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Abstract: In this article, we report the crystallization of struvite in sodium metasilicate gel by single
diffusion gel growth technique. The obtained crystals have a very rich morphology displaying 18 faces.
In this study, the habit and morphology of the obtained struvite crystals are analyzed. The crystals
were examined and identified as pure struvite by single X-ray diffraction (XRD). The orthorhombic
polar noncentrosymmetric space group Pmn2; was identified. The structure of the crystal was
determined at a temperature of 90 K. Our research indicates a lack of polymorphism, resulting from
the temperature lowering to 90 K, which has not been previously reported. The determined unit
cell parameters are as follows a = 6.9650(2) A, b=6.1165(2) A, ¢ = 11.2056(3) A. The structure of
struvite is presented here with a residual factor R1 = 1.2% at 0.80 A resolution. We also present
thermoanalytical study of struvite using thermal analysis techniques such as thermogravimetry (TG),
derivative thermogravimetry (DTG) and differential thermal analysis (DTA).

Keywords: crystal growth; crystallization; morphology; crystal structure; phosphates; thermal
decomposition; magnesium compounds; struvite structure; struvite; growth from gel; magnesium
ammonium phosphates hexahydrate

1. Introduction

Practical attempts to obtain crystals in the gel environment were made in the 1960s [1]. A gel
is a two-component system with mechanical properties of a solid body, however, containing a large
number of microscopic liquid phase. This structure provides adequate stiffness, eliminating convection,
while maintaining the mobility of ions close to that observed during crystal growth from solutions.
Initially, gel techniques have been found to be particularly useful for obtaining crystals of compounds
that are sparingly soluble in water and metal crystals, due to the difficulty of obtaining these crystals
from solutions and melts. With regard to these substances, the gel method proved to be very effective,
because it allows obtaining single crystals at room temperatures, without the use of complicated and
expensive equipment. The progress in technology has led to such development of gel techniques that
nowadays one can obtain crystals of many inorganic and organic substances, including substances
well soluble in water and metals. Currently, increased interest in organic crystals makes the gel
crystallization processes become important not only from the point of view of crystal growth technology
development but also of intensive interdisciplinary research in physics, chemistry, medicine and
pharmacology. The development of gel techniques proceeds in two main directions. The first is the use
of gel methods for obtaining crystals, including those of complex organic compounds, for example,
proteins, nucleic acids and viruses [2-5]. Potentially very interesting is the use of gel methods for
the production of drugs [6,7]. Another important reason for the increasing interest in gel methods
is that the course of many processes occurring in the gel is very similar to the course of processes
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occurring in living tissues. This allows the study of phenomena related, for example, to the formation
of bone tissues, the formation of urinary and biliary stones [8], the influence of drugs on processes of
pathological crystallization or the course of enzymatic processes [9].

As the crystal growth in a gel medium is a powerful method for growing high-quality crystals, we
decided to grow magnesium ammonium phosphate hexahydrate (MgNH,PO,4-6H,0) crystal, known
as struvite, from sodium metasilicate gel and to study its structure and thermal decomposition.

Struvite is a mineral first identified and described as occurring in sewers, specifically in the
St. Nikolai church in Hamburg, Germany [10]. This mineral was named a struvite for honouring
Heinrich Christoph Gottfried Struve (1772-1851), the Russian Consul of Hamburg, who held this
function at a time when this mineral was discovered. [11]. We now know that struvite is a fascinating
inorganic material and its crystallization has been widely investigated over the last decade for
several reasons.

Firstly, struvite can be a problem in sewage and wastewater treatment as it precipitates easily
on specific locations, which may clog the system pipes [12-18]. The formation of struvite is strongly
correlated with wastewater pH level. An increasing pH level of the wastewater increases the potential
of struvite crystallization. The most common locations for initial struvite formation and subsequent
build-up are points with high turbulence such as elbows of pipe connections, valves, aeration
assemblies and pump internal components exposed to wastewater. At these zones of turbulence,
carbon dioxide is released. This is known as degassing process which leads locally to an increase in pH.
The sites with locally higher pH level are advisable for struvite formation. Struvite also has a greater
tendency to form on rough surfaces. In favourable conditions, struvite may grow rapidly leading to
clog system pipes.

