characteristic charging and
discharging mechanism of the capacitor ruled by an
exponential law 1(t) = l,e Y, with a characteristic constant
time = RC (where R is the equivalent circuit resistance).
Noteworthy, the sign of this current depends on the rst
derivative sign of the triangle voltage pulse. Moreover,
following the law for a purely capacitive electronic circuit;

https://dx.doi.org/10.1021/acs.cgd.0c00260
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Q(t) =CV() M

where C is the capacitance of the circuit, Q is the electric
charge gathered on the capacitor plates, and V is the potential
di erence across the capacitor.

If V(1) is linearly dependent versus t, as in the case of a
triangle bias, the current intensity 1(t)

I(t) = dQ(t)/dt C

is time-independent.

Equation 2 explains why, once the capacitor is fully charged,
the current response is almost invariant as the voltage intensity
is increased, con rming the almost ideal dielectric behavior of
struvite (Figure 3). Considering the non-centrosymmetric
nature of the struvite, the necessary condition for the existence
of a polar state in the material is ful lled. Hence, we proceeded
to measure the ferroelectric phenomenon.

The ferroelectricity was measured through a DHM protocol
on a sample of struvite with a thickness around 0.072 cm and
surface area of 0.25 cm?. The results, plotted in Figure 4 (blue
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Figure 4. DHM collected on a struvite crystal in ambient conditions,
applying 1 kHz triangle pulses of 1100 V voltage intensity.
Polarization hysteresis loop (blue circles), current hysteresis loops
(orange curve).

circles), unequivocally demonstrate that struvite is a ferro-
electric material with a hysteresis loop characterized by residual
polarization of about 0.95 C/cm? (0.095 C/m?) and mean
coercive eld of 3.7 kV/cm. Even if not saturated yet, the
polarization shows a well-de ned hysteretic behavior in
correspondence to the polarization lobes of the integrated
current (orange curve of Figure 4), ruling out possible extrinsic
e ects during the measurement. Since the saturation state has
not been reached, the value of spontaneous polarization could
not be speci ed. However, our measurements indicate that an
intrinsic polarization de nitely exists in the struvite, and its
value should be close to the residual polarization value. The
spontaneous polarization vector is parallel to the crystallo-
graphic z axis. The existence of spontaneous polarization
means the existence of a net electric dipole resultant along the
Z axis.

In addition, we observed that, after a positive voltage
prepoling, the following DHM triangle reading pulse detected
the formation of a spontaneous positive polarization state equal
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to 0.45 C/cm? (0.0045 C/m?) at 0 V (see the red circle in
Figure 5), con rming that it is possible to write and retain a

25
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o
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2
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Figure 5. DHM collected with 1 kHz triangle pulses of 1100 V

voltage amplitude on a virgin struvite crystal after a positive prepoling
in ambient conditions.

spontaneous polarization in the struvite crystal, by inducing a
preferential orientation of the electric domains in the crystal
structure. This intrinsic polar state can be switched to negative
with a complete triangular pulse of the proper intensity as
highlighted in the green curve of Figure 5.

One of the methods used for con rming the existence of
spontaneous polarization is the imaging of ferroelectric
domains. An area with spontaneous polarization Pg pointing
in one direction is called the ferroelectric domain. Usually, the
grown crystals have a multidomain structure whose relative
orientation depends on the symmetry of the crystal. It is
indeed so for struvite. In Figure 6, we present the map of
birefringence (Figure 6a) and map of optical indicatrix (Figure
6b) for struvite crystal at 25 °C. Light of the 570 nm
wavelength was passing perpendicularly to the (001) plane
(the crystal’s habit is de ned in Figure 7). Domains of irregular
shapes and distribution of values of birefringence inside the
domains characterize the complex domain structure of struvite.
Birefringence distribution inside domains is most probably
caused by the irregular surface of the crystal surface. On the
other hand, as it is shown in Figure 6b, optical indicatrix
orientations take only two values: 0° (dark magenta) and 90°
(green), with an almost equal population of these two angles.
These rst tests of domain visualization permitted us also to
evaluate the value of birefringence at room temperature on the
order of 10 *,

The struvite crystal morphology and habit are schematically
shown in Figure 7. The number of crystalline surfaces present
in the crystal may vary slightly for individual crystals (a
detailed description of the morphology along with Miller
indices of faces of struvite crystal growing in metasilicate gel is
presented in ref 31). Figure 7 shows the struvite morphology
with the largest number of faces observed. However, faces
(001) and (001) relevant to spontaneous polarization always
occur. The face (001) is opposite to the face (001) and is not
visible in Figure 7. From the direction of the electric eld
applied to crystal, it was concluded that the majority of the
positive ferroelectric domains are gathered on the (001)
surface (Figure 5, red dot). In other words, the charge on the
surface (001) is positive and on the surface (001) is negative.

https://dx.doi.org/10.1021/acs.cgd.0c00260
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Figure 6. Maps of birefringence (&) and optical indicatrix orientations (b) at room temperature for struvite crystal of thickness 0.825 mm. Crystal

habit was as that de ned in Figure 7 (see (001) and (011) faces).

