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Abstract  : The paper presents results of the investigation into the temperature mediated
mineralogical formation of struvite family crystals in a synthetic wastewater. The scale-forming
solution was set-up by mixing solutions of MgCl2 and NH4H2PO4 with Mg+2, NH4

+ and PO4
-3

in a molar ratio (MAP) of 1:1:1. The temperature was altered: 30, 35 and 40 OC. The initial pH
of the solution was set up in 9.0. SEM (equipped with EDX) analysis revealed that the crystals
have a needle like-shaped morphology, and contained Mg, K, P, and O as the main
composition. The Rietveld analysis of the XRPD pattern confirmed that the major phase of
struvite, and struvite-(K) formed in the precipitating solids. Apparently, bobierrite and
newberyte were other phosphate minerals formed at the temperature of 35 OC. Analysis of this
experimental data suggested that the temperature-mediated crystallization process yielded a
potential optimization of struvite precipitation.
Keywords- Bobierrite, Newberyte, Struvite, Temperature, XRPD Rietveld method.

Introduction:

Struvite (NH4MgPO4∙6H2O) is one of mineral deposits, which commonly accumulated on the surface
equipment of digestion and post-digestion processes in wastewater treatment industry. The deposits present on
the surface of pipes lead to create clogging problems with the inside diameter, hence generating major
downtime, loss of hydraulic capacity, and increased pumping and maintenance costs1  Nevertheless, struvite
crystal potentially recovers a high amount of phosphorus and nitrogen from wastewater and subsequently it can
be applied as a phosphate fertilizer2-4. Nowadays, struvite crystallization is a suggested method to bring down
the environmentally harmful free magnesium, ammonium and phosphorus (MAP) ions in wastewater5-9. This
method draws considerable attention because of the common occurrence of struvite in a wide variety of
environments10-16.

In the wastewater environment, struvite crystallization may be adjusted by parameters such as pH17,18,
temperature18, rate of stirring19,20, supersaturation21,22, nature of phosphate materials23-25 and the presence of
foreign ions including calcium and copper5,19,26 and sulfate27. Additionally, the manipulation of pH influences
morphology, particle size, and thermal property of struvite18. Moreover, the effect of pH on thermal properties
of struvite can be related to the release of volatile components during the heating process, and eventually
control the relative stability of struvite. Here, an experiment on the stability of struvite can be performed at
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above ambient temperature, which can provide an initial evaluation of the susceptibility to struvite
decomposition for the discharge of nutrients as applied for a fertilizer28,29.

Instead of struvite crystallization, magnesium phosphates such as MgHPO4∙3H2O (newberyite),
Mg3(PO4)2∙8H2O (bobierrite) and Mg3(PO4)2∙22H2O (cattiite) may form13 and be related to the reduction in the
concentration of free ions (Mg2+, NH4+and PO4

3−) within the aqueous solutions21. For instance, the formation of
struvite (S) and newberyite (N) is mainly controlled by the ion concentration and the respective supersaturation
ratios of S and N18. As the supersaturation ratio of N/S < 2, struvite always precipitate first, while the ratio of
N/S > 2 crystallization of newberyite precedes. Here the decomposition of struvite from saturated solutions is
found to be dependent upon the rate of heating30. At a temperature below 40 °C, struvite decomposition occurs
as a result of slow heating, and is accompanied by developing both ammonia and water. Nevertheless, around
80°C, struvite decomposition occurs due to the more rapid heating.

Further at the temperature of 103 OC, struvite transformation to dittmarite (MgNH4PO4∙H2O) may occur
in the air31. The subsequent transformation of struvite in water can undergo at lower temperatures of 60 OC32. In
particular, the released remaining water and NH4 for crystallization can occur at 235 OC and be followed by the
formation of the pyrophosphate at 575 OC31. Here, magnesium pyrophosphate becomes the most stable phase
found in the high temperature. However, the development of different minerals may be found in-between
temperature. The temperature range of struvite decomposition is commonly related to the mineralogical reaction
against the presence of nitrogen, air, or water29.

The present work was undertaken to evaluate the mineralogical response to struvite formation at
elevated temperatures and to quantify phosphate minerals for recovery of MAP ions. The fixed pH was
selected,  while  the  overall  pH  of  the  system  was  allowed  to  fluctuate  in  the  removal  of  MAP  as  the
thermodynamically equilibrium was achieved. This condition was set up similar to that commonly employed
for struvite recovery from wastewater, where the control of pH is difficult due to economics and/or technical
reasons33-36. The morphology and mineralogy of the solids precipitated from these solutions were determined by
scanning electron microscopy (SEM) and x-ray powder diffraction (XRPD) method respectively.

