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요 약: 다양한 온도에서 스트루바이트(struvite, MgNH4PO4·6H2O)들이 합성 및 건조되었다. 스트루바이트의

결정화와 그 구조적 특성은 합성 온도와 건조 온도 모두에게 큰 영향을 받았다. 스트루바이트는 합성 온도

30oC에서 순조롭게 형성되었으며, 결정도는 합성 온도와 역의 관계를 보였다. 또한, 스트루바이트 결정도는

건조 온도가 45oC에서 60oC로 증가함에 따라 감소되었으며, 이는 열분해로 인해 발생한 구조적 물 분자와 암

모늄 이온의 손실로 촉진되었다. 그러나 낮은 합성 온도에서 합성된 스트루바이트 일수록 높은 결정도를 가

지며, 열분해에 의한 비정질화가 억제되었다. 본 결과는 저온의 열역학적으로 안정한 조건에서 형성된 스트루

바이트는 높은 결정성을 보이며, 이에 따른 구조 안정성과 열저항성을 갖음을 입증한다.

핵심어: 인산염, 스트루바이트, 결정화, 구조 안정성, 온도

Abstract: A series of struvite (MgNH4PO4·6H2O) was synthesized and dried at various temperatures (15-

60oC). Crystallization of struvite and its structural properties were significantly influenced by synthetic and

drying temperature. Struvite was favorably formed at synthetic temperatures 30oC with an inverse

relationship between the crystallinity and synthetic temperature. The crystallinity of struvite was also

significantly reduced by an increase in drying temperature from 45oC to 60oC due to the loss of structural

water molecules and ammonium ions by the facilitated thermal decomposition. However, struvite formed

at lower synthetic temperature showed higher crystallinity, and its amorphization by thermal decomposition

was inhibited. These results demonstrate that struvite formed at low temperature with an stable condition

thermodynamically through favorable crystallization shows high crystallinity and stability with respect to

the structural and thermal resistance. 
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INTRODUCTION

Phosphorus (P) is an essential nutrient for humans

and plants. Lack of P causes bone and muscle dis-

eases in humans as well as it limits plant productiv-

ity and food production (Carstensen et al., 2018,

Gertner 1987, Takeda et al., 2012). In recent, both

concerns about the phosphorus deficiency in soils

and depletion of finite phosphate resource rocks

have been raised (Nziguheba 2007, Van Vuuren et

al., 2010), but there is no substitute for P in nature

(Survey 2005) yet. On the other hand, excess phos-

phate originated from point or non-point contami-
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nated sources can promote eutrophication in shallow

water and groundwater systems and threat human

health including aquatic ecosystems (Daniel et al.,

1994, Hao and Chang 2002, Novais et al., 2018,

Sharpley et al., 1996, Yang et al., 2019). For these

reasons, effective phosphate removal and recovery of

phosphorus from wastewater simultaneously have

been challenged for the sustainable life of human

beings.

Crystallization of struvite (MgNH4PO4·6H2O), which

is one of the important phosphate minerals for P

resource, could be an efficient way to permanent

removal of P in various conditions because it pre-

cipitates rapidly and stably in wastewater conditions

(Abbona and Boistelle 1979, Griffith 1978, Muster

et al., 2013, Ohlinger et al., 1998). Struvite has a

very temperature-sensitive equilibrium in solution

(Bhuiyan et al., 2007, Bhuiyan et al., 2008, Han-

houn et al., 2011), and this sensitivity to tempera-

ture can influence the removal efficiency of P from

wastewater through struvite crystallization (Abbona

and Franchiniangela 1990, Babic-Ivancic et al.,

2002, Bouropoulos and Koutsoukos 2000, Micha-

lowski and Pietrzyk 2006). It, therefore, is essential

to investigate effects of temperature on the crystalli-

zation of struvite systematically.

