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Abstract Direct disposal of flue gas scrubbing-derived
waste water with a high level (9000-10,000 mg/L) of
ammonium ion (NH,") into aquatic systems has contrib-
uted to environmental depreciation. Here, we report a fea-
sibility study on NH,* recovery and conversion to struvite
(NH,MgPO,-6H,0), which is a slow-release fertilizer. Such
conversion also aids in compliance with the discharge lim-
its for nitrogen-based compounds. Lab-scale experiments
were performed to determine the optimum pH and molar
ratio (Mg?":NH,*:PO,>") for struvite formation. A chemi-
cal equilibrium model (Visual Minteq) was also employed
to corroborate the experimental results. The optimum pH
for struvite precipitation was found to be pH 9 with a molar
ratio of Mg*":NH,":PO,3"=1:1:1. At this pH, more than
93, 92.3 and 100% of the NH,", Mg>* and PO,*", respec-
tively, were removed from the scrubbing waste water Vis-
ual Minteq simulation also demonstrated optimum struvite
formation at pH 9-10. Both X-ray diffraction (XRD) and
scanning electron microscopy/energy dispersive spectros-
copy (SEM/EDS) analysis revealed that the synthesized
struvite was comparable to that of a commercial struvite.
Thus, our findings confirmed the possibility of synthesizing
struvite from de-NOx scrubbing wastewater utilizing the
residual ammonium ions (NH, ).
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Introduction

A wide variety of technologies has been developed for the
reduction of NOx in flue-gas emissions. According to the
stringent regulations on flue gas emission established by
the IMO (International Maritime Organization), small and
large ships have to have de-NOx facilities. Although the
use of wet scrubbers is a popular and efficient method for
removing nitrogen oxides from flue gas, this method may be
associated with a characteristic drawback of eventual dis-
charge of scrubber water into the aquatic environment. The
direct disposal of wastewater containing nitrogen species
has been reported to contaminate or pollute the ecosystem
[1]. Since ammonium hydroxide (NH,OH) has been used
as an effective scrubbing solution, it was our keen interest
to recover ammonium ion (NH, ") in the form of some use-
ful and commercial product, achieving waste-wealth sce-
nario. One viable approach is the recovery of NH, as stru-
vite (NH,MgPO,-6H,0), which is an effective fertilizer [2].
Synthesis of struvite from scrubber wastewater is believed
to ensure meeting the discharge limit for nitrogen-based
compounds, set by Ministry of Agriculture, Food and Rural
Affairs. Struvite precipitates as white orthorhombic crys-
tals at a stoichiometric ratio (Mg”*:NH,":PO,# =1:1:1)
according to the following chemical Eq. [3, 4]:

Mg** + NH} + PO;™ + 6H,0 — MgNH,PO, - 6H,0 |
(1)

However, a decrease in pH accompanies the precipita-
tion of struvite, which is attributed to the release of hydro-
gen ions into the solution. To account for this, instead of
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PO,*~, HPO,*" participate in the reaction according to the
Eq. (2) proposed in references [5, 6]:
Mgt + NH] + HPO?™ + 6H,0 — MgNH,PO, - 6H,0 | +H"
@
Struvite precipitation occurs when the product of NH,*,
Mg" and PO,*~ concentrations exceed its solubility product
[7]. The recovery of NH,* in terms of precipitate growth
has been tested in various wastewaters generated from cok-
ing wastewater [8], landfill leachate [3, 9, 10], industrial
wastewater [11], poultry manure [6], and anaerobic digester
effluents [2]. Studies have shown that struvite is an impor-
tant source of N, Mg and P [12]. Thus, utilization of stru-
vite has led to its identification as a slow release fertilizer,
a raw material to the phosphate industry, useful for making
fire resistant panels and also as a binder in cement indus-
try [5]. Amongst the aforementioned attributes, the slow-
release property, in particular, has exceptional appeal, as it
prevents nutrients from being rapidly lost due to leaching
and evaporation caused by intentional watering or rain [13].
The main focus of this work was to attempt struvite
synthesis from scrubbing wastewater which contains a
high level of NH,* in the range of 9000-10,000 mg/L. To
accomplish this purpose, the followings were attempted:
(1) to precipitate NH,*-N in the form of struvite, (2) to
optimize the synthesis parameters (i.e. pH and molar ratio
of Mg?*: NH,":PO,*), (3) to study the effect of impuri-
ties on crystal size (4) to examine the physical and chemi-
cal properties of the recovered products and (5) to compare
the experimental results with those estimated by a Visual
Minteq model.