On the other hand, struvite is a potential source of phosphorus, nitrogen and magnesium and
therefore it is a main compound recovered from wastewater and converted into useful fertilizer
containing these elements (for example Refs. [19-23]). The recovery of struvite from wastewater is
especially essential in view of phosphorus [15,24,25]. Nowadays natural sources of heavy metal-free
phosphorus are becoming scarce. At the same time, phosphorus content in sewage sludge is a growing
environmental concern. That is why the recovery of phosphorus from wastewater is very essential.
In addition to nitrogen and potassium, phosphorus is one of three main elements necessary for
plants life. Deficiency of phosphorus causes different undesirable symptoms in plants, for example
the slowdown of their growth. Therefore, many fertilizers contain phosphates and the recovery of
phosphorus from sewage, in particular from struvite, is very essential.

The third and the most important reason for which struvite has been studied for last years is the
fact that it is the main component of the so-called infectious urinary stones, related to urinary tract
infection [26-30]. The infection is a result of the activity of microorganisms producing urease, mainly
from Proteus species. Urease, a bacterial enzyme, catalyzes the hydrolysis of urea, to form ammonia.
This decomposition of urea initiates a cascade of reactions leading to an increase in urine pH, which
results in an elevation of the concentration of NH*, CO3%2~ and PO43~ ions. These ions together with
the ions of magnesium Mg?* present in urine lead to the crystallization of struvite [29]. Infectious
urinary stones are a problem that has been widespread for ages, however, in the last quarter of the
century, the incidence of infectious urolithiasis increased by 60-75%. Infectious urinary stones account
for up to 30% of all urinary stones [31,32] and are a very serious health problem. Studies show that in
highly developed countries there is a systematic increase in incidence of infectious urolithiasis, which
indicates that infectious urinary stones are a social problem.

According to the literature review presented, struvite is an interesting inorganic material worth
testing. As already mentioned, the goal of this work is to grow the struvite crystal by the gel method,
to study its structure and thermal decomposition. The crystal structure of struvite has been previously
reported by Whitaker and Jeffery [33], by Abbona, Calleri and Ivaldi [34] and by Tansman, Kindstedt
and Hughes [35] from single crystal X-ray diffraction data as well as by Ferraris, Fuess and Joswig [36]
from neutron diffraction data, all at room temperature.
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In this article we present the structure of the struvite crystal examined at 90 K. XRD analysis
at low temperatures gives the possibility to study phase transitions. So far, low-temperature X-ray
diffraction analysis for struvite in the context of phase transitions has not been carried out.

The second goal of our research is to study the thermal decomposition of struvite. The thermal
decomposition of struvite has also been studied in the past (e.g., Refs. [37-40]). Thermal decomposition
made by us differs from that described in the literature. Therefore, it is advisable to include our
thermolysis results in this paper.

2. Materials and Methods

2.1. Struvite Crystals Growth from Gel Medium

All used chemicals of reagent-grade purity were purchased from Sigma Aldrich. To prepare gel we
used sodium metasilicate anhydrous (Na;SiO3; SMS), ammonium dihydrogenphosphate (NH4H;POy;
ADP) and magnesium acetate tetrahydrate (CH3COO),Mg-4H;0). The chemicals were dissolved in
distilled water. An aqueous solution of ADP of concentration of 0.38 M and SMS solution of specific
gravity 1.07 were mixed together in appropriate amounts to adjust the pH of the mixture equal to
9.0. The prepared mixture was poured into tubes of 19 cm in length and 3 cm in diameter and left
for gelation for 24 h. After the gelation, 25 mL of magnesium acetate tetrahydrate solution of 1 M
was gently poured on the surface of newly-formed gel in respective tubes and closed with airtight
cover. The crystal growth usually lasted from three to four weeks. After this time the crystals of
struvite of about 1 mm in size along the b-axis were observed. Growth conditions were selected
specifically to obtain crystals up to 1 mm in size, because crystals of this size are desirable for testing
on a single-crystal diffractometer.

