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a b s t r a c t

The precipitation of struvite (MgNH4PO4$6H2O) from waste streams has attracted considerable attention
due to its potential for recovering phosphorus for fertilization. As struvite is primarily acquired by means
of precipitation and crystallization from aqueous solutions, it is important to evaluate the roles of
common metal ions, particularly those that are commonly found in wastewater, in the struvite crys-
tallization process. This study was performed to quantitatively evaluate the effects of calcium and ferric
ions on struvite crystallization using the Rietveld refinement method, which is based on the analysis of
X-ray diffraction data. The results indicate that both calcium and ferric ions significantly inhibit the
formation of struvite crystals, and the effects vary under different pH conditions. There was a negative
linear correlation between the struvite weight content in the precipitates and the Ca/Mg molar ratio in
the initial solution. However, ferric ions were confirmed to be a more efficient inhibitor of struvite
crystallization. Ca2þ and Fe3þ further modified the needle-like struvite into irregular shapes. An un-
ambiguous and quantitative understanding of the effects of foreign ions on struvite crystallization will
help to reliably improve the quality of struvite products recovered from wastewater and the control of
struvite deposits in water and sludge piping systems.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Struvite (MAP, MgNH4PO4$6H2O) crystallization is one of the
main mechanisms that can lead to severe clogging problems in the
sludge piping systems of many wastewater treatment plants
(WWTPs). Struvite was first identified as a crystalline material by
Rawn in a study of municipal wastewater digestion problems
(Rawn et al., 1939). Since then, pipe blockages due to struvite
deposition in wastewater treatment plants have been commonly
reported (Pitman et al., 1991; Williams, 1999; Borgerding, 1972),
resulting in the need to replace pipework (Ohlinger et al., 1998).
However, the formation of struvite is also considered to be a highly
promising strategy for recovering phosphorus (P) as a potential
slow-release fertilizer. These high-quality struvite materials have
been widely tested for their nutrient leaching properties and are
considered to be suitable for fertilizer application, particularly in
moderately alkaline and acidic soils (Massey et al., 2007). Struvite is
a convenient source of nitrogen (N) and P from wastewater, and
with the rapid depletion of phosphate rock resources, it could be
applied as an ecofertilizer to compete against traditional fertilizers
if its crystallization process could be well controlled (Rahman et al.,
2014).

The struvite crystallization process includes nucleation and
crystal growth processes that are affected by physicochemical fac-
tors such as the pH, supersaturation ratio, temperature, andmixing,
and by the existence of foreign ions. Among these factors, few
studies have focused on the influences of foreign ions on struvite
crystallization (Le Corre et al., 2009). Kabdaszli et al. (2006) eval-
uated the effects of Naþ, SO4

2�, CO3
2�, and Ca2þ on the induction time

of struvite precipitation. All of the tested ions clearly retarded the
struvite crystallization, except for a very minor effect observed for
the carbonate ions. Le Corre et al. (2005) undertook a series of
struvite precipitation experiments to assess the effect of calcium
ions on the struvite shape, crystal size, and purity. The pH was
measured during the entire process and was used as an indicator of
the struvite formation rate. The purity of struvite was analyzed by
energy dispersive X-ray spectroscopy (EDS) to provide a compari-
son of the elemental distribution. Muryanto and Bayuseno (2014)
investigated the struvite crystallization kinetics with interference
from Zn2þ and Cu2þ and found that both ions at ppm levels can
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inhibit the struvite crystallization rate and that Zn2þ was a more
effective antiscalant for struvite control. In our study, calcium ion
was selected to observe its influence on struvite crystallization
because calcium is often observed in the wastewater treatment
process, particularly in settled sludge liquors (Ca/Mg molar ratio
ranging from 1.4 to 3.7) (Parsons et al., 2001). Moerman et al.
(2009) reported intensive interference from calcium in the forma-
tion of struvite and the phosphorus removal efficiency from pilot-
and full-scale agro-industry wastewater. Calcium phosphate pre-
cipitation is regarded as another essential route of phosphorus
removal and recovery. It is thus crucial to accurately report the
composition of products achieved from solutions that contain Ca2þ