Materials and methods
Experimental method

Struvite was synthesized in a batch reactor at ambient labo-
ratory temperature using synthetic solution and field scrub-
bing wastewater received from Anytech Co. Ltd. Korea.
First and foremost, the conductivity of pristine wastewaters
was determined using a conductivity meter (Thermo sci-
entific Orion 3-Star benchtop pH meter, Singapore). The
pre-determined test dosages of the Mg and PO~ precursors
were added to the water sample, which served as an NH4+
source. The pH of the solution was adjusted by drop wise
additions of 1 or 2 M NaOH solution. The test solution was
then stirred with a magnetic stirrer until a stable pH was
reached. The solution was left standing for 30 min to ensure
complete and quantitative precipitation. The white solid
precipitates formed were collected on 0.20 um cellulose fil-
ters (Toyo Roshi Kaisha Ltd, Japan), and the concentrations
of the residual ions (NH,*, Mg>* and PO,") in the solution

@ Springer

were determined using ion chromatography (883 Basic IC
plus, Metrohm, Switzerland). The precipitate was air-dried
at room temperature. To prevent further formation of unde-
sired products, the sample was maintained at a pH below
5 by the dropwise addition of 2 M nitric acid. For particle
size measurement, laser diffraction Mastersizer 2000, Mal-
vern Instrument, UK) was used. The effect of impurities
(NO5, SO42_ and Ca’*) on struvite formation was assessed
with concentrations of 500, 1000 and 1500 mg/L by add-
ing KNO; or K,SO, or CaCl, respectively, to synthetic
waste water. In the synthetic solution, the molar ratio of
Mg**:NH,*:PO,*~ was controlled at 1:1:1 with pH 9.

The pH of the solution was monitored throughout the
experiment using a pH meter (PC 700, Eutech Instruments,
Singapore). All chemicals used in the experiments were
reagent grade and were procured from Daejung Chemi-
cal Co. (Seoul, Korea). The composition and properties of
the synthesized struvite were compared with a commercial
struvite (99% purity) purchased from Alfa Aesar (US). The
morphology and elemental compositions were character-
ized by scanning electron microscopy/energy dispersive
X-ray spectroscopic analysis (SEM/EDS; Carl Zeiss, Supra
55, Eindhoven, Netherlands). The crystal structure was
analyzed by X-ray diffraction (XRD; D8 Advance, Bruker,
Germany).

Chemical Equilibrium Modeling

A chemical equilibrium model freeware program (Visual
Minteq version 3.1) with an extensive thermodynamic data-
base was developed by the US EPA. This program allows
calculation of the speciation, solubility and equilibrium of
solid and dissolved phases of minerals in an aqueous solu-
tion [14]. Hence, it was used to simulate the struvite syn-
thesis carried out in this work. At first, the model was run
with a set of ions which incorporated all of the major ions
found in a scrubbing wastewater including sodium, nitrate,
sulfate, potassium and chloride at varied pH values. Simi-
larly, in another set, only the total concentrations of magne-
sium, ammonium and phosphate were inserted to the model
at a stoichiometric ratio of Mg?*:NH,*:PO,*>~ =1:1:1 with
various pHs. There was no significant variation observed in
the obtained results. Thus, the run was carried out with lat-
ter one. All possible species that could be precipitated from
the solution containing Mg+, NH,* and PO,>~ were added
to the database. However, an interference cation (Ca**) that
could be involved in a competitive precipitation by forming
Ca;(PO,), was excluded from the model consideration due
to its low concentration in the solution (for Sect. “Effect of
impurities”, it was included). In Visual Minteq, there are
three alternative equations for performing activity correc-
tions, the Davies equation, the extended Debye—Huckel
equation, and the SIT (specific ion interaction theory of
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Bronsted-Guggenheim Scatchard) [15]. In this study, the
SIT method was selected as it could determine an activity
coefficient for high ionic strength [16]. The ionic strength
was computed by the model with the assumption that all
oversaturated solids were precipitated.

