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Hydrothermal experiments with magnesium, ammonium, and phosphate (MAP) solution at a temper-
ature of 120 °C for 24 h and pH (9 and 10), whilst effects of varying Mg?*/Ca?* HCO 5 ratios on struvite
crystallization were examined. The study was performed to investigate their effects on the quality and
quantity of crystals using the XRPD Rietveld refinement and SEM method. Obviously, the struvite
crystallization was inhibited through the forming of calcite, dolomite, hydroxyapatite, sylvite, and Mg-
whitlockite under different pH conditions. In the absence of Ca’" and HCO 5 ions, struvite and ditt-
marite were formed at pH solutions (9 and 10). Struvite proportion reduced with pH (9 and 10} under
Mg?*[Ca®" /HCO 3 ratios (1:1:1 and 2:1:1), and depleted under the Mg (Ca®* [HCO 3 ratio of 1:2:2. An
obvious change in morphologies of crystals into nanosized particles was observed. Results of the low
proportion of struvite for experiments with Mgz"'Caz',l'HCO'g molar ratios may be a drawback for
phosphate recovery.

Phosphate recovery
Struvite: hydroxyapatite

© 2020 Published by Elsevier Ltd.

1. Introduction

Recovery of valuable compounds such as ammonium and
phosphate from wastewater can be implemented through “simple
to use” hydrothermal method. Recently, the hydrothermal system
is widely known to be simple, cost-effective and easy to set up
(Jesse and Davidson, 2019; Xue et al., 2015). Moreover, the system is
suitable for use of wastewater treatment because of their low en-
ergy consumption (low temperatures in the single-step process),
reduction of environmental impact, production with the versatility
of struvite in any form and size. Correspondingly the hydrothermal
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method is a realistic option for ammonium and phosphorus re-
coveries from wastewater in struvite. However, the treatment stage
benefit of wastewater by the hydrothermal method is slightly offset
by generating a new waste residue containing chlorides, water-
soluble sulfate and alkali ions (Jesse and Davidson, 2019). Hence,
a degree of compromise may be required in the selection of hy-
drothermal treatment due to the competition between the quality
benefits of struvite for a slow-release fertilizer and producing other
pollutants (Li et al, 2019). Nevertheless, it is envisaged that the
large good-quality crystals and quantity of struvite can be achieved
by the hydrothermal treatment (Zhu et al, 2019).

Hydrothermal treatment of wastewater through struvite
(MgNH4P04-6H;0) precipitation with magnesium addition has
been proposed for recovering nutrient source from wastewater (Li
et al, 2019). Accordingly hydrothermal synthesis of struvite has
become a promising technology for wastewater treatments (e.g.
municipal sewage, industrial wastewater, liquid manure) to recover
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calcium, phosphate and potassium (Gaterell et al, 2000; Munir
et al, 2017; Sartorius et al., 2011). Furthermore the hydrothermal
synthesis of struvite can be adopted in wastewater treatment for
recovering phosphorus in a relatively pure, publicly acceptable and
potentially commercial form (de-Bashan and Bashan, 2004). As
compared to other methods of crystallization and synthesis, hy-
drothermal synthesis methodology can produce safely crystalline
phases, which can be unstable at a higher temperature, toward new
mineral less harmful for the humans and new environmentally
friendly processes, provide benefits for deterring and avoiding
water evaporation occurring in the single hydrothermal process
with high energy-efficiency. The method is also desirable for the
carbonization of sewage sludge leading to the stabilized solid
product and can recreate a role as a final treatment step for sewage
sludge disposal (Reifimann et al., 2018). Additionally, the potential
untapped market for struvite as a slow fertilizer make this option
feasible in parallel with the nutrient reduction achieved in the
wastewater (Williams, 1998; Durrant et al., 1999). At this time, the
purity and size of the recovered crystal have become a great
concern in order to meet the required for agriculture when used as
fertilizer, of which the particle aggregate should have strong
bonding for subsequent handling (collection, transport and land-
filling). Also, the morphology and homogenous particles have been
considered as an important factor for the quality of industrial fer-
tilizer {(Rahman et al., 2014; Talboys et al, 2016).

Correspondingly, the hydrothermal method for wastewater
processing has become intensive research, because it can poten-
tially yield the struvite product of with homogenous particle, which
is mainly required for a fertilizer product (Elliott et al., 2015;
Shanmugam et al., 2017). The hydrothermal method has attracted
more attention recently, as the appropriate method of struvite
crystallization by generating large good-quality crystals and
nanoparticles with control over their content and composition
(McMillen and Kolis, 2016). It was suggested previously that 100 m*
wastewater could be converted into 1 kg of struvite (Shu et al,
2006). If the wastewater on the world can be treated by struvite
crystallization, 63,000 tons of P205 can be recovered. This value is
equal to 16% of world phosphate rock consumption for mineral
fertilizers, whereas phosphate rock is a non-renewable resource
that would be depleted within the century. Moreover, 171 g struvite
with the purity at least 95% can be produced from livestock
wastewater per square meter without washing. Thus phosphate
recovery from wastewater through the hydrothermal synthesis of
struvite could be potential options (de-Bashan and Bashan, 2004 ).
Specifically, pH and MAP (magnesium, ammonium, and phos-
phorus) molar ratio are operating conditions to influence of struvite
formed in the aqueous solution, on which the pH basic of favorable
struvite formation could be reached by adding KOH or NaOH
(Babic-Ivancic et al., 2006; Bayuseno and Schmahl, 2018; Booker
et al, 1999; Song et al,, 2015).