and Mg2þ. Iron (Fe) chemicals are commonly used in wastewater
treatment for coagulation, flocculation, and removal of phosphorus.
In particular, ferric salts have been dosed into sludge anaerobic
digestion systems to control the emission of hydrogen sulfide (H2S)
into biogas (Charles et al., 2006; Ge et al., 2012; Gutierrez et al.,
2010). Ferric ions are widely known for their effects on crystal
growth, such as the alteration of needle-shaped NH4H2PO4 crystals
into tapered prisms (Mullin, 1972). This method has been used to
control struvite scale formation in anaerobic sludge digesters
(Mamais et al., 1994). Therefore, this work focuses on calcium and
ferric ions as they have a high potential to co-exist in struvite
precipitation, which normally involves a combination of enhanced
biological phosphorus removal (EBPR) and sludge digestion tech-
niques (Battistoni et al., 2002; Cusick et al., 2014; Musvoto et al.,
2000).

Although previous studies have identified various characteris-
tics of struvite products derived from a wide variety of solution
compositions, much less work has been done to provide informa-
tion on the phase composition of struvite-containing precipitates.
In this study, the phase compositions of products obtained from P-
enriched solutions were directly analyzed by quantitative X-ray
diffraction (QXRD) to quantify the effects of calcium and ferric ions
on struvite crystallization. Together with scanning electron mi-
croscope (SEM) and Raman testing, a scientific understanding of
the struvite crystallization mechanism and crystal growth behavior
will provide a promising avenue for the effective recovery of quality
struvite products from waste streams as a renewable nutrient
resource.

2. Materials and methods

2.1. Batch experiments

Analytical grade magnesium chloride hexahydrate
(MgCl2$6H2O), ammonium chloride (NH4Cl), and potassium dihy-
drogen phosphate (KH2PO4) were selected to produce struvite
precipitation. The chemicals were dissolved in distilled water to
prepare stock solutions at a concentration of 0.1 M. CaCl2 and FeCl3
were used to investigate the influences of calcium and ferric ions on
struvite crystallization. In each experiment, 100 mL stock solutions
of MgCl2, NH4Cl, and KH2PO4 were agitated in a 600 mL beaker at a
fixed rotation speed, with the molar ratio of Mg, N, and P fixed at
1:1:1. For the calcium ion influence experiments, themolar ratios of
Ca to Mg were designated as 1:5, 1:3, 1:2, 1:1, 1.25:1, and 2:1, and
the experiments were performed under a wide pH range (7.5, 8.0,
9.0, 10.0, and 11.0), which has been suggested as the possible con-
dition for struvite precipitation based on a variety of wastewater-
derived sources (Wang et al., 2005). For the ferric ion influence
experiments, the Fe3þ dosages were designated as 1 ppm, 5 ppm,
100 ppm, 200 ppm, and 372 ppm, with an Fe/Mg molar ratio of 1:5,
at two pH values (7.5 and 9.0) due to the limited solubility of ferric
compounds in alkaline conditions and strong flocculation proper-
ties. The initial pH of the mixture solution was acidic (pH 4.2 ± 0.1),
so 1 M NaOH solution was added to adjust the system pH to the
designated values. The solutions were agitated for 30 min and
allowed to settle for 12 h, followed by filtration of the precipitates
through 0.45 mm filters. The precipitates were dried at room tem-
perature for 2 days before the subsequent characterizations. The
liquor samples were also collected for the elemental analysis.
2.2. Analytical methods