Experimental:

Solution preparation for crystallization experiment:

Struvite family crystals were grown in a glass beaker mechanically stirred at 200 rpm and three sets of
experimental running were performed in this study. The crystals were precipitated from stock solutions
containing 0.8735 M MgCl2, 0.8735 M NH4OH, and 0.8735 M H3PO4 with analytical grade (Merck, Germany).
The solution was subsequently diluted in 500 ml flasks so that the molar ratios of magnesium, nitrogen and
phosphorus (MAP) reached up 1:1:1. The initial concentrations and molar ratios of five major ions are listed in
Table I. The diluted mixing solutions were adjusted to pH 9 using 1 N KOH (analytical reagent grade). The pH
solution was then measured continuously using a Beckman 44 pH meter, equipped with an Oakton pH probe at
elevated temperature (30, 35 and 40 OC) and ended up for 70 min. At the end of each test, the precipitate was
filtered immediately through a 0.45 μm paper filter and preserved for subsequent analysis.

Table (1): Initial concentrations and molar ratios of five major ions in the synthetic wastewater

Molar ratio
& pH Mg (mol/l) NH4 (mol/l) PO4 (mol/l) K (mol/l) Cl (mol/l) Temperature

1:1:1 & 9 0.8735 0.8735 0.8735 0.8735 1.74716 30, 35, 40 OC

A saturation index (SI) was calculated to predict the mineral speciation of solid precipitated from the
solution37 . When SI > 0, the solution is supersaturated and precipitation occurs spontaneously. When SI = 0,
the solution can undergo equilibrium. When SI < 0, the solution is undersaturated and no precipitation occurs.
The calculation of SI for solid and dissolved phases of minerals was conducted by the visual Minteq38.
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Materials characterization of precipitates:

The scale  samples were then examined by SEM on a JEOL (30 SFEG) instrument  with EDX system
and XRPD method. The XRPD data collection was performed using Cu-Ka monochromated radiation in a
conventional Bragg-Brentano (BB) parafocusing geometry (D5005 SHIMATZU). The scan parameters (5–85 O

2q, 0.020 steps, 15 s/step) were selected. Data were recorded digitally, and peak positions and intensities were
identified either using the peak finder feature or on screen in the MATCH software. The possible crystalline
phase obtained from the extensive search match was subsequently validated by the Rietveld full profile fitting
analysis39-41. The Rietveld refinement of XRPD data was carried out by Fullprof software42.

The  XRPD  Rietveld  refined  parameters  such  as:  (i)  the  2θO scale zero position, (ii) the polynomial
fitting for the background with six coefficients, (iii) the phase scale factors, (iv) the cell parameters, (v) the peak
asymmetry and the peak shape functions, (vi) the atomic coordinates and anisotropic temperature factors. The
Fullprof program fits the diffraction line widths (FWHM) as a function of tan(θ) using the u-v-w formula of43,
while starting values of u, v and w were obtained from the values of the measured quartz. Preferred orientation
of  struvite  was  also  refined,  while  other  phases  were  assumed  to  be  absent  in  the  powder  in  all  cases.  The
obtained values of the cell parameters and the calculated wt. % levels of mineralogical phases and the crystal
structure models from which the full diffraction profiles are calculated by the program [39]. The calculation
method is discussed in detail elsewhere44,45.

Results and discussion:

Kinetic modelling of struvite precipitation:

Dissolution and crystallization rates of struvite were calculated using the pH measured for Mg2+

reduction. The crystallization rate may then be determined through either reduction of (Mg2+) or increase from
hydrogen ion, according to the following equation26,35:

Ln (C-Ceq)= -kt +Ln (C-CO) (1)

Where  C  is  the  concentration  of  the  reactant  concentration  at  a  moment  t,  Ceq the reactant concentration at
equilibrium, CO the initial reactant concentration, and k the kinetic constant.

Further, the evolution of pH values versus time at different temperature selected is plotted in Fig. 1.
Obviously, the pH reduced slightly from an initial pH of 9.01 to approximately 8.98 < pH < 8.99 at the
temperature of 30 OC and 40 OC. In contrast, at a temperature of 35 OC, the pH solution changed dramatically in
the time range of 0 - 15 minutes, and subsequently remained constant.  It is suggested that the solution mediated
precipitation of struvite, which was completed in about 70 min.