Further quality of struvite (chemical purity and homogenous
crystal size) produced by hydrothermal synthesis may be
depending on the selection of the processing parameters including
the typical design of their reactor (Bhuiyan et al., 2007; Rawn et al,,
1937; Snoeyink and Jenkins, 1980). In particular, temperature and
foreign ions present in the solution are operation conditions
influencing the degree of success on struvite precipitation
(Bouropoulos and Koutsoukos, 2000; Doyle et al, 2003; Hanhoun
et al., 2011; Muryanto and Bayuseno, 2014; Stratful et al,, 2001).
Also, the operating temperature may influence the struvite
decomposition during hydrothermal process (Bayuseno and
Schmahl, 2018). In some cases, the increasing temperature leads
to a rising precipitation rate of struvite (Perwitasari et al., 2017).
Conversely, crystal nucleation and growth of struvite may be hin-
dered by the presence of other competing ions such as calcium,

chloride, carbonates, sulfates, nitrates, fluorides, and fluorosilicates
in the solution, which can determine the precipitation reaction and
eventually the crystal quality (Abbona et al, 1986; Doyle and
Parsons, 2002; Mohajit et al.,, 1989; Perwitasari et al, 2017). Also,
the crystal shape of struvite with possible particle agglomeration
may be altered by the presence of those competing ions (Booker
et al, 1999; Ohlinger et al., 1999). It has been demonstrated pre-
viously that interaction of calcium, phosphate, or carbonate ions in
the solutions may produce calcium phosphate hydrate (hydroxyl-
apatite) and calcium carbonate as follows (Le Corre et al, 2005):

5Ca’* + 3P0} + Hy0—Ca5(PO4)30H + H* pKsp=54.45 (1)

Ca’" + HCO3 —CaC0; + H"  pKsp = 6.40 (2)

where pKsp is solubility product constants in form of - log10 Ksp at
25°C. Hydroxyapatite has a higher solubility product constant than
that of calcium carbonate indicating the more soluble compound in
hydrothermal solution, and it may be precipitated depending on
the alkalinity and supersaturation (Ajikumar et al, 2005). However,
calcium carbonate (CaC0O3) has a lower solubility product constant,
it may be easily precipitated in forms of either calcite (pKsp = 8.48),
aragonite (pKsp = 8.34) or vaterite (pKsp = 791).

Instead of hydroxylapatite, magnesium phosphate compounds
alongside struvite may be also formed with the variable of Mg?*/
Ca?*/HCO 5 ratios in the solution, leading to retardation of the
crystallization of hydroxylapatite (Le Corre et al, 2005; Liu and
Wang, 2019). This is because the Ca-ion may control struvite for-
mation in the solution, whereas the phosphate ions would compete
or interfere with the crystallization of struvite. Moreover, carbonate
ion available in the solution makes the hindrance of struvite pre-
cipitation and eventual changes in the characteristics of its crystal.
Correspondingly, the concentration of phosphate, magnesium and
calcium ions together with pH solution can play key role in the
precipitation of magnesium and calcium phosphate, which influ-
ence the purity of the struvite product (Hii et al., 2014; Kofina et al.,
2007; Kofina and Koutsoukos, 2003; Stratful et al., 2001). Therefore,
an understanding of the controlled competitive ions in the hydro-
thermal solution is needed for achieving successful and economic
processes at a full-scale, pilot-scale and bench-scale constructed
wastewater treatment, in which the quality and quantity of struvite
product are primarily concerned.

Generally, struvite may be grown in various mother solutions
such as artificial urine, wastewater, and hydrothermal solution
(Bhuiyan et al, 2008; Bouropoulos and Koutsoukos, 2000;
Capdevielle et al., 2013; Doyle and Parsons, 2002). Specifically,
the hydrothermal solution may contain hot waters in the temper-
ature range of 50-300 O¢, while processing parameters (e.g. su-
persaturation and concentration of chemical additives) are
determining factor for crystallization of struvite and other
phosphate-bearing minerals (Munir et al, 2017; Tansel et al., 2018).
Accordingly, Ca®>* and HCO3 ions available in the hydrothermal
solution may affect the nucleation and crystal growth of struvite (Le
Corre et al., 2005; Korchef et al., 2011).

Much study has been undertaken to investigate different
properties of struvite derived from a variant solution composition,
however, only limited data on the mineralogical compositions of
the struvite-mediated hydrothermal solution can be found in the
literature, while the effects of Ca®>* and HCO3 ions and temperature
on the crystallization of struvite in the hydrothermal solution have
been not analyzed in depth. Here the chemical equilibrium
modeling and material characterization experiments are required
for providing complete data of the phase compositions of the
product derived from the hydrothermal solution (Lu et al, 2016;
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Bayuseno and Schmahl, 2018).

In the study, the struvite-containing precipitates were produced
using a hydrothermal autoclave reactor of the MAP solution with
variable Mgz”taz*"HCO‘g-ratios and pH, while the resulting pre-
cipitates were then examined in terms of purity and morphology of
the crystals. The objective of the study was to design synthetic
wastewater and evaluate the effects of Ca>*/HCO~5 on character-
istics of hydrothermal precipitates based on the chemical modeling
analysis and material characterization experiments. Together with
X-ray powder diffraction (XRPD) and SEM analysis, scientific
knowledge of struvite crystallization by the hydrothermal method
will get insight into the effective treatment of wastewater for re-
covery of phosphate resource.