The precipitates derived from the processes mentioned above
were ground into powder and examined by XRD to determine their
phase compositions. A Bruker D8 diffractometer (Bruker Co. Ltd.)
equipped with a Cu X-ray tube was used to collect the diffraction
patterns in step sizes of 0.02�, ranging from 10� to 110� at a 2q
angle. XRD analysis was also used to quantify the phase composi-
tions of the samples using the Rietveld refinement method by
fitting the full-profile experimental XRD data with a calculated
diffraction pattern (Wiles and Young, 1981; Young, 1993). More
specifically, by adding internal standards in known proportions, the
absolute abundance of crystalline phases and amorphous phase(s)
in a mixed sample can be calculated through intensity fitting of the
respective peaks (Guirado et al., 2000). Calcium fluoride (CaF2) has
no overlapping peaks with the studied phases and was chosen as
the internal standard due to its high crystallinity. Topas 4-2 soft-
ware (Bruker, Mannheim, Germany), which is based on the Rietveld
refinement method, was used in this work to conduct the phase
quantification task. Four reliability index parameters, i.e., the
pattern factor (Rp), theweighted pattern factor (Rwp), the expected
error (Rexp), and the goodness of fit (GOF), are commonly utilized
to evaluate the quality of refinement work. They are defined by the
following equations:

Rp ¼
PjYiðobsÞ � YiðcalcÞjP

YiðobsÞ
(1)

Rwp ¼
(P

ui½YiðobsÞ � YiðcalcÞ�2P
ui½YiðobsÞ�2

)1
2

(2)

Rexp ¼
( P

Nd � NpP
ui½YiðobsÞ�2

)1
2

(3)

GOF ¼ Rwp

Rexp
(4)

where Yi(obs) and Yi(calc) are the observed and calculated data at
data point i, respectively; ui is the weighting given to data point i;
Nd is the number of data points, and Np is the number of
parameters.

The linear regression analysis of the quantitative data was
conducted using ORIGIN software (version 9.0). The morphology of
the samples was observed with an SEM (Hitachi S-4800 FEG and
LEO 1530 FEG SEM) combined with elemental mapping with an
EDS system. The highly amorphous precipitates were also exam-
ined by Raman spectroscopy. The Raman spectraweremeasured on
a Renishaw inVia Raman microscope (Renishaw, UK) using a
HeeNe laser (633 nm, 17 mW). Phosphorus concentrations in the
liquid samples weremeasured by UV spectrophotometry at 700 nm
based on the molybdenum-blue ascorbic acid method. The con-
centrations of magnesium and calcium ions were determined by
inductively coupled plasmaeoptical emission spectrometry (ICP-
OES, Perkin Elmer Optima 8000).



Fig. 2. Observed (blue line), calculated (red cross), and difference (grey line) curves of
the refined pattern (sample precipitated at pH 10.0 with a Ca/Mg ratio of 1:5) with
25 wt% CaF2 added as the internal standard. Vertical bars represent the Bragg positions
of the calculated reflections for CaF2 and struvite. Four commonly used reliability index
parameters are also shown in the right side. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Influence of calcium ions on struvite crystallization

3.1.1. Quantitative analysis of calcium-affected precipitates by the
Rietveld method

The dry precipitates obtained from the calcium influence ex-
periments were first analyzed using XRD for phase identification.
The obtained powder XRD patterns were compared to the data
from the standard powder diffraction database of the International
Centre for Diffraction Data (PDF-2, Release 2008). Struvite
(PDF#71-2089) and hydroxyapatite (PDF#09-0432) were identified
as the two phosphorus crystalline phases, and hydroxyapatite was
only present in the highly amorphous samples precipitated at a Ca/
Mg molar ratio of 2:1. As shown in Fig. 1 (patterns of samples ob-
tained from the solution at pH 10.0), struvite was the only detect-
able phase in the precipitates and its intensity decreased as the
initial Ca/Mg molar ratio increased. When the concentration of
calcium was double that of magnesium, the struvite peaks dis-
appeared, indicating that struvite crystallization was completely
inhibited by calcium. Compared to the struvite standard pattern,
the samples in this study were observed to have preferred orien-
tations along the (002), (012), and (004) planes, even though all of
the samples were thoroughly ground. The oriented growth of
struvite crystals has been widely reported in previous studies,
especially in studies of urinary calculi (Rouff, 2013; Wang et al.,
2006; Sutor and Wooley, 1972). Therefore, all of the sample
diffraction data were refined with the preferred orientation
parameter. According to the comparison shown in Fig. 1, the
preferred orientation of struvitewas also inhibited by an increase in
calcium interference.