2.2. Instrumentation

The grown crystals were examined and identified as pure struvite by X-ray diffraction (XRD).
Single crystal X-ray diffraction data were collected at 90 K by the w-scan technique using a RIGAKU
XtaLAB Synergy, Dualflex, Pilatus 300 K diffractometer [41] with PhotonJet micro-focus X-ray Source
Mo-Ko (A = 0.71073 A).

The thermal properties of struvite in air were studied by Thermogravimetry-Differential Thermal
Analysis (TG-DTA) techniques in the range of temperature 25-1000 °C at a heating rate of 10 °C-min~;
TG and DTA curves were recorded on TG 209 F1 Iris apparatus (Netzsch, Germany) under dry air

atmosphere with flow rate v = 20 mL-min~!, a ceramic crucible was used as reference material.

2.3. Data Collection, Structure Determination and Refinement

Data collection, cell refinement, data reduction, and absorption correction were carried out with
the CrysAlis PRO [41]. The crystal structure was solved by using direct methods with the SHELXT
2018/2 program [42]. Atomic scattering factors were taken from the International Tables for X-ray
Crystallography. Positional parameters of non-H-atoms were refined by the full-matrix least-squares
method with anisotropic thermal parameters by using the SHELXL 2018/3 program [43]. All hydrogen
atoms were located using difference Fourier techniques and refined freely with isotropic temperature
factors. Relevant crystallographic data and details of the experimental conditions are summarized in
Table 1.
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Table 1. Crystal data and structure refinement for struvite.

Formula MgNH,PO4-6H,O
Formula weight 245.42
Crystal system Orthorhombic
Space group Pmn2; (No. 31)
a(A) 6.9650(2)
b (A) 6.1165(2)
c(A) 11.2056(3)
V (A% 477.38(2)
Z 2
o (calculated) (g/ cm?) 1.707
F (000) 260
i (mm~1) 0.389
Absorption correction Analytical numeric
Temperature (K) 90
Wavelength (A) 0.71073
0 (deg) 3.44-26.36
Index range —8<h<8 -7<k<7 -14<1< 14
Rint 0.019
Reflections collected 12286
Independent reflections 1061
Reflections (I > 20(1)) 1060
Completeness 99.8%
Data/Restraints/Parameters 1061/1/107
R1/wR2 (I > 20(I)) 0.0121/0.0333
R1/wR2 (all data) 0.0121/0.0333
GOF on F? 1.14
Largest diff. peak and hole (e/ A3 0.24 and —0.19

Weighting: w = 1/[0%(Fo2)+(0.0229P)?+0.0413P] where P = (F,2+ 2F.2)/3

3. Results and Discussion

3.1. Struvite Synthesis, Morphology and Habit

The single diffusion gel growth technique was used to grow struvite. Struvite is formed from
two components, ADP (NH4H;PO,4) and magnesium acetate tetrahydrate (CH3COO),Mg-4H,0),
according to the following reaction:

NH4H2PO4 + (CH3COO)2Mg'4H20 + 2H20 — MgNH4PO4'6H20 + 2CH3COOH (1)

The grown struvite crystals show different morphologies, namely dendritic, and prismatic and
rectangular platelet depending on the growth site. At the interface between the gel and the liquid
phase, small dendritic type crystals were observed, while at greater depths in the gel (deeper below
the gel-liquid interface) crystals in the form of rectangular platelets and prisms were observed. At the
interface between gel and liquid there is a higher concentration of reagents, which results in the
formation of dendrites. Regardless of morphology, struvite crystals are transparent. The size of both
prismatic and rectangular crystals did not exceed 1 mm in the length of the b-axis. Growth conditions
were intentionally selected so as to obtain the crystals of this size needed for XRD measurements.
Figure 1 shows struvite crystals in gel medium.
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Figure 1. Struvite crystals in sodium metasilicate gel.

