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The influence of Ca**, K, and Fe*" on struvite precipitation was investigated in this study, by dissolved CO, degasification
technique. The results obtained showed that increasing the calcium ions improved phosphates removal efficiency and
the precipitated solid changes from crystalline phase (struvite) to an amorphous one, identified as Cag(PO4)¢ -nH,0 from
an initial Ca’ *concentration of 4 mM. However, the formation of this amorphous phase preceded the struvite formation
in the Ca® concentration range of [2.5 -3.5 mM]. The increase in Ca’* concentration from 2 to 4 mM approaches a
homogeneous distribution of the average particle size. Increasing the concentration of K* improves phosphates removal
yield, and did not affect the purity of the struvite obtained. The introduction of Fe*' in the solution causes enormous
change both on physicochemical parameters and on the morphology of the precipitate obtained. Indeed, the increase in
the molar ratio destroyed struvite crystallization immediately and formed an amorphous phase identified as FePO,:2H,0
at pH 6.5 and Fe**/PO,> molar ratio 2 1. Furthermore, the presence of Fe* promoted the increasing particle size of the
two phases (crystalline and amorphous). It should be noted that the yield of phosphate removal is better when forming
the amorphous phase.
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INTRODUCTION

Phosphate and ammonium ions can be recovered al., 2013). As phosphates and ammonium ions are nutritious

simultaneously by magnesium through precipitation of the
sparingly soluble magnesium ammonium phosphate salt,
known as struvite (MgNH4PO4+6H,0) (Diwani et al., 2007;
Saidou et al., 2009a; Zhang et al., 2009). This is possible, at
relatively short time, by the dissolved CO, degasification
technique (Saidou et al., 2009a). Therefore, struvite can be
obtained from different kinds of wastewater containing an
important amount of phosphate and ammonium ions, like
leachate (Saidou et al., 2010; Huang et al., 2014a,b; Lahav et
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for crops, struvite recovered can be used as a valuable mineral
fertilizer in agriculture (Brigder, 2001; De-Bashan and Bashan,
2004). Even so, struvite can also contribute to scale formation
in wastewater treatment equipments (Borgerding, 1972; Webb
and Ho, 1992; Saidou et al., 2009b), and this phenomenon can
be prevented by reducing total phosphates availability via ferric
chloride addition (Mudragada et al., 2014).

Otherwise, struvite precipitation is controlled by several key
parameters such as pH (Saidou et al., 2009a; Saidou et al.,
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2009b; Ben Moussa et al., 2011; Le Corre et al., 2005). The
study of Zhelong et al. (2014), showed that struvite aggregates
was formed in relatively low phosphorus concentration
between 3.0 and, 5.0 mmol/L and mildly alkaline conditions
(pH 9.0 — 9.5). Kozic et al. (2014) have found that increase in
pH from 8.5 to 10 in struvite reaction crystallization
environment produced a decrease in mean crystal size by
about 44% on average. The same observation was done by
Hutnik et al. (2013). There are many studies about the impact
of foreign ions on struvite earlier [15, 19].

For examples Muryanto and Bayuseno (2014), did not
observe any significant change in the morphology of struvite
obtained, by the addition of Cu?* and Zn* ions. Several works
about the influence of some ions have been focused by other
techniques, but there are few studies about the influence of
some ions by the CO; degasification technique (Saidou et al.,
2009a). The aim of this study is to investigate the influence of
Ca®*, K, and Fe®" ions on struvite precipitation by this
technique (Saidou et al., 2009a).

MATERIAL AND METHODS
Solutions preparation

Synthetic water used in all experiments in this work was
prepared by mixing the respective aqueous solutions of
MgClz-6H,0 and NH4H2PO4 in desired proportions in a calcium
carbonate solution. The latter was previously prepared by
dissolving calcium carbonate solids in a flow of CO,. Reagents
MgCl,.6H20 (purity> 99%), NH4H2PO4 (purity> 99%) and
CaCOs (purity 99%) were respectively supplied by Fluka,
Sigma Aldrich and Merck.