On the basis of the phase identification outcome, the struvite
samples precipitated from the calcium-containing solution pro-
vided a further opportunity to use the Rietveld method to quantify
the phase abundances in the products. Fig. 2 presents an example of
Fig. 1. XRD patterns of samples precipitated at pH 10.0 with different Ca/Mg molar
ratios. The struvite standard pattern is also provided according to PDF #71-2089.
an XRD pattern (of a sample precipitated at pH 10.0 with a Ca/Mg
mole ratio of 1:5) analyzed by Rietveld refinement and shows the
agreements and differences between the observed and calculated
diffraction patterns. The four reliability index parameters - Rp, Rwp,
Rexp and GOF - which indicate the quality of refinement work in
this study, are presented in Tables S1 and S2 in the supporting in-
formation. The ideal value for a GOF is 1.0, and all of the refinement
work was observed to be of acceptable quality.

Based on the quantification results, we plotted the struvite
contents in the precipitates versus the Ca/Mg molar ratios in the
initial solution in Fig. 3. The results revealed that struvite crystal-
lization was significantly inhibited by calcium ions, particularly at
high pH values (pH � 10). The struvite contents in the precipitates
were generally below 50 wt% when the Ca:Mg molar ratio was 1:1
or higher. Moreover, a good linear correlation was found between
the struvite weight contents (y, %) and the Ca/Mg molar ratios (x),
Fig. 3. Struvite contents in the samples precipitated from different solution Ca/Mg
molar ratios and pH conditions. The solid symbols represent calculated data based on
the Rietveld method, and the dashed lines represent linear fitting lines for different pH
conditions. The parameters of these lines are summarized in Table 1.



Fig. 4. The change of phosphorus removal efficiency (a), magnesium precipitation
efficiency (b) and calcium precipitation efficiency (c) versus solution Ca/Mg molar
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with the strongest correlation at pH 9.0, as indicated by the cor-
relation coefficients (R2) in Table 1. The negative slope is a clear
indication of the adverse effects of calcium ions on struvite crys-
tallization. A slower drop in struvite contents (with a smaller ab-
solute value of the slope) suggests weaker interference from
calcium ion with struvite formation. When all of the curves were
fitted with linear correlations, the line for pH 9.0 was found to have
the smallest negative slope (absolute value), as shown in Table 1.
This finding is consistent with the identification of pH 9.0 as the
most favorable environment for struvite crystallization because
struvite has the lowest solubility under this condition (Buchanan
et al., 1994). When the pH is higher than 9.0, the magnesium
phosphate phases may precipitate and interfere with the crystal-
lization of the struvite (Tünay et al., 1997; Ramaru, 2009). In
addition to the interference from calcium ions, magnesium phos-
phate phases may have negative effects on struvite formation un-
der high pH environments. As a result, the curves at pH 10.0 and
11.0 were observed to have larger negative slopes (absolute values)
than the lower pH trend lines.