Figure 7. Schematic representation of the struvite habit with Miller
indices of crystalline surfaces.

The existence of residual polarization and, as a consequence,
spontaneous polarization and surface charges on the opposite
struvite surfaces perpendicular to the z axis can have a
signi cant impact on the behavior of the struvite in the urine
or liquid wastewater environment. Let us consider urine, which
is a very complex aqueous solution. It consists of 11 di erent
chemical compounds,*?® which in turn lead to the existence
in the urine of a very large amount of ions or complex chemical
complexes with di erent electrical charges. For example, in ref
28, 60 di erent ions and chemical complexes are considered.

In urine, individual struvite surfaces will attract ions or
chemical complexes with opposite charge signs on these
surfaces. lons or chemical complexes attracted to the surface of
struvite can inhibit/promote the growth of this surface, which
in turn can lead to a change in the habit of struvite. Struvite
habit changes may be bene cial or not. The changes leading to
a reduction in the size of struvite (growth inhibition) should be
considered favorable, which as a consequence may lead to
easier excretion of crystalline phases from the urinary tract. On
the other hand, the surface electrical charge of struvite can also
a ect the zeta potential of struvite in urine. Consequently, this
may a ect the aggregation of struvite in urine. Aggregation of
solid phases and bacteria found in urine is important in the
formation of urinary stone.** The urinary stone is not formed
because one crystal is growing, but because the aggregation of
a large number of small crystals, amorphous phases, bacteria,
and other organic phases that may originate, for example, from
the exfoliative cells of the urinary tract. This is because
aggregation is a much faster process than single crystal
growth.**** The electric charge accumulated on opposite
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planes of the struvite may also a ect the capture of admixtures,
especially those with electric charge. This phenomenon can
also a ect the modi cation of the struvite habit.

Surface electrical charge of struvite can also a ect bacterial
adhesion. It can be di erent on di erent struvite crystal
surfaces. It is known that the bacteria Proteus mirabilis, which
are most often isolated from infectious urinary stones, show a
negative zeta potential, , approximately equal to 30 mV
regardless of urine pH.** This means that these bacteria due to
van der Waals interactions should be more e ectively attracted
to the surface (001) that has a positive charge.

The reasoning carried out shows that the ferroelectric
properties of struvite, in particular, spontaneous polarization,
can have a signi cant impact on the course of physicochemical
processes occurring in urine. It seems that the ferroelectric
properties of struvite may also have a signi cant impact on
processes in liquid wastewater.

One may wonder what the order of magnitude of
spontaneous polarization is for various minerals. However, it
should be noted that, as explained above, we can only compare
the residual polarization of struvite with the spontaneous
polarization of other minerals. In a review article,’ the
spontaneous polarization values for several ferroelectric
minerals are given. The smallest spontaneous polarization
value egual to 0.00012 C/m? is given for the pyrolusite
mineral.” The highest values of spontaneous polarization occur
for minerals such as heftetjernite (0.5 C/m? at 35 °C),
macedonite (from 0.4 to 0.8 C/m? depending on the
temperature’), and barioperovskite (0.2 C/m? for temperature
equal and lower than 135 °C). There are also minerals with
values of spontaneous polarization between the lowest and
highest values and minerals with values of spontaneous
polarization of the same order of magnitude as the residual
polarization measured by us for struvite. For example, for
gwihabaite, spontaneous polarization is 0.007 C/m? at 120 °C)
and for boraciteitis is 0.008C/m? at 267 °C.

4. CONCLUSIONS

Our research presented in this article indicates that struvite
meets all fundamental requirements necessary to be considered
as a ferroelectric crystal. Struvite exhibits a hysteresis loop with
a residual polarization of about 0.95 C/cm? (0.095 C/m?)
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and a mean coercive eld of 3.7 kV/cm. The spontaneous
polarization vector is parallel to the crystallographic axis z,
which means the existence of a net electric dipole along this
axis. Ferroelectric domains associated with spontaneous
polarization were visualized using birefringence imaging
techniques. Two types of ferroelectric domain con gurations
(0° and 90° types) were observed in struvite. The research also
allowed to determine the value of birefringence of struvite at
room temperature, which is on the order of 10 *. Ferroelectric
properties of struvite, in particular, electric spontaneous
polarization, can have a signi cant impact on the behavior of
struvite in aqueous solutions, such as liquid wastewater or
urine. The electric charge accumulated on the opposite struvite
surfaces perpendicular to the crystallographic axis z and
resulting from the existence of spontaneous polarization may
a ect the capture of admixtures, especially those with electric
charge, i.e., ions. As a consequence, this can lead to a change in
the morphology and habit of these crystals. The surface charge
of struvite can also a ect bacterial adhesion (in urine in the
case of infection) as well as aggregation of struvite crystals with
each other as well as with bacteria.

Although struvite is a mineral known since 1845, character-
ization of its ferroelectric properties is presented for the rst
time in this article. This coincides with the 100th anniversary
of the discovery of ferroelectricity.
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