The study of the influence of calcium, potassium and iron
ions was performed using solutions prepared from KCI,
CaCOs, and FeCl7H2O. The calcium ions were added in
synthetic solution at a concentration varying from 0 to 4mM.
Potassium and iron ions were introduced at molar ratios in the
intervals [0, 8] and [0, 2], respectively. It should be noted that
all these experiments are conducted at 25 ° C, an airflow rate
of 40 L.min™, an initial solution pH of 6.5 in a PVC cell by the
dissolved CO, degasification technique (Saidou et al., 2009a).

Analysis

The phosphate concentration in the solution was determined
by the colorimetric method using the reagent vanadomolybdic
UV-visible spectrophotometer. The precipitated solids obtained
were analyzed using different physicochemical techniques: X-
rays diffraction (XRD), scanning electron microscopy (SEM),
infrared (IR), laser particle size, differential scanning
calorimetry (DSC).

RESULTS AND DISCUSSION
Study of Ca*"ions influence

In the absence of calcium ions, and therefore the CO;, from
their dissolution, in the solution, the pH of the solution
increases rapidly and stabilized at a value of 6.7. In this case,
no precipitation was detected since the pH value does not
reach 8.1 found in the previous study (Saidou et al., 2009a).
The increase in Ca®" concentration in the solution affected the
temporal evolution of the pH. However, it should be noted that
the drop in pH is remarkable only for calcium concentration
between 0.5 and 2 mM (Fig. 1).
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The temporal evolution of PO, concentration is shown in Fig.
2. The induction time is lower (about 10 min) for Ca“’
concentration varying between 2 to 3 mM. But, these times are
much higher than those reported in the literature, especially the
study of Kabdasli et al. (2006). Indeed, the precipitation of
struvite is detected only from 57 seconds (<15 min in this work)
when [Ca®'] = 0.5 mM.

This difference is probably due to the method used, since
the experiments performed by these authors are by magnetic
stirring and not by the CO, degasification technique used in
this study. Furthermore, this short time (close to the one found
by Kabdasli et al. (2006) was obtained in our previous work
with solutions of initial pH of 8 (Saidou et al., 2009a). The yield
of phosphorus removal generally increases when the
concentration of Ca* increases. It reaches its maximum at
72% for Ca®" concentration of 3.5 mM. Moreover, it is found
that 50% of phosphate was recovered for less than 20 min for
this calcium ions concentration (Fig. 2).

From the X-ray diffractograms of the precipitates (Fig. 3)
and the IR spectrum (Fig. 4) of amorphous precipitate obtained
for Ca® " concentration of 4 mM, we noted that the addition of
calcium ions promoted the precipitation and affects the purity
of struvite obtained. The latter observation is supported by the
diffraction patterns of the solids obtained after 90 minutes of
reaction time. Indeed, the precipitated solid is crystallized for
the calcium ions concentration from 0.5 to 3.7 mM. It was
identified as struvite. However, the precipitated solid is
amorphous when the calcium ions concentration reached 4
mM, corresponding to Mg®*/Ca?* molar ratio equal to 1.

This amorphous solid has an X-ray diffractogram and IR
spectrum similar to amorphous hydrated calcium phosphate
(Cag (PO4)s'nH20) ones, reported by several works of literature
(Walleys, 1952; Heughebaert and Montell, 1977; Zahidi, 1984;
Zahidi et al., 1985; Banu, 2005). In fact, this compound is
characterized by a large peak centered at 26 = 36.5 ° (ACo)
and by the absence of any other diffraction streak that may
correspond to a crystalline phase. This observation is partially
in agreement with the results of Le Corre et al., (2005) showing
the simultaneous presence of two phases (crystalline and
amorphous) at the same molar ratio Mg?*/Ca**

We have seen an evolution of the crystallized solid
precipitate to the amorphous phase by increasing the
concentration of Ca®". The question which can be asked now
is: Was crystallization the result of an evolution of the
amorphous phase during the degasification time?