Results and discussion

A synthetic fertilizer, struvite, was recovered from de-NOx
scrubber wastewater as a factor of solution pH and the molar
ratio of the core reactants, such as Mg**:NH,":PO,’~. pH
is an important factor that determines the formation of
ionic species in a solution [17], whereas, the molar ratio
expresses the stoichiometric quantitation of the reacting
species (here Mg>*, NH,* and PO,*").

Characteristics of flue gas scrubbing waste water

The chemical composition of the raw waste water is given
in Table 1. NH,* was found in an exceedingly large quan-
tity (9.5 g/L) in comparison to the other ionic components.
Such a high concentration is attributed to the residual aque-
ous ammonia (NH;) as a neutralization agent of nitrogen
oxides. Extra aqueous ammonia in an alkali source is disso-
ciated to NH,* and OH™ via dissolution. The Mg* presents
at 103 mg/L (i.e. NH, :Mg** =12: 1), could also be useful
for struvite synthesis. NO, and SO, are the major compo-
nents of a combustion flue gas from ship engines and are
removed by the wet scrubber. However, probably due to
low efficiency, a large amount of N- and S-containing spe-
cies (as NO;~ (780 mg/L) and SO42_ (520 mg/L), respec-
tively) are still commonly found as residues, and could

Table 1 Average concentrations of major ionic constituents and
properties of the analyzed flue gas scrubbing wastewater

Chemical species Concen-
tration
(mg/L)
Mg** 103
NH,* 9500
K* 205
ClI” 180
Na*t 433
Ca®* 590
NO;~ 780
Nl 520
COD 580
TSS 620
Physical property
Conductivity (mS/cm) 24.39
pH 9.8

serve as inhibitors of struvite synthesis. Other potential
impurities should be significantly reduced, masked or com-
pletely removed so as to ensure that NH, is quantitatively
available to achieve the synthesis of high purity struvite.

The conductivity of wastewater is a function the amount
of dissolved salts. The high value of this wastewater
implies a high content of various salt ions commonly found
in a municipal wastes landfill leachate. In other words, such
ions may form unexpected salt compounds in the solution
depending on the reaction condition. Besides, the initial pH
(9.8) of the wastewater may reduce the consumption of pH-
controlling agents, such as sodium hydroxide.

To identify the most appropriate precursors of magne-
sium and phosphorus for struvite synthesis, six combina-
tions (at a stoichiometric mole ratio of 1: 1) were evaluated
as summarized in Table 2. Each combination was applied
to a measured aliquot of the wastewater sample. The resid-
ual ions were quantified; the lower was the amount of each
ion, the larger was the amount of precipitates formed in the
reaction. These precursor reagents were chosen based on
their solubility in water and ease of use. Figure 1 provides
the results obtained from an experiment using the different

Table 2 Mass dosage of Mg+ and PO,*~ in 25 mL of synthetic solu-
tion

Sample ID Chemical ration Mass ratio used(g)
Cl1 MgCl,-6H20:Na,HPO, 0.254:0.177
C2 MgCl,-6H20:KH,PO, 0.254:0.170
C3 MgSO,:Na,HPO, 0.150:0.177
c4 MgSO,:KH,PO, 0.150:0.170
C5 MgCl,-6H20:H,;PO, 0.254:0.122
Cé6 MgSO,:H;PO, 0.150:0.122
100+
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Fig. 1 Removal efficiency (%R) of constituent ions at pH 9 and

molar ratio 1:1:1
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regents. Using C1, the highest percentage removal (% R)
of was achieved with NH,", Mg?" and PO,*>~ was achieved
at 93, 91 and 95%, respectively. This is in accordance with
findings previously [6, 9]. In contrast, with C5 and C6 were
tested, the observed residual concentrations of Mg2+ were
greater than 20%, resulting in the worst % R values. Hence,
further optimization experiments were performed with
MgCl,-6H20 and Na,HPO,.