2. Materials and method
2.1. The prepared hydrothermal solution

A batch of hydrothermal experiments on struvite crystallization
was carried out on the MAP solution prepared by the powders of
magnesium chloride (0.025 M Mg(3z) and ammonium phosphate
(0.025 M NH4HzP04) with the analytical grade of the chemical
product (VWR Chemicals, Germany). Each powder was initially
diluted with water into a glass beaker (500 ml volume), on which
each resulting solution was then mixed in the glass beaker placed
on a magnetic stirrer to produce stock MAP solutions with the
molar ratio of 1:1:1. Moreover, powders of CaCl;-2H,0 (Sigma-
Aldrich) and KHCO3 (Merk-Darmstadt) were added to the stock
solution in order to provide molar ratios (1:1:1; 2:1:1 and 1:2:2) of
Mg?*/Ca®*/HCO 3. A solution of 50% w/w KOH (Merck) was pre-
pared and used to adjust the pH solution (9 and 10) during stirring
at 60 rpm with the magnetic stirrer for 20 min until a white
colloidal suspension was obtained. Moreover, a Teflon lined hy-
drothermal synthesis reactor with 50 ml capacity was filled by 80%
of the total volume of the reactor with the precursor suspension.
Heating of the reactor was performed in an electrical furnace to the
desired temperature of 120 °C for 24 h. In this condition, the gen-
eration of autogenous pressure occurred within the autoclave-
closed reactor, in which water evaporation could be avoided lead-
ing to bicarbonate keep at the same concentration in the solution.
Hydrothermal process may also involve the carbonization of the
solution, yielding the stabilized solid product, thereby acting as a
final treatment step for the slurry disposal. After heating to the
required time, the autoclave was slowly cooled within the furnace
to room temperature. The reactor was then opened, while the ob-
tained precipitates were withdrawn by filtering using a 0.22 pm
filter paper (Wattman) and followed by washing several times with
aquades for removing salt and the precipitating solid was then
dried in a desiccator at room temperature for at least 24 h.

In this study, the experimental work was designed on a direct
alkaline hydrothermal activation, in which KOH was added in the
prepared hydrothermal solution in a closed autoclave reactor and
heated at fixed temperature and time. Alkali metal hydroxide so-
lutions were employed to activate the hydrothermal reactions
because it has been shown to be effective in the struvite crystalli-
zation (Bayuseno and Schmahl, 2018). At the temperature of 120 °C,
heating of the mixtures undertaken in the sealed conditions may
yield most of the ammonia, if not all, was transformed into NH3
species resulting from dissolution. However, the closed system of
hydrothermal reactor can avoid NHZ volatilization. Further hydro-
thermal condition at 120 °C provided the orthophosphate activity
increasing in the excess water, implying that minerals other than
struvite may be developed (Stum and Morgan, 1970).

Additionally, the heating rate of the hydrothermal reactor has a
substantial role in the performances of struvite production. A

literature review on each of the phosphate minerals provided a
possibility of minerals formed in the period of time, while subse-
quent mineral stabilities could be influenced by the rate of heating
and cooling of the reactor (Bhuiyan et al, 2008; Kontrec et al,
2005). For instance, struvite and dittmarite can be crystallized in
a short period of time, and subsequent decomposition of those
minerals may result from the slow hydration in the solution
(Montes et al., 2009). Hydroxyapatite might be also formed from a
hydrothermal synthesis of transforming slurries, solutions or gels
under mild reaction conditions typically below 350 °C. Corre-
spondingly the thermal stability, phase transition and decomposi-
tion of the products from the hydrothermal system would provide a
better knowledge for engineering of struvite crystals and effects of
reaction conditions on crystal quality.

2.2, Material characterization of the hydrothermal product

For the XRPD measurement, a sample holder with capillary glass
tube (diameter = 0.5 mm] was filled-up by the dried powder and
then exposed to an x-ray beam on an STOE-diffractometer (Ger-
many) in transmission (Debye-Scherrer) geometry. The XRPD data
were analyzed for phase identification by a search-match program
using the MATCH software. Furthermore, the phase compositions
of the hydrothermal product was determined by the Rietveld
method with the Program Fullprof-2k, version 3.30 (Rodriguez
Carvajal, 2005). The Rietveld refinement program used the crystal
structure model obtaining from the referenced crystal structure
model (American mineralogist of crystal structure database
-AMCSD) ( Downs and Hall-Wallace, 2003).

So far the use of the conventional XRD method has a restriction
in that some X-ray diffraction peaks in the diffractogram of multiple
mineral phases having significant overlapped peaks could not be
accurately identified. However, the drawbacks of superimposed
peaks in traditional XRD analysis could be solved by the application
of the Rietveld full profile fitting analysis (Rietveld, 1969; Mahieux
et al., 2010; Perwitasari et al., 2017, Winburn et al., 2000). The
Rietveld method was chosen in the study because: (i) quantitative
data for major-minor phases were required, (ii) significant (some-
times total ) overlapping peaks were found in samples, and (iii) best
confidence in the reliability of result was needed. Here the Rietveld
method relies on well known-crystal structure database for phases
of natural and synthetic materials. In particular, high-resolution
powder diffraction using a Debye-Scherrer transmission geometry
was selected to provide better analytical XRD data for avoiding the
generation of preferred orientation on the crystalline samples of
the hydrothermal product.