Indeed, the CO, degasification was stopped after 15
minutes reaction time. The precipitates obtained after filtration
of the mixture were analyzed by XRD, and showed the
presence of an amorphous phase. The filtrate was then
degassed for 75 minutes reaction time. A crystalline phase
appeared, independently of the calcium ions concentration
studied. This study showed that, when spreads degasification
time, the precipitated solid changed from amorphous phase to
crystalline phase (Fig. 5).

Furthermore, the morphology of solids obtained from
mixtures containing calcium ions concentration of 0.5, 2.5 and
4 mM was analyzed by SEM (Fig. 6 a, b, c). Thus, as the Ca®*
concentration increased, the more shapes "sticks"
characteristics of struvite decreased to disappear at the end,
for the calcium ions concentration of 4 mM. This is confirmed
by the analysis of a grain of solid obtained by EDAX (Fig. 6 a ',
b', c).

To evaluate the influence of calcium on the particles size of
the precipitated solid, particle size analysis was performed and
the results showed that the evolution of the particles size
according to their proportion revealed two maxima whose
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Fig. 1. Evolution of solution pH during time with different Ca®" concentration
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Fig. 2. Temporal evolution of PO,> concentration, for different Ca** concentration
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Fig. 3. Superposition of X-rays diffractograms of precipitates
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Fig. 4. Infrared spectrum of precipitate obtained for calcium ions concentration of 4 mM
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Fig. 5. Superposition of X-rays diffractograms of solids obtained after 15 min
and 75 min reaction time for calcium ions concentration of: 2.5, 3, and 3.5 mM

values are located at about 8 microns and 69 microns for Ca®*
concentration about 1.5 mM (Fig. 7). An increase in the
concentration of Ca?* from 2 to 4 mM approaches an
homogeneous distribution of the particles average size of the
order of 10 microns for a Mg®* /Ca** = 1 ([Ca®*] = 4 mM) with
the presence of a small number of particle size between 50
and 280 microns. These results differed from those obtained in
the literature (Le Corre et al., 2005) whose sizes ranged from
2.15 to 3.10 microns. This difference is probably due to the
experimental reaction time from which the particle size analysis
was performed. In fact, these authors showed that after 20 min
of reaction, the two groups are respectively 50 and 1000
microns for the same molar ratio.

Furthermore, most of the grains formed are small sizes of
the order of 10 microns extending in preferred directions over
time to form the crystallized phases. They are presented as
two sub-groups and equivalent number average sizes of about
50 and 100 microns (Fig. 8).

Study of K* ions influence

Temporal changes in pH (Fig. 9) and PO,4> concentration (Fig.
10) showed that the addition of potassium ions in the solution

does not affect the precipitation phenomenon since the shape
of the curve pH = f (t) has the same form as in the previous
case. Its influence was noticed firstly, on the precipitation pH
ranging from 8.3 to 8.7 depending on the K*/PO4> molar ratio
and secondly, on the induction time, which decreased from 35
to 19 min for K*/PO4> molar ratio from 0 to 1.

Beside it increased when exceeding the upper limit of 1
and reached 31 minutes for K*/PO,* molar ratio of 8. In
addition, the yield of phosphates removal evolved generally in
the same direction as K+/PO43' molar ratio, except when it
reached the value of 8 when a slight decrease about 51%, was
detected.

Moreover, another phase may be co-precipitated with
struvite in small amounts and probably comes from the
substitution of a portion of Mg?* and / or NHs" by K*. This
deduction came from:

Firstly, the change in intensity of some peaks in the
diffractograms (decrease:) or (increase:), detected from K
*IPO,* molar ratio of 1 (Fig. 11).