Synthesis of struvite
Effect of pH

To identify the most suitable pH for struvite precipitation
at a stoichiometric ratio of NH,":Mg**:PO,*~ = 1:1:1,
optimization experiments were carried out in a pH range
of 7-11. As observed as above, the pH of the initial waste-
water was 9.8, but the feed of reactant precursors of Mg
and P dropped down to 5.8. Thus, a little amount of alkali
agent, NaOH (aq), was gradually added to meet the experi-
mental pH values. The obtained results (Fig. 2a) showed
that the % R for the ions in the synthetic sample increased
with pH, reaching the optimum value at pH 9, where then
they tended to plateau. A similar trend was also observed
with the scrubbing wastewater sample (Fig. 2b). However,
a decrease in the % R of NH," was seen at pH 9 to 11.
At high pH, NH," is converted to gaseous NH; which is
released into the air [2].

On the other hand, previous studies have revealed that
the solubility of struvite decreases at pH 7.5-9.0, but
increased at higher pH with a minimum solubility at pH 9
[18]. Further increase in pH from 9 to 11 hinders crystalli-
zation, and also reduces the yield and purity of synthesized
struvite [19]. As a result of precise observation, we found
that the removal rates of NH,*, Mg*" and PO,*~ at pH 9
were 93.57, 98.12 and 95.39%, respectively, for a synthetic
solution, whereas removal rates of 93, 92.32 and 100%
were calculated for scrubbing wastewater. Hence, the opti-
mum pH for scrubbing wastewater was identified as pH 9.
This supports the deductions available in studies conducted
on landfill leachate [9], poultry manure wastewater [6] and
digested pig slurry [20].

Effect of molar ratio

Theoretically, struvite was formed under conditions of
equal molar concentrations of magnesium, ammonium and
phosphate (Eq. 1). To investigate the recovery rate of NH,*
which might be present in various forms, several different
Mg®* and PO43_ ratio ranges were investigated. In general,
since Mg”>" has been found to be a limiting factor in this
reaction, some researchers have attempted to add excess
Mg?* sources with the goal of achieving a high yield of
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Fig. 2 Effect of pH on removal of NH,*, Mg?* and PO,*>" from a
synthetic solution, and b scrubbing wastewater

struvite [3]. However, it has been reported that increasing
the Mg>* concentration leads to a reduction in the purity of
precipitated struvite, thereby resulting in increased levels of
by-product formation [17]. This work focused on determin-
ing the optimum molar ratio so as to achieve the maximum
removal of ions from scrubbing wastewater.

Based on the above results, the reaction pH was adjusted
to 9.0 when applying the scrubbing wastewater solution.
The test molar ratios of MgCl,-6H,0 and Na,HPO, given
in Table 3 were examined by focusing on the utilization of
reactant ions present in the solution. A comparison with
respect to the extent of removal of these constituent ions
between the various molar ratios is shown in Fig. 3. This
result indicates the dependency of synthesis yield on the
co-existence of constituent ions.

It was found that at a molar ratio of 1:1:1.5, excess
PO,*~ enhanced the % R of NH," and Mg**. However, the
residual PO,>” in the supernatant and hence the effluent
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Table 3 MgCI2-6H,0 and Na2HPO4 dosages in 25 mL scrubbing 10+ i o o
wastewater at different molar ratio of NH4+:Mg2+:PO43’ and at pH 9 9_' (N03+ 804 +Ca +) 500 mg/L
(initial conc. NH,*= 9500 mg/L) | —a— (NO;+ SO+Ca?) 1000 mg/L
—~ 8 - 2~ 2
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Fig. 3 Removal efficiency of constituent ions resulting from different
molar ratios

Table 4 Removal efficiency of NH,* and PO,*" in the presence of
nitrate, sulfate and calcium at pH 9

Added NO;~, SO,2~ and Ca**  NH," (%) PO~ (%)
(mg/L)

None 93 96

500 92 96

1000 94 96.51
1500 90 95.60

could cause nitrification issues in the water system. The
purifying cost of such nutrients including phosphorus
and magnesium compounds cannot be ignored in waste-
water treatment plants. Similar to previous studies that
attempted to use minimum doses, our work did not intend
some by-products, such as Mg;(PO,),-8H,0 and Mg(OH),,
to remain in the precipitate. When the molar ratio of
PO43' relative to the others was as less than 1, its concen-
tration did not increase as much as the decrease of Mg>*.
This indicated that despite the overdosing of either Mg>* or
PO,*~, no further improvement in the % R of NH,*-N could
be achieved. In addition, a remarkable decrease in the % R

Particle size (%)

Fig. 4 Effect of impurities (NO,~, SO,>~ and Ca®") on particle size
distribution

of NH,* was found when a smaller dosage of the reagent
was used. Thus, it could be confirmed that the molar ratio
of NH,":Mg?":PO,*=1:1:1 was sufficient to effectively
remove NH,*, Mg?* and PO,*" ions from flue gas scrub-
bing wastewater. The amount of reagents added depends on
the characteristics of the wastewater and the operating con-
ditions of the reaction processes.