The removal efficiencies of phosphorus, magnesium, and cal-
cium ions from solution to solid phase were also monitored and the
results are shown in Fig. 4. The phosphorus removal ratios were
higher than 90% for all batch experiments designed in this study
(see Fig. 4a). The pH 7.5 sample was observed to have a lower
phosphorus removal efficiency than the other pH values, because
struvite and calcium phosphates have a higher solubility at pH 7.5.
With more calcium introduced into the solution, phosphate species
were more effectively removed due to the contribution of calcium
phosphate precipitation. Magnesium precipitation declined as the
solution's Ca/Mg molar ratio increased. This is similar to the trend
of struvite precipitation, indicating that magnesium is primarily
precipitated in struvite (see Fig. 4b). However, the highest mag-
nesium precipitation efficiency was at pH 11.0, while the lowest
struvite purity was at pH 11.0. This reveals that other magnesium
phases were formed in the high pH solutions (pH 10.0 and 11.0).
Calcium precipitation efficiency generally remained constant
except for a decrease at the Ca/Mg molar ratio of 2:1, because only
limited phosphate ions were available for the precipitation reaction
(see Fig. 4c). In addition, the precipitated calcium increased as the
Ca/Mg ratio increased, as shown in Fig. S1. This explains the high
phosphorus removal percentage at a Ca/Mg ratio of 2:1, although
both magnesium and calcium ions had low precipitation ratios.
Consistent with the precipitation potential analyses in previous
studies (Wang et al., 2005; Doyle and Parsons, 2002; Udert et al.,
2003), calcium phosphates were more likely to precipitate than
struvite when the Ca/Mg ratio was higher than 1:1. A high pH
condition may lead to multi-phase precipitates and reduce the
purity of struvite, although a high phosphorus removal efficiency
may be observed.
ratios under different pH conditions.
3.1.2. Analysis of calcium precipitate
As a significant component of the products, calcium precipitate

is mostly found in an amorphous form and cannot be completely
Table 1
Linear regression analysis of struvite weight contents (y, %) versus Ca/Mg molar ratios (x

pH value Linear correlation coeff R2 Slope

Value

7.5 0.996 �50.856
8.0 0.981 �50.870
9.0 0.999 �47.064
10.0 0.986 �61.650
11.0 0.998 �71.619
identified with XRD. Therefore, the analysis of calcium precipitate
was clearly delineated with the assistance of SEM, EDS, and Raman
) under different pH values.

Intercept

Standard error Value Standard error

1.379 92.540 0.970
3.169 95.625 2.230
0.430 91.961 0.302
3.307 90.084 2.324
1.462 88.566 1.027
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spectroscopy techniques in this study. When observing the
morphologic alterations of the struvite particles with SEM (as
shown in Fig. 5aed), we discovered a phenomenon similar to the
result of the XRD identification shown in Fig. 1. With a slight
addition of calcium, the struvite crystals preferred to grow along
the longitudinal axis and finally formed needle-like particles.
However, in the presence of comparable calcium ions, the struvite's
morphology, including its size and shape, was significantly
changed. All of the observed precipitates became irregular, and
their surfaces were covered with small particles.

Fig. 5e and f presents the SEM images of the samples precipi-
tated at high Ca/Mgmolar ratios at greater magnification. In Fig. 5e,
the uneven appearance of struvite particles with obvious cracks
reveals the intense influence of calcium on the struvite crystal
growth process. Moreover, some accumulated “foreign deposits,”
possibly calcium phosphate compounds, were observed on the
surface of the obtained struvite precipitates. Most of these foreign
deposits were spherical in shape with a diameter of less than
100 nm, as shown in Fig. 5f, whichmade them easily coagulate from
the solution. The EDS mapping analysis further confirmed that the
nanoscale deposit was calcium phosphate compound; a typical
result is shown in Fig. 6. At pH 8.0, the magnesium precipitate can
be considered to be completely struvite; thus, the Mg image de-
notes the distribution of the struvite particles. Phosphorus was
uniformly distributed in the whole precipitates, whereas the cal-
cium image was mainly covered by a pattern of “foreign deposits,”
indicating that these irregular precipitates were calcium phosphate
phases. Of the common calcium phosphate minerals, hydroxyapa-
tite [HA; Ca5(PO4)3OH] is regarded as the most thermodynamically
stable form and is precipitated via reaction (5).