Secondly, the difference in heights corresponding to the
various elemental constituents of precipitated product (Fig. 12).

The results of particle size analysis of the precipitates
obtained for PO4> concentration of 3.8 mM and various

www.donnishjournals.org
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K*/PO,* molar ratios are given in Fig. 13. We noted that the
increase in K*/PO,* molar ratio promoted crystal growth to an
average value of 50 microns and raising their proportion
depending on the molar ratio.

Study of Fe* ions influence

The results of the X-rays diffraction analysis (Fig. 14) of
precipitates formed, the SEM photography (Fig. 15), the
elemental analysis (spectra) EDAX (Fig. 15), the particle size
distribution of the precipitates (Fig. 16), the temporal evolution
of the solution pH (Fig. 17) and the time course of PO,
concentration in solution (Fig. 18) allowed us to deduce the
physicochemical characteristics summarized in Table 1.

The introduction of iron ions in the solution causes huge
changes both on the physicochemical parameters and on the
morphology of the precipitate obtained (Fig 14 and Fig. 15).
Indeed, the increase in the molar ratio destroyed struvite
crystallization and formed an amorphous phase observed for
Fe*'/PO,> 2 1 as shown by the X-rays analysis of Figure 14.
This amorphous phase is identified as hydrated iron phosphate

(FePO4-2H20). This result is in agreement with the study of
Zhang et al. (2010) and justified by elemental analysis showing
the predominance of iron element at the expense of Mg (Fig.
15). In addition, increasing the particle size of the two phases
(crystalline and amorphous) is promoted in the presence of
iron. Most of the latter has an average size of about 1000 to
1500 micron (Fig. 16).

Moreover, it is noted that the amorphous phase is obtained
immediately after the addition of iron (induction time < 1 min) at
a slightly acidic pH of 6.5 (Fig. 17) indicating the absence of
the precipitation of struvite (Fig. 18). This is confirmed by a
disappearance of the shapes of the needle characteristic of
struvite for Fe3+/PO43' molar ratio from 0.1 to 1, as shown by
the SEM pictures. It should be noted that the vyield of
phosphate removal is better when forming amorphous phase,
since it reached a removal rate of approximately 95% (Table
1). This result is in agreement with the work of Zhang et al.
(2010).

It should also be noted that the formation of FePO4-2H,0O
disadvantage scaling of the material used, since the largest
amount of solid precipitated in solution.
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Table 1. Induction time, pH of precipitation and, phosphates ions removal for different Fe*/PO,* molar ratios

Fe®/PO,” molar ratio | Induction time t; (min) | pH of précipitation | Phosphates ions removal (%)
0 35 8.57 32.55
0.1 14 8.44 30.38
0.25 24 8.19 31.38
0.5 23 8.26 23.04
1 <1 6.5 82.06
2 <1 6.5 94.51

CONCLUSION

Increasing the calcium ions in the solution improved the
phosphate removal efficiency and leads to the evolution of the
precipitate solid from crystalline phase (struvite) to an
amorphous phase (calcium phosphate: Cag(PQO4)s*nH20) from
Ca?* concentration of 4 mM. Nevertheless, the formation of the
amorphous phase preceded the struvite ones in the range of
Ca’" concentration between 2.5 to 3.5 mM. The increase in
ca® ions in the solution from 2 to 4 mM approaches a
homogeneous distribution of the average particle size.
Moreover, the particles average size of the amorphous phase
was lower than that of the crystallized (struvite) phase.
However, their average ratio is greater than that of struvite.

Increasing the concentration of K* improved phosphate
removal yield and does not affect the purity of the struvite
obtained. Furthermore, another phase not detected by X-ray
diffraction containing such ions could co-precipitate with
struvite because of the appearance of this element in the
analysis of samples by EDAX.

The introduction of iron ions Fe*" in the solution caused
huge change both, on physicochemical parameters, and on the
morphology of the precipitate obtained. Indeed, the increase in
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