Moreover, the recovered struvite can be recycled

as an eco-friendly long-term fertilizer for P and

nitrogen (N) because it is non-toxic and has rela-

tively desired lower solubility than other chemical

fertilizers (Gaterell et al., 2000, Ohlinger et al.,

1998). According to a report, the solubility of stru-

vite is closely related to the crystal habit of the stru-

vite (Babic-Ivancic et al., 2002). However, effects of

the formation temperature on the crystal properties

of struvite such as crystallinity and morphology have

not been investigated systematically yet. 

In addition, amorphous struvite showing low crys-

tallinity can be extensively used as cementing mate-

rials in civil engineering and biomedical purposes

and its applicability is strongly related to the micro-

structure properties of struvite (Ding et al., 2012,

Mestres and Ginebra 2011, Sarkar 1991). Because

crystal structure of the struvite can be determined by

the bonding character among the structural elements

(Mg, NH4
 , PO4, and H2O), it is important to iden-

tify the factors that influence these structural ele-

ments. Especially, the ammonium ion and the six

water molecules can be easily escaped from struvite

structure by thermal decomposition (Bhuiyan et al.,

2008, Frost et al., 2004, Kurtulus and Tas 2011,

Sarkar 1991). Although the thermal treatment can be

an easy and effective way to obtain desired mate-

rial from struvite, the characteristic decomposition of

struvite by heat according to its structural properties

(e.g., crystallinity) has not been studied either. 

We, therefore, aimed to investigate effects of tem-

perature on the formation and the structural proper-

ties of struvite as well as its thermal decomposition

specifically related amorphization using systematic

approaches.

MATERIALS AND METHODS

Synthesis of Struvite

All samples were synthesized by wet precipita-

tion with reagent grade materials (Sigma Aldrich).

Briefly, 10.44 mM MgCl2·6H2O was added into 1 L

solution containing 10.44 mM NH4Cl and 2.9 mM

(= 90 mg/L P) K2HPO4. The pH of the mixed solu-

tion was maintained at 10.0 ±0.01 by adding 2 M

NaOH using an auto titrator (TitroLine Alpha 20).

The solution was stirred by a magnetic bar at 200

rpm on a hotplate equipped with an auto tempera-

ture control sensor (IKA C-MAG HS7). Samples

were synthesized at a synthetic temperature (T(S)) of

15–60 ±0.1oC for 2 hrs. Precipitates in the solution

were filtered through a 0.45 μm membrane filter

(nylon medium, Whatman) by using vacuum pump,

and followed by rinsing several times with deion-

ized (DI)-water with a resistance of 18.3 MΩ (New

Human Power Scholar, Human Co.). Subsequently,

precipitates were dried at two different temperatures

(T(D)) of 45 and 60oC for 1–24 hrs to evaluate their

thermal stability of struvite formed at each syn-

thetic condition. Additional characterization was per-
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formed on the 10 hrs dry samples in which the

structural properties were distinctly divided into two

groups, amorphous and crystalline struvite.

Characterization

All samples were characterized by a combination

of X-ray diffraction (XRD, Rigaku SmartLab), ther-

mogravimetric analysis (TGA, TA Instrument Q600),

attenuated total reflectance fourier transform-infrared

spectroscopy (ATR FT-IR, Agilent Cary 630 FT-IR)

and field emission-scanning electron microscope

(FE-SEM, FEI Quanta 250 FEG). Briefly, XRD was

conducted using Cu-Kα at 45 kV and 200 mA in 2

theta steps of 0.01o with 1o/min scan rate. TGA was

conducted under argon gas at 10oC/min heating rate.

FT-IR spectra were collected in the wave number

range of 400–4,000 cm-1, with a resolution of 2 cm-1

by using 80 scans. FE-SEM analysis was conducted

at a given accelerating voltage of 15 kV using plati-

num-coated samples.