The calculation for the contents of various minerals was per-
formed using the refined scale factor of the Rietveld method using
the Full-prof software to provide the relative weighted fractions of
each mineral composition. In this method, the amounts of all
phases present in the sample could be quantified simultaneously.
The phase quantification procedure involved the identification of
major and minor phases. Correspondingly total of (wt.%) the rela-
tive weighted fractions of the crystalline phases would be 100%.

Further dried powder samples were investigated by SEM tech-
nique for the crystal morphology identification. In this manner, the
samples were placed on the Al-stubs using double-sided conduc-
tive tapes, and the powder surface was coated with carbon.

2.3, Chemical equilibrium modeling of minerals

The hydrothermal process of the synthetic solution may pro-
duce the particular minerals (e.g. struvite and hydroxyapatite),
which could be simulated under varying Mg?+/Ca®*/HCO™ 3 ratios
by the AQION software program (version 3.0). AQION is a free
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hydrochemistry and water analysis software that can be used for
validating aqueous solutions such as charge balance and (Electrical
Conductivity) EC, calculating pH (acid-base reactions, addition of
chemicals). This program uses the well-known US.GS. software
PhreeqC as an internal numerical solver (Parkhurst and Appelo,
1999). This software can connect the gap between scientific soft-
ware and the calculation/handling of “simple” water-related tasks
in daily routine practice.

In this way, the ionic strength calculation used the Davies ac-
tivity coefficient approximation. Subsequently, the saturation index
(SI) of each mineral was determined based on the calculation of
software as:

SI = log (IAP/Ksp) (3)

Where [AP is the ion activity product and Ksp is the solubility
product of MAP. In this calculation, an unsaturated condition occurs
if SI = 0, on which there is no precipitation of minerals from the
solution. Conversely, the spontaneous mineral precipitation would
occur if the Sl value is more than 0. In this study, the Sl calculation
for potential minerals precipitated from the hydrothermal solution
is listed in Table 1. Further relative supersaturation was calculated
using the speciation program of AQION. The AQION program has
inbuilt solubility products for various relevant minerals and addi-
tional mineral constants (solubility products) used for the equi-
librium calculation (Table 2). The solution pH was varied for
different simulations at a constant temperature. Chlorine or sodium
ion concentration was also allowed to vary to balance the charge of
the solution. Here, pH values (9 and 10) and temperature of 120 °C
were selected as the input parameters.

In general, struvite can favourably precipitate from high pH
values (basic) and temperatures in various mother solutions (arti-
ficial urine or in artificial wastewater) (Bouropoulos and
Koutsoulkos, 2000; Doyle and Parsons, 2002). In particular, hydro-
thermal treatment of wastewater can effectively transport nutrient
components in sewage sludge into the liquid product. Thus the
hydrothermal method was adopted in this experimental study
because of having great potential in the development of
morphology-controlled nanomaterials for P recovery from the

Table 1
The chemical composition of the hydmothermal solution.

solution. Also, the method operates at low temperatures in the one-
step process, thereby consuming the low energy. Practically, the
advantages of the method can reduce environmental impact, pro-
duce versatility of many new minerals in any shape and size
(Reifmann et al., 2018). Here, the choice of parameter ranges (pH
value and temperature) was guided by the outcome of the previous
hydrothermal experiments (Bayuseno and Schmahl, 2018) and this
condition was considered still realistic for an economically feasible
process of wastewater in struvite.

3. Results and discussion
3.1. Prediction for minerals formed in hydrothermal solution

Minerals precipitated from the hydrothermal solution could be
predicted using the SI values, that are calculated by the AQION
software based on the input data of Table 1. The calculated Sl values
in the program for providing the possibility of the mineral pre-
cipitation are then presented in Table 2. Correspondingly, minerals
are likely to precipitate during the hydrothermal reaction relating
to a positive Sl value. In the varying pH solution examined in the
study, struvite crystallization occurred depending on the variable
MAP ratio, and also may be affected by the variation 0fMg2+f[Ca2+fI
HCO™ 3 ratios {Bouropoulos and Koutsoukos, 2000; Ohlinger et al,,
2000 Bouropoulos and Koutsoukos, 2000; Ohlinger et al., 2000).
Accordingly, in the absence of Ca?* and HCO ™5, struvite crystalli-
zation is preferable in the hydrothermal solution with the MAP
molar ratio of 1: 1: 1 at the working temperature of 120 °C and pH
solution of 9 and 10. In addition to struvite, the two main magne-
sium phosphate compounds (i.e. bobierrite and cattite) may pre-
cipitate during the hydrothermal process. However, the possibility
of those mineral formations depends on the hydrothermal oper-
ating conditions (Bayuseno and Schmahl, 2019). In some cases,
bobierrite and cattite may precipitate very slowly, since their
crystallization processes take time, therefore, they may be not
formed in a hydrothermal process observed in the study (Mamais
et al, 2012). Moreover, brucite [Mg(OH);] may be precipitated at
a high pH solution (>9.5) (Musvoto et al., 2000a).