The most typical habit of struvite crystals obtained by us, using the single diffusion gel growth
technique, is prismatic habit shown in Figure 2a,b and Movie S1 (in the Supplementary Material).
The crystals are composed of the (001) and (001) pedions, the {101}, {011}, {101} and {011} domes, the
{110} rhombic prism and the {111} rhombic pyramid. Struvite exhibits hemimorphic morphology,
which means that the faces at the two ends of the crystallographic c-axis are not related by symmetry
elements. Therefore, the (001) and (001) faces, which are at the ends of the c-axis, are single faces
(pedions) not related to each other by symmetry. Domes are two non-parallel faces related with each
other by a plane of symmetry (mirror plane). The {101} form is a dome consisting of the two (101)
and (101) faces. The {011} form is also a dome consisting of the two (011) and (011) faces. Similarly
the {101} form is a dome consisting of the two (101) and (101) faces, and the {011} dome is a two
faced form consisting of the (011) and (011) faces. Rhombic prism is a four-faced form with all faces
parallel to a common line. In the case of struvite the four faces (110), (110), (110) and (110) belong to
the rhombic prism {110}. Rhombic pyramid is a four-faced form whose faces are related by mirror
planes. In struvite the (111), (111), (111) and (111) faces are the four faces of the rhombic pyramid {111}.
In total, struvite possess 18 faces.

The crystals that are terminated by pedions (001) and (001) at both ends of the c-axis are quite
common. Usually the (001) pedion is larger than the (001) one. The habit of crystals with the smaller
(001) pedion at the end of the c-axis is the so-called coffin-lid habit described widely in literature [44-46].
Sometimes it happens that the (001) face disappears completely and is not represented in the crystal
morphology. If the (001) pedion disappears, the remaining (101) and (101) faces of the {101} form make
an edge. The coffin-lid habit with or without the (001) face is typical for crystals growing in living
animal [47] and human [44,46,48] organisms.

In the paper [34] the authors considered the correct assignment of struvite crystal face indexes
(in particular (001) and (001)) on the basis of the determined polarity. In this case, as in all other polar
crystals, determination of the crystal face indexes depends on the initial assumption of the coordinate
system. The unit-cell transformation using the matrix of

-10 0
01 0 @)
0 0 -1

gives an alternative set of crystal faces characterized by opposite indexes (Figure 2c). The correct polarity
for the assumed coordinate system can be then confirmed, for example, using the Flack parameter.
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0.1 mm (001)

Figure 2. A view of struvite habit and morphology; (a) struvite grown in gel medium and (b) its
schematic representation with faces indexed in accordance with the coordinate system assumed in this
article; (c) faces indexed after transformation using the matrix given by Equation (2). Both polarities
(b) and (c) are equivalent.

3.2. Crystal Structure

The crystal structure of struvite has been earlier reported by Whitaker and Jeffery [33], by Abbona,
Calleri and Ivaldi [34] and by Tansman, Kindstedt and Hughes [35] on the basis of single crystal
X-ray diffraction data as well as by Ferraris, Fuess and Joswig [36] on the basis of neutron diffraction
data, all at room temperature. We decided to carry out measurements at temperature of 90 K, using
hardware/software, enabling high data redundancy and accurate analytical numeric absorption
corrections. As a result, we obtained a very high quality measurement with the residual factor R1 of
1.2% at 0.80A resolution. The x Flack parameter of —0.01(2) was determined using 499 quotients [49].

As mentioned, XRD studies were carried out at 90 K. So far, low-temperature X-ray diffraction
analysis for struvite in the context of phase transitions has not been carried out. Our research indicates a
lack of polymorphism, resulting from the temperature lowering to 90 K, which has not been previously
reported. Additionally, the study at 90 K allows reducing the standard uncertainty of the position of
hydrogen atoms.