RESULTS AND DISCUSSION

XRD and TGA Analyses for Struvite Samples

The solid phase and crystallinity of all samples

synthesized at different T(S) and T(D) were identified

by XRD. In the kinetic experiment of drying time,

crystallinity of struvite decreased with increasing

drying time (Fig. 1). The decrease of crystallinity

was observed obviously at T(D) of 60oC, showing

more amorphous patterns in XRD than at T(D) of

45oC. For the samples dried at T(D) of 60oC, the

amorphous patterns were observed at 15 hrs in T(S)

of 15–20oC samples and at 7 hrs in T(S) of 25–30oC

samples, respectively. Upon XRD results for these

kinetics, we focused on samples dried for 10 hrs in

which the characteristics of XRD patterns were dis-

tinctly divided into two groups formed at low T(S) of

15–20oC and high T(S) of 25–30oC for struvite.

Fig. 2 shows XRD patterns of the synthesized

struvite formed at T(S) 30oC and dried for 10 hrs

Fig. 1. XRD patterns of struvite formed at T(S) of 15-30oC as a function of drying time. (a) T(D) of 45oC and (b) T(D)

of 60oC. X-axis: 2 theta, Y-axis: drying time (1, 3, 6, 10, 15, 19, and 24 h), and Z-axis: relative intensity

(cps).
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Fig. 2. XRD patterns for the struvite formed at various temperatures T(S) of 15-30oC and T(D) of 45 and 60oC. 

Table 1. Summary of XRD results including main peaks with intensity and full width at half maximum (FWHM) for

the struvite formed at various T(S) of 15–30oC and T(D) of 45 and 60oC†.

T(S)

T(D) 45oC T(D) 60oC

2θ (o) Intensity (cps) FWHM 2θ (o) Intensity (cps) FWHM

15

16.12 11972 0.150 16.04 7606 0.111

16.75 1296 0.148 16.72 561 0.111

21.16 1494 0.192 21.09 1557 0.079

21.73 4838 0.100 21.70 1941 0.098

32.23 7409 0.161 32.19 2633 0.163

33.54 2217 0.168 33.46 1256 0.126

20

16.01 10824 0.109 16.05 4622 0.135

16.66 2218 0.128 16.67 685 0.135

21.07 2932 0.152 21.10 761 0.160

21.66 5671 0.117 21.69 1851 0.151

32.14 6128 0.148 32.17 2396 0.095

33.45 3868 0.145 33.47 1096 0.175

25

15.97 7254 0.096

16.63 2454 0.127

21.03 2878 0.161

21.61 5129 0.096

32.12 3465 0.157

33.42 4133 0.157

30

15.98 5062 0.151

16.61 2544 0.122

21.02 2803 0.169

21.61 3834 0.144

32.11 2421 0.144

33.40 4427 0.167
†Drying time = 10 hrs
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matching closely with those of the struvite (MgNH4-

PO4·6H2O) reference (JCPDS 00-015-0762). The

maximum intensity of XRD peak was observed in

struvite sample formed at T(S) of 15oC (and T(D) of

45oC). The intensity of XRD peak decreased sharply

with increasing T(S), especially at (020), (021) and

(040) planes of the struvite (blue arrows), whereas

the peak intensity relatively increased with increas-

ing T(S) at (011), (111) and (022) planes of the stru-

vite (Fig. 2). The peak intensity also decreased with

increasing T(D) (from 45 to 60oC), indicative of the

thermal decomposition of struvite. Interestingly, the

degree of thermal decomposition by drying at 60oC

was different according to T(S). Struvite formed at

T(S) of 25–30oC lost its peaks, and showed an amor-

phous XRD pattern at T(D) of 60oC consistent with

the previous studies (Bhuiyan et al., 2007, Bhuiyan

et al., 2008). However, struvite formed at T(S) of

15–20oC still preserved the peaks of struvite in

XRD pattern at the same drying condition. These

XRD results imply that it is easier to become amor-

phous by thermal decomposition with lower crystal-

linity of struvite synthesized at high temperature

(T(S)). These XRD data are listed in the Table 1.

TGA for the struvite samples are shown in Fig. 3.