Effect of impurities

Any substance other than the material being crystallized
can be considered as ‘impurity’, so even the solvent from
which the crystals are grown is in the strictest sense an
impurity. Calcium, sulfate and nitrate are present in the flue
gas scrubbing wastewater in the range of 500-800 mg/L.
These impurities can influence NH,* recovery and in the
purity of struvite by co-precipitating with the struvite crys-
tal. It might also affect the crystal growth rate by inhibiting
the increase in crystal size.

The experiment for this part was carried out in syn-
thetic solution as mentioned in Sect. “Experimental
method”. When NO;~, SO,>~ and Ca’* were added as
impurity ranging from 500 to 1500 mg/L in the synthetic
solution, the removal efficiency of NH,* and PO,*~ did
not show considerable change as presented in Table 4.
The effect of impurities on crystal size was also studied
as shown in Fig. 4. With the increase in (NO5~, SO,*>~ and
Ca2+) ions concentration from 500 to 1500 mg/L, there
was a negligible change in the median crystal size from
36.16 pm (without impurities) to 34.53 um which is
clearly visible in the Fig. 4. Chemical equilibrium model
Visual Minteq predicted the formation of different cal-
cium phosphate species due to the presence of Ca’* and
showed no effect when NO,~ and SO,*~ were added as an
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impurity. Although the formation of calcium phosphate
species is thermodynamically suitable, its kinetics is very
slow which is not accounted by the model [14]. Hence,
it was concluded in scrubbing waste water that struvite
precipitation was not affected by the presence of NO;™,
S0,*" and Ca”" ions up to 1500 mg/L.
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Characterization of synthesized struvite

The formation of struvite was first ascertained through
the XRD and SEM observation. Figure 5 shows the shape
and crystal structure of the precipitated crystals. The
micrograph of the precipitate obtained at pH 9 from both

o 15 20 25 30 35 40 45 50

Angle (2 Theta)

Intensity (Counts)

14000 -

12000

10000

8000

6000

4000

2000+
0o 1’5 2‘0 2’5 3‘0 3’5 4’0 4’5 5’0

0
1

Intensity (counts)

Angle (2 Theta)

16000
14000
12000
10000

8000

6000

Intensity (counts)

4000

2000+ I

15

50
Angle (2 Theta)

Intensity (counts)

0 T T
15 20

25 30 35
Angle (2 Theta)

Fig. 5 SEM images and respective XRD spectra of a a commercial struvite; b synthetic water-derived struvite, at pH 9; ¢ scrubbing wastewater-

derived struvite, at pH 9; d scrubbing wastewater-derived struvite at pH 10
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synthetic and scrubbing wastewater (Fig. 5b, c) indicated
that the crystals had a distinctive orthorhombic struc-
ture bearing a close similarity to the commercial sam-
ple (Fig. 5a). Since only the necessary precursors were
present in the synthetic solutions, very systematic crystal
growth with regular shapes was obtained. By contrast,
various clumps of varied morphology and broken crystals
were seen among the crystals derived from the wastewater;
this likely because many impurities hindered the reaction
and remained in the precipitates. The shape of the crys-
tals from the field waste water at pH 10 was much more
unclear than at pH 9. The sizes of the wastewater-derived
crystals ranged from 31 to 201 ym in length. The grain size
of struvite could be affected by the influent concentrations
of PO,*>~ and NH," as well as particle retention time in the
reactor.