5Ca2þ þ 3PO4
3� þ OH�4Ca5ðPO4Þ3OHðsÞ (5)

However, under homogeneous precipitation, unstable amor-
phous calcium phosphates should be formed first and then trans-
ferred to hydroxyapatite through different approaches depending
on the pH environment (House, 1999; Root, 1990). In this study,
according to the XRD patterns of the highly amorphous products
precipitated from solutions at a Ca/Mg molar ratio of 2:1 (see
Fig. 7a), HAwas the predominant phase in the precipitates at pH 7.5
and 8.0; in contrast, the HA phase peaks began to disappear from
the XRD pattern as the pH exceeded 9.0. Two potential explanations
are proposed here: the transition of the amorphous calcium
Fig. 5. SEM images of precipitates obtained in experiments at pH 10.0. Th
phosphates to the HA was blocked at high pH conditions, or com-
pounds other than calcium phosphates were formed as the major
composition of the precipitates when the pH increased. The
broadening of the peak in the samples at pH 7.5 and 8.0 was
probably due to the small particle size of the HA crystals, which are
generally in the nanometer scale. To further understand the alter-
ation in the highly amorphous samples, Raman spectroscopy was
performed to analyze the elemental and structural information of
two selected samples obtained at pH 7.5 and 11.0 (see Fig. 7b). The
Raman spectra of both samples corresponded well to the HA
spectrum (Silva and Sombra, 2004). Applying the same test pa-
rameters, Raman spectroscopy was used to provide a rough eval-
uation of the amount of hydroxyapatite in the total product. When
the pH was increased to 11.0, the intensities of the typical hy-
droxyapatite peaks located at 428 cm�1, 579 cm�1, 591 cm�1, and
960 cm�1 were obviously reduced. Thus, consistent with the XRD
result in Fig. 7a, the Raman spectra showed a significant decrease in
the hydroxyapatite content in the products precipitated from high-
pH environments. Combined with the elemental analysis of the
corresponding samples by EDS, as shown in Fig. 7c, the amount of
magnesium in the product achieved at pH 11.0 was greater than
that obtained at pH 7.5, although oxygen, calcium, and phosphorus
were the major elements in both samples. This finding suggests
that calcium phosphates were still the major components of the
products precipitated from the high-pH solutions, but in the form
of amorphous calcium phosphate rather than hydroxyapatite. High
pH (pH � 10.0) decreases the supersaturation level of hydroxyap-
atite in solution, extending the induction time of amorphous cal-
cium phosphate to HA conversion (Boskey and Posner, 1973).
Moreover, magnesium was increasingly precipitated in phosphate
and other forms at higher pH values. To further identify the mag-
nesium phases, the equilibrium distribution of the phosphorus
species versus the solution pH was analyzed according to the
dissolution and hydrolysis reaction of KH2PO4 in aqueous solution,
which can be expressed by Eqs (6)e(8):

KH2PO4/Kþ þ H2PO4
� (6)

H2PO4
�4Hþ þHPO4

2�
�
K2 ¼ 6:31� 10�8

�
(7)
e Ca/Mg ratios are of 1:5 (a), 1:2 (b and e), 1:1 (c) and 2:1 (d and f).



Fig. 6. EDS mapping result of Mg, P and Ca in the sample precipitated from the solution with Ca/Mg ratio of 1:1 under pH 8.0. The corresponding SEM image is shown in the left top
corner.
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HPO4
2�4Hþ þ PO4

3�
�
K3 ¼ 4:8� 10�13

�
(8)

where K2 and K3 refer to the phosphoric acid dissociation constants
Ka2 and Ka3, respectively. Fig. S2 shows that HPO4

2� was predomi-
nant in all of the studied pH environments and that the concen-
tration of PO4

3� ions increased significantly when the pH exceeded
9.0, resulting in supersaturation of the magnesium phosphate
phases. Consistent with the studies of Tünay et al. (1997) and
Ramaru (2009), the magnesium phosphate phases (probably
including Mg3PO4$22H2O and Mg3PO4$6H2O) were precipitated
from the studied solution under high-pH conditions and interfered
with the crystallization of struvite and hydroxyapatite. The results
demonstrate that pH plays an important role in determining the
effect of calcium ions on struvite crystallization because the pre-
cipitation of magnesium and calcium phosphate is sensitive to pH.
On the basis of this discussion, it can be concluded that a high-pH
environment (pH � 10.0) has negative effects on both struvite and
hydroxyapatite precipitation.
3.2. Influence of iron ions on struvite crystallization