Struvite dried at T(D) of 45oC showed a large weight

loss in the narrow heating temperature range of 75–

130oC (gray box). This observation is in good agree-

ment with previous studies suggesting the escape of

H2O and NH4
+ from the structure of struvite (Bhui-

yan et al., 2008, Sarkar 1991). Struvite formed at

T(S) of 15–20oC showed a higher total weight loss

(∆m500) than those formed at T(S) of 25–30oC, indi-

cating that the lower T(S) struvite retains more H2O

and NH4
+ in its structure. This was also confirmed

by FT-IR analysis (see Fig. 7). According to the

kinetic drying experiment using XRD (Fig. 1), in

addition, this kinetic thermal decomposition occurred

when T(D) exceeded the critical temperature of ther-

mal decomposition at T(D) between 45 and 60oC dra-

matically. It means that the thermal decomposition

of struvite can be controlled by temperature but also

heating time. According to the previous thermody-

namic studies, the solubility product (Ksp) of stru-

vite increases with increasing temperature in the

range of 15–30oC (Aage et al., 1997, Bhuiyan et al.,

2007, Hanhoun et al., 2011). This suggests that the

formation of struvite is favored at 15–30oC, result-

ing in more stable and higher crystallinity. This also

explains the reason why the low temperature-stru-

vite has high stability against heating.

XRD and TGA Analyses for Mixed Phase of 

Magnesium Minerals

Compared to a struvite formed only at T(S) of 15–

30oC, other precipitates of magnesium, which are

estimated to disordered Mg-phosphate or/and Mg-

hydroxide minerals such as newberyite (MgHPO4∙

3H2O), brucite (Mg(OH)2), bobierrite (Mg3(PO4)2∙

8H2O) and farringtonite (Mg3(PO4)2) were observed

at T(S) of 35–60oC (Fig. 4). Because ammonium ions

(NH4
+) are easily expelled from high temperature

aqueous solution and to be gas by boiling, ammo-

nium ions are not found in the structures of these

mixed magnesium precipitates. Maybe, this is also

able to explain why the formation of struvite

(MgNH4PO4·6H2O) in aqueous solution is favored at

low temperature.

Crystallinity of struvite decreased in XRD, whereas

those of the mixed magnesium precipitates increased

Fig. 3. TGA curves for the struvite formed at various

temperatures T(S) of 15-30oC and T(D) of 45 and

60oC. ∆m500 is total weight loss (%) at 500oC.
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with increasing T(S). Unlike struvite showing signifi-

cant changes of crystallinity in XRD, there was no

changes of crystallinity in XRD for those magne-

sium precipitates with respect to an increase of dry-

ing temperature from 45oC to 60oC. Similar to those

of XRDs, the magnesium precipitates showed no

significant differences in a weight loss at T(D)

between 45 and 60oC in TGAs (Fig. 5), indicating

that the composition and structure of those precipi-

tates formed at high temperature T(S) of 35–60oC are

not affected by heating with 60oC and their thermal

stability is high.

FT-IR Analysis

FT-IR characteristics of struvite bands caused by

bending and stretching of H2O, NH4
+ and PO4 are

shown in Fig. 6 and Table 2. Band positions and

intensities of all samples synthesized at T(S) 30oC

demonstrate a single-phase struvite. These observa-

tions are in good agreement with previous studies

(Babic-Ivancic et al., 2004, Frost et al., 2004, Kur-

tulus and Tas 2011) consistent with our XRDs and

TGAs representing struvite only formed at T(S)

30oC.

Fig. 4. XRD patterns for disordered Mg-minerals formed

at various T(S) of 35-60oC and T(D) of 45 and

60oC. 

Fig. 5. TGA curves for disordered Mg-minerals formed

at various T(S) of 35-60oC and T(D) of 45 and

60oC. ∆m500 is total weight loss (%) at 500oC.

Fig. 6. (a) Characteristics of bands for the struvite

formed at T(S) of 25oC and T(D) of 45oC, (b) FT-

IR spectra for all samples formed at T(S) of 15–

60oC and T(D) of 45oC.
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Table 2. Observed infrared frequencies (cm-1), assignments and characteristics for the bands of samples formed at various T(S) of 15–35oC and T(D) of 45 and

60oC.