Further, pH solution of 9 and 10, and the presence of Ca?* and

No lon Mg:NH4: PO, (1:1:1) (mgfl) Mg: Ca: HCO; (1:1:1) (mgfl) Mg: Ca: HCOq (2:1:1) (mg/(l) Mg: Ca: HCO5 (1:2:2) (mg/l)
1. Mg 6076 607.6 1215.2 607.6
2 NH, 4509 450.9 450.9 450.9
3. POy 2374 2374 2374 2374
4. K 1742 1839.7 1839.7 1937.1
5. Ca 1002 1002 2004
6. cl 17726 17726 3545.2 17726
7. HCO, 15524.2 155242 310484
Table 2

Mineral species with calculated 51 of the hydrothermal solution.

Mineral species Chemical Formula 81 = 1 MAP ratio of 1:1:1

Mg:Ca: CO;5 ratio of Mg:Ca:CO4 ratio of Mg:Ca:C04 ratio of

1:1:1 2:111 1:2:2

pH 9 pH 10 pH9 pH 10 pH9 pH 10 pH 9 pH 10
Bobierrite Mgs(PO4);-8H,0 5.55 577 858 819 7.037 6.660 711 8.06
Brucite Mg(OH)z 6.86 732 514 6.29 7.210 7.830 7.08 6.38
Calcite CaC04 3.46 3.73 3.467 3.368 3.98 3.98
Cattiite Mg3(P04)2+22H,0 3.38 335 614 571 4.496 4.036 4.55 5.55
Dolomite CaMg(CO5)z 638 7.74 7.481 7.232 8.27 8.46
Hydroxyapatite Cas(PO4):0H 19.24 2424 2223 2433 25.49 25.62
Magnesite MgCOo3 286 42 3.870 3.814 424 443
Struvite MgNH,4PO,-6H;0 3.15 an 016 218 1.129 0.613 1.23 2.06
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HCO™ 3 promoted the growth of hydroxylapatite and calcite, which
possibly precipitate with struvite. Calcite is the more stable phase
at room temperature, which favorable precipitate in alkaline en-
vironments. However, Mg2+, phosphate, and dissolved organics
present in the solution may control the calcium carbonate precip-
itation (Musvoto et al, 2000a). Therefore, magnesite (MgCO3)
possibly form in a pH range of less than 10.7, and, its formation may
occur in the hydrothermal solution (Musvoto et al, 2000b). Also,
dolomite and brucite may be found as a precipitate at high pH
(>9.5) (Musvoto et al., 2000b).

Among different calcium phosphate compounds, hydroxyapa-
tite may be formed, while amorphous calcium phosphate (ACP,
Caz(P04 )z(xH20) may be formed during hydrothermal process and
then possibly decomposed to hydroxyapatite (Abbona et al, 1986).
Additionally, bobierrite and cattiite are suggested to precipitate in
the supersaturated solution containing Ca®>* and HCO—; ions
(Bouropoulos and Koutsoukos, 2000; Ohlinger et al., 2000}. The SI
calculation results of the calcium-carbonate containing hydro-
thermal solution would be judged by the XRPD Rietveld method for
qualitative and quantitative phase compositions of the hydrother-
mal products.

3.2. Quality of the hydrothermal product

Dry precipitates resulted from the hydrothermally-generated
solution in the absence of Ca®>* and HCO; ions were evaluated
by a qualitative XRPD method. In this way, search-matched by
XRPD patterns was done with the mineral database from the
standard powder diffraction database (PDF) of the International
Centre for Diffraction Data (ICDD) (PDF-2, ICDD-Release, 2008).
Here, dittmarite (PDF#36—1491) and struvite (PDF#71—-2089) were
matched with the database in addition to sylvite (PDF#73—-0380).
On the basis phase identification results, the Rietveld refinement of
the XRPD data confirmed that struvite and dittmarite were
precipitated by the hydrothermal process at the temperature of 120
OC and pH of 9, while sylvite was found possibly during drying the
sample (Fig. 1a). It shows that the Rietveld refinement has a good
agreement between the observed (Yobs) and calculated diffraction
patterns (Ycalc) which indicates the high quality of phase identi-

also close to 1, therefore phase composition analysis in the pre-
cipitates was deemed to be acceptable quality.

Fig. 1b shows XRPD outcomes of hydrothermal synthesis at
varying pH of 9 and 10. Dittmarite, struvite, and sylvite represent
the hydrothermal product precipitated at a temperature of 120 oc.
The outcome of synthetic lab-made hydrothermal minerals could
be considered quite accurate, since dittmarite, struvite and sylvite
peaks have been judged by the Rietveld method close in agreement
with the literature data (Bayuseno and Schmahl, 2018). In this case,
the precipitation of dittmarite could not be presented in the AQION
program, but the finding could be confirmed by XRPD method. The
reason reflects the solubility of dittmarite closed to the struvite
(Bhuiyan et al, 2008; Doyle et al., 2002). Dittmarite may be formed
due to the orthophosphate activity increased in the excess water
(Bhuiyan et al., 2008}, which also depends on the operating con-
dition and subsequent cooling to room temperature (Bayuseno and
Schmahl, 2018).

Further investigation of the sample precipitated at pH 10 pro-
vided no difference in mineralogy phase composition. Here, stru-
vite and dittmarite crystals were still observed, while pH and
temperature are not significant parameters controlling the quality
of the hydrothermal product (Bhuiyan et al., 2008; Musvoto et al,
2000Db). The previous study identified the mechanisms via super-
saturation and ammeonia activity in the solution, which struvite
precipitated and subsequent partially transformed into dittmarite
after heating the hydrothermal reactor containing solution with pH
9 and 10 at 120 °C (Bayuseno and Schmahl, 2018). Additionally, a
few crystals such as bobierrite and cattiite could not be detected by
the XRPD method, although they may be formed in this range pH as
suggested by the AQION program. The reason for not-finding for
those minerals is linked to their crystallization time as supposed to
happen in the order of days or months (Musvoto et al, 2000b).
Likewise, the kinetics of any crystal growth could not be predicted
by the AQION program.