Struvite crystallizes in the orthorhombic polar noncentrosymmetric space group Pmn2; (No. 31).
A view of the molecular structure with atom numbering scheme is depicted in Figure 3. The bond
lengths and angles are in good agreement with the earlier results [33-36], but with appreciably
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improved precision. Differences noted result from different temperatures of experiment or the use of
another type of radiation (neutron vs. X-ray), in the case of the hydrogen atom positions.

03

02
P1 o1

03

Figure 3. A view of the molecular structure of struvite with the atom numbering scheme. Symmetry
code: (i) —x,y,z. Atomic displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms
are shown as small white spheres of arbitrary radius.

The crystal structure contains PO, ™ anions, hexaaqua Mg(H20)62+ cations and NHy* cations
connected within an extended three-dimensional hydrogen-bonded network of O-H::-O and N-H---O
(Figure 4). Geometric parameters including hydrogen-bonding have been previously described in [33];
here they are presented with higher accuracy and summarized in Tables 2 and 3.

Figure 4. A fragment of molecular packing with the unit cell (with the coordinate system adopted in
this study) showing the three-dimensional hydrogen-bond network marked with dotted lines.
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Table 2. Bond lengths, selected bond valences and bond angles for struvite.

Bond Lengths (A) v.u. Bond Angles (°)
P1-0O1 1.5508(15) 01-P1-02 109.55(7)
P1-02 1.5468(13) 01-P1-03 109.55(4)
P1-03 1.5441(9) 02-P1-03 108.74(4)

Mg1-O4 2.1071(14) 0.324 03-P1-03 1 110.69(5)
Mg1-O5 2.1090(14) 0.323 04-Mg1-05 179.82(6)
Mg1-06 2.0751(11) 0.348 04-Mg1-06 91.17(4)
Mg1-07 2.0511(11) 0.368 04-Mg1-07 90.44(4)
05-Mg1-06 88.95(4)
05-Mg1-07 89.44(4)
06-Mg1-06 ! 95.28(4)
06-Mg1-07 87.66(4)
06-Mg1-07'1 176.61(5)
07-Mgl1-071 89.34(5)

Symmetry code: I —x,y,z.

Table 3. Hydrogen-bonding geometry in struvite.

D-H:--A D-H (A) H---A (A) D---A Q) D-H---A (°) A Symmetry Code
04-H1.--02 0.81(3) 1.87(3) 2.676(2) 179(3)
O4-H2---05 0.78(4) 2.23(4) 2.9986(19) 167(3) x,y+1,z
05-H3---03 0.87(2) 1.79(2) 2.6588(11) 174(2) 1/2-x,1-y,1/2+z
06-H4---03 0.82(2) 1.81(2) 2.6336(13) 174(2) xy-1,z
06-H5.--01 0.78(2) 1.92(2) 2.7017(13) 173(2) 1/2-x,1-y,1/2+z
07-H6---02 0.84(2) 1.80(2) 2.6264(12) 172(2) 1/2-x,1-y,1/2+z
07-H7---03 0.79(2) 1.88(2) 2.6544(12) 168(2) 1/2-x,3-y,1/2+z
N1-HS---O1 0.90(3) 1.90(3) 2.792(2) 179(3) x,y-1,z+1
N1-H9---O7 0.89(4) 2.49(4) 3.1527(19) 131.3(19)
N1-H10---06 0.88(2) 2.137(19) 2.9726(17) 158.2(18) 1/2-x,1-y,1/2+z

The magnesium atom is surrounded by six oxygen atoms, creating a slightly elongated octahedron.
The Cambridge Structural Database [50] reports 225 compounds with Mg(H,0)s?" cations with the
Mg-O bond length in the range of 2.012-2.151 A with the mean value of 2.067 A. It is worth noting that
the longest of Mg-O bonds in struvite (2.1071 and 2.1090 A) are on that upper limit. The relationship
between bond length and bond valence, plays an important role in the study of the crystal structure in
coordination chemistry.