T(S)

T(D) 45oC T(D) 60oC
Assignments

15 20 25 30 35 15 20 25 30 35

cm-1

3576BW

3481BW

3212BW

3569BW

3478BW

3224BW

3568BW

3470BW

3215BW

3563BW

3472BW

3208BW 3235B 3211BW 3202BW 3197B 3226B 3191B

OH stretching vibrations

2885B 2872B 2884B 2853B 2896B 2907B ν1-ν3 (NH4
+) Symmetry-

antisymmetric stretching

2346BW 2344BW 2345BW 2345BW 2347BW 2346BW Water-phosphate H bonding

1676BW 1664BW 1670BW 1663BW 1636BW 1654BW 1647BW 1635BW 1644BW 1637BW HOH deformation

1596BW 1578BW 1593BW 1584BW HNH deformation modes of 
NH4 units

1466W

1431S

1466W

1431S

1466W

1431S

1466W

1430S 1438BW

1466W

1431S 1431S 1437BW 1447BW

1438BW ν4 (NH4
+) Asymmetric bending

980S 980S 979S 980S 1046S

987S 990S 1026S 1052S

1007S 1049S ν3 (PO4
3-) Antisymmetric 

stretching vibrations

887BW 888BW 875BW 884BW 855W 881 879 855W 877 Ammonium-water H bonding

747 747 749 744 749 754
Water liberational and NH4 

rocking modes

689W 690W 690W 686W 637W 690W 693W 638W Water-water H bonding

564S 566S 564S 563S 567S 565S 564S 567S 530S 568S ν4 (PO4
3-) P-O bend

459
437

460
435

457
437

458
437 405

458W

439W

458W

440W 409 404 402S ν2 (PO4
3-) of PO4 units

Characteristics of bands: B = broad, S = strong, W = weak
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Distinctive variations in the FT-IR spectra of stru-

vite with different drying temperature were con-

firmed in the range of 450-1700 cm-1 (Fig. 7).

Struvite bands at 564 cm-1 assigned to ν4 (PO4
3-) P-

O bend, at 749 cm-1 assigned to water and NH4
+

rocking modes, at 875 cm-1 assigned to ammonium-

water H bonding and NH4
+ rocking modes, and at

1,431 cm-1 assigned to NH4
+ ν4 asymmetric bending,

were weak or absent with increasing T(D) from 45 to

60oC. The band at 979 cm-1 assigned to ν3 (PO4
3-)

antisymmetric stretching vibration was shifted to

1,026 cm-1 with increasing T(D), similar to the band

of mixed magnesium precipitates formed at T(S) of

35oC. These variations in the FT-IR spectra indicate

that struvite loses lots of water and ammonium ions

in its structure at T(D) of 60oC, causing a gradual

transformation to other phases of magnesium phos-

phate minerals, such as those formed at T(S) of

35oC. Interestingly, variations were also observed

more clearly for the struvite formed at T(S) of 25–

30oC than those of formed at T(S) of 15–20oC, indi-

cating that the latter have more strong chemical

bonds in the structure, with high crystallinity

enhanced its stability against heating. 

SEM Analysis

Crystal morphology of struvite particles is also

related to both synthetic and drying temperature.

Struvite formed at T(S) of 15oC (and dried at T(D) of

45oC) dominantly showed a feather-like crystal mor-

phology being 50–80 μm in length of major axis

(Fig. 8a), whereas struvite formed at T(S) of 20oC

had a mixed morphology of rod- and feather-like

shapes, being 30–60 μm in length (Fig. 8b). How-

ever, struvite formed at T(S) of 25oC showed pris-

matic- and rod-shaped crystals dominantly, with a

length of 30–60 μm and an increasing aspect ratio of

6–10 (Fig. 8c). These results are similar to previous

Fig. 7. FT-IR spectra of struvite formed at various T(S) of 15-30oC and T(D) of 45 and 60oC and disordered Mg-min-

erals formed at T(S) of 35oC.