Furthermore, the XRD analysis determined that the posi-
tion and intensity of the struvite signatory peak matched
that of the commercial product. In addition, the JCPDS
files (15-0762) indicated that synthesized crystals using
either synthetic or scrubbing wastewater were undoubtedly
struvite (Fig. 5b, c, d). Thus, the experimental pretreatment
carried out prior to the synthesis reaction was appropriate
for wastewater, and the achieved purity level of the synthe-
sized struvite was acceptable. However, at pH 10, the XRD
results showed noisy patterns with a reduction in peak size
and definition.

The elemental composition (in weight percentage) of
the struvite except hydrogen was comparatively analyzed
by EDS as summarized in Table 5. The EDS peaks showed
high composition levels for O, P and Mg with the lowest
amount of N identified. Sodium seems to have originated
from the increased level of impurities present in the field
waste solution or from the ionic constituent of intrinsic P
precursor, Na,HPO,. The elemental weight percentages
of the commercial struvite revealed the high content of P.
The results showed that the synthesis of struvite was more
strongly affected by pH than by the source wastewater.
After assessing the potential of struvite as a vegetable ferti-
lizer, the synthesized forms of struvite performed similarly

Table 5 Elemental composition of the theoretical basis and precipi-
tated struvite

Synthesis condition N 0} Mg P Na
%ow/w
Theoretical composition 9.5 541 162 202 -
Commercial struvite 6.7 42.1 224 300 ND
Synthetic solution at pH 9 7.1 448 212 269 ND

Scrubbing waste water at pH 9 6.6 465 214 245 1
Scrubbing waste water at pH 10 54 527 185 208 2.6

ND not detected

to commercial fertilizers. In other words, the struvites syn-
thesized from both synthetic and scrubbing wastewater at
pH 9 were closer in composition to commercial struvite
than those prepared at pH 10.

These results indicate that XRD method cannot be used
as the sole method for determining struvite content in the
precipitate. However, when supported by spectroscopic
elemental analysis, a more confirmatory result about the
purity of the struvite was attained. In practice, the identical
composition based on the molecular formula was somewhat
different from those of the present samples. The precipi-
tates prepared at pH 10 (Fig. 5d) indicate clearly struvite,
but may include some amorphous impurities, such as NaCl.
As over pH 9, the possibility of formation of impurities or
by-products including Mg;(PO,), also increases because
the availability of NH,* decreases.

Computational investigation of synthesis

To substantiate the findings from the experiments on the
optimum composition of the reactants, an equilibrium com-
puter model (Visual Minteq 3.1) was used and the results
were compared with the experimental results. Initially, the
optimized relative molar ratio (1:1:1) of NH,, Mg** and
PO43_ was calculated. By virtue of the modeling results,
different aqueous species, such as Mg>*, MgHPO, (aq),
MgOH™, MgPO,~, HPO,*~, H,PO,", H,PO,, PO,*~, NH,*
and NH; (aq) could possibly be formed depending on the
pH in the aqueous system as shown in Fig. 6. Here, vari-
ous dependencies of ion concentration on the solution pH
were seen. With an increase in pH, the availability of NH,*
in the solution decreased, whereas NH; rapidly increased
at pH above 9. This is supported by the finding that the
availability of OH™ ions, which donate their electron pairs
to NH,*, increases at higher pH, leading to the formation
of aqueous NH;. Moreover, the concentration of Mg2+ also
decreased with increasing pH. This can be explained as fol-
lows: Mg?* at higher pH becomes available as MgPO,™ or

100

£ 80 —o—NH,’

5 \ —o—Mg**

T 604 ——PQ>

% —t— NH, (aq)

S 404 —%—HPO/?

S —6— MgHPO,

) ——H,PO;
04

Fig. 6 Distribution of ions in aqueous phase versus pH (molar ratio
of NH,:Mg?*:PO,>~ =1:1:1)
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remains as MgHPO,. The HPO42_ concentration, which is
shown at the base of the graph (Fig. 6), is a limiting agent
of the reaction. Therefore, its availability determines the
extent of the struvite formation. Since the availability of
HPO42' is maximal at pH 9-10, it is inferred that this is as
the optimum pH range for struvite synthesis.