A comparison of the chemical bond strengths of these bonds could be done using the related
valence sum rule [51,52]. The Mg-O bond valences expressed in valence units (v.u.) were computed
as vj; = exp[(R;; — d;;)/B] according to [53], wheore djj is bond IE?gth between atoms ij, and R;; is the
bond-valence parameter, taken as Ryg-0 = 1.608 A and B = 0.443 A according to [54]. The oxidation state
of magnesium resulting from the charge balance in the crystal should be equal +2. In fact, the calculated
bond-valence sum (BVS) for Mg of 2.079 v.u. is slightly larger than expected, which is however in a
good agreement, having the calculated the root-mean-square deviation value of 0.110 v.u. [54].

3.3. Thermoanalytical Study

Thermal decomposition of struvite is well known in literature (e.g., Refs. [37-40]). Although the
shape of our TG curve is similar to that described in Refs. [37—40], the thermal stability and peaks on
the DTA curve of struvite are significantly different from literature data. From our research, we can
clearly see the endothermic peak and the appearance of a new exothermic effect. This exothermic peak
has not been described in any previous studies on struvite. These differences indicate the desirability
of our study. Thermal decomposition of struvite in air atmosphere is a multistage process. The stages
of thermolysis overlap. Struvite is stable up to 85 °C. At first, struvite releases six molecules of water
and an ammonium ion. On DTA curve there is an endothermic peak at 130 °C. Above 375 °C, MgHPO4
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is obtained as the final product of thermolysis (it is confirmed by XRD analysis of the sinter made
by heating struvite to the temperature defined from the TG curve). This process connects with the
exothermic effect on the DTA curve at 180 °C. Mass loss calculated is 50.98% and determined from the
thermogravimetric curve is 51.00%, which confirms the formation of MgHPO, at the end of the thermal
decomposition process. Figure 5 presents the TG-DTA-DTG curves of struvite. Pyrolysis of struvite at
flowing air atmosphere with 40 mL-min~! provides new information on its thermal decomposition.

DTA[K]
TG [%] exothermiceffectl prg [%/min]
100 4
2
90
P 0
80
-2
70
-4
60
-6
50 8
40 -10
30 80 130 180 230 280 330 380 430
— TG — DTA — DTG Temperature [°C]

Figure 5. TG, DTA and DTG curves for struvite; the initial mass sample was 16.59 mg. The scale of the
DTA and DTG curves is the same.

4. Conclusions

In this article we present struvite crystals grown from metasilicate gel using the single diffusion
technique. The obtained crystals show a very rich morphology which consists of 18 faces. Most often,
struvite crystals take prismatic habit. Grown crystals were examined and identified as pure struvite
by single X-ray diffraction (XRD). The orthorhombic polar noncentrosymmetric space group Pmn2;
was identified. The determined unit cell parameters are as follows a = 6.9650(2) A, b=6.1165(2) A,
¢ = 11.2056(3) A. We obtained a very high quality results with the residual factor R1 of 1.2% at 0.80 A
resolution. XRD studies of struvite crystals were carried out at 90 K, while studies presented in the
literature were carried out at room temperature. Our research shows that lowering the temperature
to 90 K does not cause phase transitions. In other words, there are no polymorphic changes at low
temperature. We also present thermoanalytical study of struvite using TG, DTG and DTA techniques.
Our study differs from that described in Refs. [37—40]. In our case, we recorded a definitely different
thermal stability (85 °C). Additionally, there was a shift of the endothermic peak compared to that
described in Refs. [37-40]. A novelty in the thermal decomposition, has not been noted anywhere
so far, is the appearance of an exothermic peak on the DTA curve (180 °C). Detection of endo- and
exothermic peaks (not only an endothermic effect) during thermal decomposition of struvite gives
new light on the pyrolysis of it.
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Supplementary Materials: CCDC1885875 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. The following are available online at http:/ /www.mdpi.com/2073-4352/9/2/89/s1, Movie S1:
The most typical prismatic habit of struvite crystals obtained by single diffusion gel growth technique (AVI).
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