Effects of Temperature on The Crystallization and Structural Stability of Struvite (MgNH4PO4·6H2O) 37

Vol. 33, No. 1, 2020

studies reporting prismatic crystal elongation by pref-

erential growth at 25oC (Bouropoulos and Koutsou-

kos 2000, Li et al., 2015, Muster et al., 2013).

Although struvite formed at T(S) of 30oC also had

rod- or prismatic-shaped crystals, its aspect ratio

decreased to 5–7, with a length of 40–70 μm (Fig.

8d). On the other hand, other mixed magnesium

precipitates (T(S) 35oC) showed massive crystal with

irregular morphology (Fig. 8e). It is likely that why

the aspect ratio of struvite crystal decreases with

increasing T(S) in the range of 25–30oC is that there

is a phase transition zone near 30oC. Compared to

the struvite formed at 25oC (Fig. 8g), small amount

of other magnesium precipitates start to be formed

together with struvite near 30oC and grow on the

struvite surface (Fig. 8h). Therefore, it is thought

that due to the structural heterogeneity between stru-

vite and other magnesium precipitates, the struvite

formed at transition zone near 30oC shows mixed

crystal morphology (e.g., rod- and massive-) between

struvite and the other mixed magnesium precipitates.

As T(D) increased from 45 to 60oC, struvite

formed at low T(S) (20oC) showed some cracks or

furrows on its crystal surface (Fig. 8a and b). The

magnification image of the struvite formed at T(S) of

15oC and dried at T(D) of 60oC is shown in Fig. 8f.

More than this, the struvite formed at high T(S)

(25oC) broke into small pieces (Fig. 8c and d). In

accordance with the results of XRD, FT-IR and

TGA, it is shown the structural decomposition of

struvite due to the loss of water and ammonium ion

by heating at 60oC. 

It, therefore, is found that crystal morphology of

struvite is closely related to changes of the struc-

tural properties resulting from the escape of H2O

and NH4
+ in the structure by heating. In addition,

the response in crystal morphology of struvite to

thermal decomposition could be different according

Fig. 8. SEM images of struvite and disordered Mg-minerals with various formation conditions. Struvite: (a) T(S) of

15oC (T(D) of 45 and 60oC), (b) T(S) of 20oC, (c) T(S) of 25oC, (d) T(S) of 30oC, and disordered Mg-minerals: (e)

T(S) of 35oC. (f), (g), and (h) are the magnification images of (a), (c), and (d), respectively.
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to its stability determined by its formation condi-

tions.

CONCLUSIONS

Single-phase struvite can be formed at T(S) ˂30oC,

whereas disordered Mg-phosphate or/and Mg-hydrox-

ide minerals such as newberyite (MgHPO4∙3H2O),

brucite (Mg(OH)2), bobierrite (Mg3(PO4)2∙8H2O) and

farringtonite (Mg3(PO4)2) are formed at T(S) of 30–

60oC. Struvite formed at T(S) of 15–20oC, in which

struvite can grow though more stable formation,

shows a great number of structure compositions

(H2O and NH4
+) and high crystallinity with strong

bonding. Ultimately, it shows higher structural stabil-

ity than those formed at T(S) of 25–30oC. Synthe-

sized struvite could be easily destroyed by thermal

decomposition and transformed into amorphous or

disordered Mg-minerals in the narrow range of tem-

perature between 45 to 60oC, but depending on its

crystallinity and drying temperature including time.

In conclusion, struvite crystallization and its struc-

tural properties such as crystallinity, chemical com-

position, morphology, and thermal stability are very

sensitive to both synthetic and drying temperature,

indicating that temperature plays a crucial role in

controlling physicochemical properties of struvite

with respect to the crystallization of struvite. It,

therefore, is believed that our results provide useful

information on the research of desired material syn-

thesis and formation (e.g., amorphous materials) but

also an effective recovery and attenuation of phos-

phorus in various natural environments using stru-

vite.
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