Furthermore, the saturation index (SI) which can be
used to establish the stability order of precipitation or dis-
solution of solid in contact with its mother solution was
estimated from the following equation [21]:

SI = Log (IAP) — LogK,, 3)

where, IAP is the ion activity product of magne-
sium, ammonium and phosphate, the value of which was
7.08x 107" here [18], and K, is the solubility product
of struvite. Figure 7 depicts SI as a function of pH and
shows the potential solid phases that could be formed
from the solution. When IAP is greater than Ksp, the solu-
tion becomes supersaturated, and; struvite nucleate; and
grows up [22]. As shown in Fig. 7, struvite precipitation
could be formed over a wide range of pH at the stoichio-
metric ratio. However, other solid compounds, such as
Mg(OH),, MgHPO, and Mg;(PO,), were also generated.
At pH higher than 9.5, the formation of Mg(OH), increased
steeply which might have affected the amount of struvite
synthesized. The formation of MgHPO, maintained a
nearly constant SI of 2, which then declined as the pH rose
above 9.5.

On the other hand, the saturation index of Mg;(PO,),
was found to be highest at pH 9.5-11. Due to a lower sol-
ubility product (K,,=10">) than struvite (K,=10""%),
Mg;(PO,), is easily formed and apt to be the most likely
interfering salt during struvite formation even though its

12+ —o—MgNH,PO,
—O0— Mg(OH),
10+ ——MgHPQ,
5 8t
5 |
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c 61
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®©
547
A
N 51
0+

Fig. 7 Precipitate composition predicted by model and SI as a func-
tion of pH of scrubbing wastewater (molar ratio of NH,*:Mg?*:PO,*~
=1:1:1)
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precipitation rate is so low [23]. In particular, Mg;(PO,),
tends to be formed at higher pH values as PO43_ ions occur
at pH>9 according to the following equilibrium reaction:

HPO,*” & PO, + H* @)

Since struvite is synthesized from the different Mgt
and PO,*>~ complexes in the aqueous source solution, slight
change in pH can result in various forms of chemical com-
pounds. The results estimated by Visual Minteq were found
to be close to the experimental findings, despite a slight but
expected deviation. Although the model predicted that the
optimum pH would be higher than 9, our findings proved
that struvite synthesis was efficiently achieved at pH 9.
Such observed variation in optimum pH could be attrib-
uted to the difference in ionic strength and unaccounted
inhibitory effects among ions between the two research
approaches [24]. It should also be noted that Visual Minteq
does not account for kinetics or struvite production dur-
ing the short reactor residence time, which serves as other
potential contributors to the discrepancy [14]. Consider-
ing the precursors Mg(OH), and Mg;(PO,),, the desirable
pH for struvite formation is 9. The SEM/EDS and XRD
analyses (Fig. 5; Table 5) performed at pH 9 and 10 also
provided a rationale for the optimum pH. Finally, despite
the prediction of various by-products, such as Mg(OH),,
MgHPO, and Mg;(PO,), by the model, our experimental
synthesis resulted in pure struvite, thereby demonstrating
the validity of the model.

Conclusions

This work attempted to utilize residual ammonium ions
in wastewater discharged from de-NOx scrubber of ship
engines using aqueous ammonia. The fabrication of a
synthetic struvite fertilizer containing a high amount of
nitrogen was attempted using de-NOx scrubber-based
wastewater as starting medium. In the reaction to recover
NH,* with the addition of various sources of magnesium
and phosphorous, the impacts of solution pH and the molar
ratio of the reactants were investigated while focusing on
the utilization of constituent ion species in the solution.
From the various initial molar ratios of reactants tested, the
highest utilization of NH,* was achieved with the stoichio-
metric ratio of NH,*: Mg?*:PO,>=1:1:1. It was at the opti-
mum pH of 9 that the highest removal of ion species (93 %
of NH,*, 92.3% Mg** and 100% PO,*") was achieved for
the struvite synthesis. It was observed that the presence of
NO;~, SO,*~ and Ca*" ions did not affected the struvite
precipitation in this experiment up to 1500 mg/L.

Particle morphology observed on SEM images revealed
the orthorhombic structure of the struvite which the XRD
analysis identified a match of its chemical structure with
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that of the commercial one. The theoretical chemical equi-
librium model derived using Visual Minteq estimated the
desirable pH range to be pH 9-11, which was similar to
that derived from our experimental findings. The model
enabled estimation of the potential influence of by-products
in the progress of the reaction.
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