The concentration of Fe3þ in the ferric ion condition cannot be
comparable to that of Mg2þ in wastewater due to its extremely
limited solubility. In general, additives with dosages of less than
10 ppm are not considered to significantly interfere with the main
chemical characteristics and functions of solutions (Muryanto and
Bayuseno, 2014; Hasson and Semiat, 2006). Therefore, ferric con-
centrations of 1 ppm and 5 ppm were selected to investigate the
role of ferric ions during the struvite crystallization process. Ferric
concentrations of 100 ppm and 200 ppm were also studied to
assess the effects of elevated iron concentrations in the systems. In
addition, to compare the influences of the ferric ions and calcium
ions on struvite crystallization, the dosage of ferric chloride was
designated with an Fe:Mg molar ratio of 1:5 (concentration of Fe3þ

at 372 ppm). The products precipitated from the solutions with
FeCl3 were light yellow, indicating that the ferric precipitates were
incorporated into the struvite products. The quantitative XRD
analysis and Topas results are presented in Fig. 8. With limited
addition (1 ppm and 5 ppm), ferric ions (Fe3þ) did not show a clear
influence on the amount of struvite generated. However, as the
ferric dosage increased, the prohibitive effects became pronounced.
Within the experimental pH range, aqueous Fe(III) ions existed in
three dominant species, Fe(OH)2þ, Fe(OH)3(aq), and Fe(OH)4�, all at
concentrations of less than 10�10 M (equivalent to 5.6 � 10�3 ppm-
Fe) (Stumm and Morgan, 2012), indicating that more than 99% of
the dosed ironwas precipitated. It is thus unlikely that the aqueous
ferric species directly participated in and affected the struvite
crystallization. However, the ferric precipitation might have
considerably reduced the phosphate concentrations in the solu-
tions, largely initiated by the precipitation of ferric phosphates,
leading to the decrease in struvite production particularly with
high ferric doses (�100 ppm). When the Fe:Mg molar ratio reached
1:5, the struvite weight percentages among the whole precipitates
were 60% and 69% for pH 7.5 and pH 9.0, respectively, whereas the
corresponding struvite contents (with Ca/Mg at 1:5) in the calcium
experiments were 83% and 82%. Obviously, under the same con-
ditions, ferric ions prohibit struvite crystallization more seriously
than do calcium ions, suggesting that ferric ions could be more
efficient inhibitors of struvite formation. This utility is attributable
to the stronger binding ability of ferric ion (Fe3þ) than calcium ion
(Ca2þ) with phosphorus species. Due to the hydrolysis reaction of
Fe3þ and the acid/base equilibrium of phosphoric acid, the ferric



Fig. 7. (a) XRD patterns of precipitates with the initial Ca/Mg molar ratio of 2:1 at
various pH conditions and the standard hydroxyapatite pattern (HA, PDF#09-0432);
(b) Raman spectra of the samples obtained from solution with a Ca/Mg ratio of
2:1 at pH 7.5 and 11.0; (c) EDS spectra of the corresponding samples in (b).