Fig. (1):  Changes of pH during the mineral precipitation at the different temperatures

Moreover, the kinetics of struvite formation can be estimated from the plots of Ln [(C-Ceq)] versus
time according to equation-1 (Figure 2). At the temperature solution of 30 OC,  the  plots  revealed  that  the
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calculated Mg concentrations fitted well with the first kinetic order model with a slope of -k, where correlation
coefficients (R2) was 0.9684. The struvite formation reaction pursued a first-order kinetic model with respect to
Mg and H ions, and was in agreement with the previous findings26,35. Rate constants were obtained from each
plot and subsequently given in Table 2. The kinetic rate constants provided a trend in that the lower temperature
of the solution enabled to the lower rate constant and thus the slower precipitation occurred. Here, the kinetic
constants increased from 2.952 to 12.342 h-1, when the temperature increased from 30 - 40 OC. These findings
suggested that the solution facilitated increasing precipitation of struvite. Further evidence for such mechanisms
would be provided by quantitative XRPD analysis (Table 4).

Fig. (2): The best fitted straight line through the Ln (C-Ceq) versus time for the precipitate obtained at
30 OC

Table (2): The first order rate constants for struvite crystal growth.

Ratio of 1:1:1, pH= 9 Regression equation Rate constant, (h-1) R2

30
35
40

Y= -0.0492x-2.7987
y= -0.2057x -1.9379
y= -0.2057x-1.9379

  2.952
12.342
12.342

0.9684
0.9614
0.9614

Minerals speciation and quantitative analysis of crystal products

The mineralogy and morphology of the solids recovered from these solutions were determined by the
XRPD  and SEM method.  This precipitate was obtained over a range of temperatures. Table 3 presented the
minerals precipitated from the solution corresponding to the saturation index (SI) calculated by the visual
Minteq. During the present study, the dissolution of phosphate minerals was shown to be the predominant
process, approaching its maximum at the end of the period. Newberyite, struvite and struvite-(K) have the
positive SI implying that those minerals could be precipitated from the solution. These findings suggested the
solution mediated transformation process of struvite into different phosphate minerals (newberyite and struvite-
(K)). Additionally, Mg3(PO4)2 was also predicted to have the positive SI as precipitated minerals, while several
minerals such as Mg2(OH)3Cl∙4H2O Mg(OH)2 and periclase (MgO) were undersaturated and could be not
identified in the XRPD analysis. However, Mg3(PO4)2 may be an amorphous phase and could be not detected
by the XRPD search-match analysis46.

According to the XRPD analysis, struvite and struvite-(K) can be precipitated in nearly the whole
temperatures (30, 35 and 40 OC) investigated (Figure 3). The investigations performed under similar conditions
also provided the appearance of sylvite. In addition, struvite always precipitated when the magnesium and
phosphate concentrations were within the range of concentrations found in wastewater (Table 1)  18.
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Table (3): Mineral species predicted from the visual Minteq model.

Solution at pH = 9; MAP molar ratio of 1:1:1
30 35 40Mineral species

Saturation Index (SI)
KCl(s) 0.002 0 -0.003
Mg(OH)2 -2.154 -2.183 -2.207
Mg2(OH)3Cl∙4H2O -0.675 -0.725 -0.769
Periclase (MgO) -4.507 -4.113 -3.728
Mg3(PO4)2 11.094 11.066 11.042
Newberyite 3.762 3.763 3.763
Struvite 8.44 8.352 8.258
Struvite (K) 5.063 5.055 5.048

Fig. (3): XRPD trace of minerals precipitated at different temperature. The peaks are labelled B
(bobierrite), N (newberyite), S (struvite), S(K) (struvite-K) and Sv (sylvite).

Further struvite growth and its thermodynamic stability generally depend on the neutral or basic
aqueous solutions21,22. Our work has demonstrated that, within a narrow range temperature and the initial
equimolar concentrations of MAP similar to those found in wastewater, struvite family crystals could be
precipitated simultaneously46. The stability for such mixture of minerals depends on the pH of the system. At
pH <6.0, newberyite has the stable form. In this condition, struvite may readily transform into newberyite,
while both struvite and bobierrite are stable phases for alkaline pH47. However, struvite decomposition depends
not only on supersaturation regarded to the minerals, but also on the ammonia activity in the solution. Thus
struvite, bobierrite and newberyite may coexist under certain conditions in wastewater46.