Furthermore, XRPD analysis of the hydrothermal product
showed patterns with the broadening of peak size and background
noise were observed from the precipitates with the Mg?*/Ca®*/
HCO ™5 ratio of 1:1:1 (Fig. 2a). Results indicated that a glassy phase
formed in the samples in addition to the microcrystalline phases.

fication. The obtained value for a GOF (goodness of fit) of 1.215 is Though the Rietveld refinement had some difficulties on
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Fig. 1. a) XRPD Rietveld refinement plot of the hydrothermal product at pH 9 with MAP ratio of 1:1; 1, b) XRPD patterns of the samples precipitated at varying pH of 9 and 10. Notes:

dittmarite (D), struvite (5) and sylvite (Sy), respectively.
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Fig. 2. a) XRFD Rietveld refinement plot of the hydrothermal product in the presence of Caand HCOs; b) XRPD pattern of the samples precipitated from the hydrothermal solution
with ionic molar ratio of Mg, Ca and HCO; (1:1:1) and different pH of 9 and 10. Notes: calcite {C); dolomite (D); hydroxyapatite (HA); struvite (S); sylvite (Sy); Mg-whitlockite (Wt],

respectively.

determination of profile and background functions, calcite (C),
dolomite (D), hydroxyapatite (HA); struvite (S); sylvite (Sy) and
Mg-whitlockite (Wt) [CagMg( PO4)6P030H] were confirmed to form
at pH 9.0 and 10. Apparently, both hydroxyapatite and Mg-
whitlockite formed to be related by the binding of their consti-
tuting ions, in which magnesium may render hydroxyapatite
originating from amorphous calcium phosphate (Liu and Wang,
2019).

Correspondingly, all XRPD Rietveld refinements were consid-
ered to be acceptable quality, on which there was in a close
agreement between the observed (Yobs) and the calculated (Ycalc)
intensities. Obviously, the presence of Ca?* and HCO 3 ions was
significant to affect all diffraction peaks of phosphorus in the XRPD
spectra (Le Corre et al,, 2005). Consequently, the formation of other
crystalline phases leads the overlapped peaks in the XRPD patterns
(Fig. 2b), while the peak intensity of struvite was shown to reduce.

At Mg2*/Ca®t[HCO~; mole ratio of 2:1:1 and pH of 9, the hy-
drothermal products are composed of calcite, hydroxyapatite,
struvite, and sylvite, which can be observed by the plot of the XRPD
refinement outcome (Fig. 3a). Similar to pH 10, the hydrothermal
product consisted of XRPD profile peaks that correspond with the
standard profile pattern for calcite, hydroxyapatite, struvite, and
sylvite (Fig. 3b). In the presence of Ca>* and HCO 5 ions, calcite can
be obviously formed in the product, while hydroxyapatite can
precipitate at pH 9 and above. Apparently, struvite precipitation
was hindered by the development of hydroxyapatite depending on
the Mg?*/Ca?*/HCO~3 mole ratio (Yan and Shih, 2016).

Subsequent struvite crystallization was examined by XRPD
Rietveld analysis on the samples precipitated at a pH of 9 and 10
with the Mg2+/taz+/HC0‘3 ratio of 1:2:2 (Fig. 4). The XRPD Riet-
veld analysis of the sample precipitated at pH 9 indicated that there
was no struvite formed and replaced by precipitation of
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Fig. 3. a) XRPD Rietveld refinement plot of hydrothermal product in the presence of Ca and HCO5 at pH 9; b) XRPD pattem of the samples precipitated from the hydrothermal
solution with ionic molar ratio of Mg, Ca and HCO5 (2:1:1) and different pH of 9 and 10. Notes: calcite (C); hydroxyapatite (HA); struvite (S): sylvite (Sy), respectively.
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Fig. 4. a) XRPD Rietveld refinement plot of hydrothermal product in the presence of Ca and HCO4: b) XRPD pattem of the samples precipitated from the hydrothermal solution with
ionic molar ratio of Mg, Ga and HCO; (1:2:2) and different pH of 9 and 10. Notes: calcite (C): hydroxyapatite (HA): struvite (S); sylvite (Sy): Mz-whitlockite (W), respectively.