Fig. 8. Struvite contents in the samples precipitated from solutions with different
ferric dosages and pH conditions.
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phosphate precipitation process is especially complex and difficult
to define. Luedecke et al. (1989) proposed a chemical model to
describe the ferric hydroxyl-phosphate precipitation either alone
or in combination with ferric hydroxide formation in activated
sludge. They found that the ferric hydroxyl-phosphate deposit
could be expressed by an empirical formula, Fe2.5PO4(OH)4.5, with a
calculated solubility product constant at pKsp ¼ 96.7, whereas the
corresponding solubility constants for struvite (MAP) and hy-
droxyapatite (HA) are pKMAP ¼ 13.26 (Ohlinger et al., 1998) and
pKHA ¼ 58.69 (Markovic et al., 2004), respectively. In addition, the
co-precipitates of ferric phosphate and ferric hydroxide adsorbed
some phosphate ions to further remove phosphorus species from
the solution. These factors greatly enhanced the P-removal ability
of FeCl3, which was much more effective than CaCl2, and consis-
tently more pronounced effects on struvite crystallization were
observed. Similar to the results of the calcium addition experi-
ments, struvite was less affected by the addition of ferric ions at pH
9.0 than at pH 7.5 in the overall trend. The pH value of 9.0 was again
confirmed as the most suitable for struvite crystallization.

Despite the slight effect on the quantity of struvite with the
addition of 100 ppm and 200 ppm ferric contents, ferric ions were
found to influence the morphology of struvite by hindering the
growth of some crystal planes (see Fig. 9). The addition of FeCl3
changed the needle-like precipitates into an irregular shape, mainly
as a result of suppressed growth in the longitudinal direction. In
addition, the smooth surfaces of the precipitates became rough
with cracks, probably due to the incorporated and/or adsorbed
foreign ions. Because the ferric precipitates were formed earlier
than struvite at a lower pH, they may have acted as nuclei that led
to the struvite crystal clusters observed in the SEM images, as
shown in Fig. 9.

Another interesting and widely discussed question concerns
whether foreign ions can be incorporated into the struvite struc-
ture. Lin et al. (2013) confirmed the incorporation of arsenic ions in
struvite by means of synchrotron X-ray absorption spectroscopy
and electron paramagnetic resonance spectroscopy. In contrast, Ma
and Rouff (2012) reported that the co-precipitation of As(V) and the
adsorption of As(III) were the major mechanisms for the incorpo-
ration of arsenic into mineralized struvite. Similarly, Muryanto and
Bayuseno (2014) reported that Cu2þ and Zn2þ affected struvite
crystallization by physical adsorption. Although the mechanisms of
the effect of Fe3þ on the crystallization of struvite are not yet fully



Fig. 9. Secondary electron images of the precipitates obtained from experiments with different ferric dosages at pH 7.5 and pH 9.0. S0, S100, and S200 are samples with the addition of
0 ppm, 100 ppm, and 200 ppm Fe3þ, respectively.
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elucidated, the similar lattice parameters and cell volumes derived
from the XRD data in this study, as presented in Table S3, suggest
that the accumulation (adsorption) of ferric ions on the struvite
crystal surfaces may be responsible, rather than lattice
incorporation.

4. Conclusion

As struvite is precipitated and crystallized from aqueous solu-
tions, it is important to evaluate the effect of foreign ions, especially
those that commonly exist in wastewater, on the struvite crystal-
lization process. This study applied a quantitative XRD technique to
access the influences of calcium (Ca2þ) and ferric (Fe3þ) ions on
struvite formation in solutions of different compositions and pH
values. The quantification results demonstrated that the struvite
crystallization was significantly inhibited by the co-existence of
calcium ions, and the prohibitory effect had a negative linear cor-
relation. The hydroxyapatite phase was predominant in the highly
amorphous samples precipitated from pH 7.5 and 8.0, while its
quantity decreased at higher pH values, presumably due to the
precipitation of other calcium phosphate and magnesium phos-
phate phases. At limited dosages, ferric ions (Fe3þ) had a clear in-
fluence on struvite formation, confirming it to be a more effective
inhibitor of struvite production than calcium ions. Surface
adsorption is suggested as the main mechanism by which Fe3þ

affects the crystallization of struvite, based on the very similar
lattice parameters obtained from the XRD data analysis. The overall
outcomes of this study indicate that the effective control of foreign
ions (Ca2þ and Fe3þ) in solutions is essential to recover high-quality
struvite products from waste streams.
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