In the present study, only bobierrite and newberyite were obtained with struvite in the precipitates at the
temperature of 35 OC. The apparent equilibrium of both phosphate minerals with struvite may occur at this
temperature and pH 9. The observations from this work also provided that struvite may partially transform to
bobierrite and newberyite due to the ammonia activity in the solution46 and the simultaneous formation of the
two solid phases may occur in a limited concentration range and pH33.

The characteristic morphologies obtained in the experiments at the temperature of 30 OC are given in
Figure 4. Struvite occur as needle like crystal as shown in the SEM micrograph33. The EDX analysis presented
the  respective  peak  intensities  of  P,  Mg,  K,  Cl  and  O,  which  were  composed  to  struvite  and  struvite-(K)  in
addition to sylvite.
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Fig.  (4):  (a)  SEM micrograph,  (b)  EDX analysis  of  struvite  family  crystals  precipitated  at  pH 9  as  the
molar ratio of 1: 1: 1 at 30 OC.

Detailed XRPD quantitative analyses were also performed on the scale samples. Table 4 gives the
mineralogical phase composition of the precipitates at the different temperature. At the temperature of 30 OC,
37.9 wt. % of struvite and 61.6 wt. % of struvite-(K) were detected along with sylvite (0.5 wt.%) as impurity in
solids precipitated. Chloride components in solution may associate with the stock solution, resulting in
impurities in the recovered precipitate48. A quite abundance of struvite was also found to increase in the
elevated temperature. The corresponding to the process observed at 35 OC, the high content of bobierrite,
struvite-(K) and newberyite was found as the crystallized product. Accordingly, the struvite crystal products
became  less  and  the  small  amount  of  impurities  such  as  MgCl2 and sylvite was still produced. The
investigations performed under similar conditions at the temperature of 40 OC showed only the appearance of
struvite and struvite-(K) in addition to sylvite. Predominantly, the high amount of struvite and struvite-(K) can
be precipitated within the temperature observed.

Table (4): XRPD results on the mineral deposits formed from the synthetic wastewater.

MAP molar ratio of 1:1:1
Temperature solution ( OC)Mineral

30 35 40
Crystal structure model

Struvite 37.9 (6)* 45.5(4) 54.5 (6)
Whitaker and Jeffery (1970)
[52]

Struvite (K) 61.6 (8) 18.6(6) 42.4 (6) Graeser et al. (2008)[53]
Sylvite   0.5 (4)   1.2(5)   3.1 (6) Ott (1926)[54]

Newberyite 5.1(3) Abbona and Boistelle (1979)
[51]

MgCl2   0.2(1) Busing (1970) [55]
Bobierrite
[Mg3(PO4)2∙8H2O] 29.4(5) Takagi et al. (1986) [47]

*Figures in parentheses indicate the least-squares estimated standard deviation (esd) referring to the least
significant figure to left

The purity of struvite with respect to additional mineralogical components and the association of
contaminants may be controlled by temperature. In batch experiments conducted over the temperature range of
30-40 OC, the temperature was found to be the primary factor affecting the production of struvite49,50.
Additionally, the temperature (30, 35 and 40 OC) selected in the present study may be a typical range of optimal
temperature on the physical and chemical properties of struvite precipitated from MgCl2-(NH4)2HPO4-KOH-
H2O system49. This system could also provide fundamental information about the effect of temperature on
struvite formation in the more complex solutions33-36. Moreover, findings from the XRPD Rietveld method and
simultaneous prediction of minerals speciation using the visual Minteq provided validation into the influence of
temperature on the amount of struvite crystal produced. In turn, the present results can be adopted as a strategy
to ultimately improve the phosphate recovery from wastewater.
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Conclusion:

It can be concluded that temperature controlled precipitation of struvite from the wastewater and was
the limiting factor on the precipitation reaction kinetics. The rate of disappearance of Mg2+ in the solutions
increased with increasing temperature. The estimated rate constants were from 2.952 to 12.342 h-1, in the
temperature range of 30-40 OC, as the constant MAP molar ratio of 1:1:1. The experimental observations with
different temperature indicated a great mixture of phosphate minerals obtained in this solution. Struvite and
struvite-(K) where the major minerals crystallized in the solution at 30OC. In addition to both minerals,
bobierrite and newberyite can be precipitated, as the temperature was increased from 30 to 35 OC. The solution
with the temperature of 40 OC has the effect on the struvite and struvite-(K) precipitation, while the small
impurity of sylvite was always found in any precipitates found during the experiments.
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