hydroxyapatite and Mg-whitlodkite (Fig. 4a). These results are
consistent with the finding of the Ca2+/Mg2+ ratio of 2:1 as the
most favorable environment for calcium phosphate compounds
crystallization under this hydrothermal condition (Liu and Wang,
2019; Yan and Shih, 2016). When the pH is higher than 9.0, only
hydroxyapatite was precipitated from the hydrothermal solution.
In addition to interference from Ca2+ and HCO-3 ions, calcite
formed and controlled struvite formation at pH 10. Correspond-
ingly, the XRPD intensity peak was observed to have a larger HA
peak characterized by a larger peak situated at 26 of 14.446°.
Further, morphology evaluation on the quality of struvite
formed from the hydrothermal process was performed by scanning
electron microscopes (SEM). The SEM images of the morphology of
the sample obtained from the hydrothermal solution of pH 9and 10
are given in Fig. 5. A typical irregular prismatic shaped morphology
of struvite could be observed in the samples (Fig. 5a, c), similar to
the previous encounter of struvite morphology precipitated at the
solution pH range of 7-11 (Bayuseno and Schmahl, 2018;
Bouropoulos and Koutsoukos, 2000; Ohlinger et al., 2000). More-
over, SEM analysis supported the results of the XRPD Rietveld
method that the crystallization of struvite and dittmarite was
subsequently influenced by the presence of Ca?* and HCO 3 ions. In
the absence of those ions in the solution, the regular shape of the
struvite morphology could be distinguished but covered by a pre-
cipitate (Fig. 5a, c). However, the hydrothermal product obtained at
the ratio of Mg?*/Ca®* of 1:1, showing the small crystals that were
associated with a larger plate-like crystal (Fig. 5b, d). This result
supported the hypothesis that the crystallization of struvite is
inhibited, instead yielding to the formation of an amorphous phase,
probably the calcium phosphate compound. Moreover, another
phase could be developed with struvite, hence resulting in a change
of morphology. Likewise, for experiments undertaken with varying
molar Mg?*/Ca®* ratio, though not shown in this paper, the
morphology including size and shape of struvite changed as more
molar Mg?*[Ca®* ratio available in the solution to form large crystal
aggregates surrounded by the small microcrystalline. Also, pH was
not significantly influencing the change of morphologies. All of the
products obtained from the hydrothermal solution with the vari-
able of Mg2+/taz+/HCO‘3 have irregular shape morphology with

small size (<5 pm) (see-Figure 5b, d).

3.3. Impacts of calcium and carbonate ions on quantity of the
hydrothermal product

Whereas morphology and purity are important parameters for
struvite recovery of the hydrothermal process, the quantity of the
mineral product can be considered as an indicator of the economic
viability of the hydrothermal process. In the study, the phase
compositions of the hydrothermal products were analyzed by
quantitative Rietveld method. The XRPD phase quantification re-
sults in the precipitates at varying Mg2+/taz+/HCO‘3 molar ratios
of the hydrothermal solution are presented in Table 3 including the
solubility product constants of all minerals. However, the solubility
product constant for dittmarite is not available in the literature,
however, it was suggested that its value is close to that of struvite
(Bhuiyan et al, 2008). According to the constant values, most
minerals identified by the XRPD method were proposed to be
precipitated by the hydrothermal method observed during the
study, instead of sylvite which may be formed after drying the
samples.

Further content of struvite in the precipitates above 90 wt %
could be produced from the hydrothermal solution in the absence
of Ca?* and HCO™ ;-ions. However, its content reduced with a pH of
10. Accordingly, dittmarite has become a minor phase instead of
sylvite. When the ratios of Mg */Ca®* /HCO™ 5 were 1:1:1 or higher,
the precipitates contained struvite below 50 wt % or less. The
reason for the lower production of struvite is related to the pres-
ence of those competitive ions including pH solution (pH = 10).
Apparently, struvite production (wt. %) has a correlation of the
Mgz”taz*/HCO‘g molar ratios. As a significant concentration of
Mg2*/Ca®* JHCO™; ions existed in the solution, calcium ion may be
formed in hydroxyapatite and calcite crystals, while Mg-
whitlockite may be developed relating to the higher ratio of Ca®*/

Mg2* (2:1).
3.4. Significant outcomes of hydrothermal experiments

The laboratory experiments with varying Mg2+/Ca2+/HCO‘3




8 AP Bayuseno, WW. Schmahl / Chemosphere 250 {2020) 126245

Fig.5. SEM image of mormphology crystals precipitated from the hydrothermal solution
at a) pH of 9 in the absence of Ca and HCOs-ions; b pH of 9 with the molar Mg: Ca:
HCO5 0f 1:1:1; and ) pH 10 in the absence of Ca and HCOs-ions and d) pH 10 with the
molar Mg: Ca: HCO5 of 1:1:1 respectively.

molar ratios and pH solution of struvite precipitation at the batch
hydrothermal reactor have significant outcomes related to the
quality and quantity of struvite product. Although induced hydro-
thermal precipitation in the synthetic MAP solution could be
reached in the reasonable quantities (90 wt®%) of struvite, struvite
production was constrained by the existing of Caz+/HC0‘3 ions in
the hydrothermal solution, in which the struvite product rarely
exceeded 50 cwt. % after 1 h of experiments. Correspondingly, the
concentration of Ca>+ and PO* is higher than 0>~ and Mg>* in the
hydrothermal solution made some insoluble calcium phosphate
(e.g. hydroxyapatite and Mg-whitlockite) to precipitate (Ahn and
Speece, 2006). Comparing with data in the literature showed that
struvite and calcium phosphate compounds observed here can be
similar, while more crystalline phases than the amorphous phase
can be produced in the study (Liu and Wang, 2019).

In the present study, struvite purity, as presented XRPD phase
fraction, could be produced from the synthetic wastewater solu-
tion, whereas the real wastewater having varying chemical com-
positions that can make grown many minerals (e.g calcite,
hydroxyapatite, and dolomite) simultaneously during struvite
crystallization (Liu and Wang, 2019; Yan and Shih, 2016). Accord-
ingly, the presence of competitive ions (e.g. Ca’* and HCO™ 3-ions)
leads to a result in reducing struvite's purity with the growth of the
undesired minerals. For instance, the dairy wastewater has been
always rich in calcium, therefore the hydrothermal treatment of
this wastewater may produce more hydroxyapatite than struvite,
which has an impact on reducing the struvite product as a slow-
release phosphate fertilizer (Daneshgar et al., 2018). Additionally,
hydroxyapatite is not recommended for use as a fertilizer, because
it causes soil with a low phosphate activity and high salt
concentration.

Further significant results presented in the study related to
simulation on the biomineralization of carbonate and phosphate
using the hydrothermal solution with varying Mg?*/Ca®*/HCO 5
molar ratios. Hydroxyapatite, Mg-whitlockite, and struvite were
precipitated in variable proportions depending on variable Mg?*/
Ca’*/HCO"3 molar ratios of the medium. In particular, Meg-
whitlockite is a calcium orthophosphate crystal in which magne-
sium partly substitutes for calcium. Interestingly, Mg-whitlockite
constitutes a biomineral in living bone (Lagier and Baud, 2003},
whereas the synthesis of this single-phase mineral still remains a
challenge. Accordingly, biomineralization through the hydrother-
mal process of wastewater may produce carbonate and phosphate

Table 3
XRPD mineralogy of hydrothermal products.

Hydrothermal operating condition Mineral pH solution of 9 (wt. %) pH solution of 10 {wt. %) pKps

12024 h Struvite 91.83(0.13)" 88.48(0.22) 1317

MAP ratio of (1:1:1) Dittmarite 447 (0.42) 0.96 (0.54) nfa
Sylvite 3.70 (0.36) 1.56(0.17) 0.85

12024 h Struvite 164 (0.14) 12.64 (0.68) 1317

Mg:Ca:HCO; ratio of (1:1:1) Hydroxyapatite 1426 (0.62) 76.34(073) 5445
Mg-whitlockite 26.50 (0.90) 6.67 (0.52) 2888
Dolomite 5672 (0.17) 0.90(021) 17.09
Calcite 065 (0.09) 3.16(09) 8.48
Sylvite 023 (0.04) 0.29 (0.09) 0.85

12024 h

Mg:Ca:HCO, ratio Struvite 1094 (0.15) 1317

(2:1:1) Hydroxyapatite 61.92 (0.29) 63.11(0.14) 5445
Calcite 2209 (0.37) 21.75(0.73) 8.48
Sylvite 505 (0.11) 15.13(0.49) 0.85

Mg:Ca:HCO; ratio (1:2:2) Mg-whitlockite 48.10 (0.20) 2888
Hydroxyapatite 3754 (0.61) 81.69(0.71) 5445
Calcite 5.84(0.21) 18.31(0.21) 8.48
Sylvite 852(0.43) 0.85

* Mumber in the bracket represents the standard deviation of the value. nfa = not available.
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minerals, which require control of ionic composition and concen-
tration of the solution (Li et al., 2009, 2017). It has demonstrated
during the study that achievement for pure struvite precipitation
relates to initial concentrations of MAP components, pH value and
in the absence of the competitive ions (e.g. Ca and HCO3-ions).
Subsequent adding of the inorganic components (eg
Mg2*/Ca?*/HCO3) made the hydrothermal solution changed into
typical for the wastewater of the Ca—P0O, system tending to the
crystallization of the calcium phosphates (e.g. hydroxyapatite, Mg-
whitlockite). The increasing pH values lead to the biomineralization
process of calcium phosphates (Liu and Wang, 2019; Yan and Shih,
2016). Therefore the control strategy of Ca**'HCO 3 ions present in
the MAP solution through proposed different steps of wastewater
treatment should be adopted for producing a minimum level of
these ions which insignificant influence on the struvite crystalli-
zation (Liu and Wang, 2019).

Regarding whitlockite versus hydroxyapatite, only a few studies
can be found in the literature, in that evolution of those minerals
could be linked to a living process in biology and pathology (Lagier
and Baud, 2003). It was suggested that whitlockite and hydroxy-
apatite could be formed together in an aqueous system at a tem-
perature compatible with biological conditions. Therefore, they
may be formed in the hydrothermal condition (Li et al,, 2017). In
this study, hydrothermal synthesis of the MAP solution with vary-
ing Mg?*/Ca®>*/HCO~; molar ratios at 120 °C provided direct
experimental evidence of whitlockite and hydroxyapatite formed
in the precipitating products, as the finding was confirmed by XRD
Rietveld method in agreement with the crystal structure database
(Downs and Hall-Wallace, 2003 ). 5till, much work need to be done
for finding a crystallization mechanism of those minerals.

4. Conclusion

The impact of variable MgZ*/Ca?*/HCO—; molar ratios on the
hydrothermal crystallization of struvite has been examined by
XRPD and SEM analysis. In the absence of these ions, the hydro-
thermal solution yielded struvite and dittmarite crystals at pH
values (9 and 10) and the constant temperature of 120 °C. However,
the struvite crystallization has been hindered by the presence of
competing ions {Mg“fCaZWHCO‘;) yielding to a lower proportion
of struvite. Correspondingly, the formation of an amorphous sub-
stance and other crystalline phases (e.q. calcite, hydroxyapatite,
and Mg-whitlockite) occurred in the hydrothermal solution,
depending on varying Mg?*/Ca?/HCO 5 molar ratios and pH. The
results revealed the low proportion of struvite for experiments
with Mg2+/Ca?+*/HCO3 molar ratios may be a limitation of the
struvite tendency for phosphate recovery.
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