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ABSTRACT

Precipitation strategy of struvite-family crystals is presented in this paper to recover phosphate and
potassium from a synthetic wastewater in the presence of citric acid at elevated temperature. The
crystal-forming solutions were prepared from crystals of MgCl, and NH4H,PO, with a molar ratio of
1:1:1 for Mg*z, NH;{, and POf, and the citric acid (C;HgO) was prepared (1.00 and 20.00 ppm) from
citric acid crystals. The Rietveld analysis of X-ray powder diffraction pattern confirmed a mixed
product of struvite, struvite-(K), and newberyite crystallized at 30°C in the absence of citric acid.
In the presence of citric acid at 30° and 40°C, an abundance of struvite and struvite-(K) were
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observed. A minute impurity of sylvite and potassium peroxide was unexpectedly found in
certain precipitates. The crystal solids have irregular flake-shaped morphology, as shown by
scanning electron microscopy micrograph. All parameters (citric acid, temperature, pH, Mg/P,
and N/P) were deliberately arranged to control struvite-family crystals precipitation.

1. Introduction

Precipitation of phosphate minerals, namely struvite
(MgNH4PO4-6H,0), occurs commonly in process pipes,
pumps, and other industrial equipment [1,2]. This occur-
rence could lead to significant problems, as the mineral
may form scale deposit and thus blocking the pipes. In
contrast, engineered struvite precipitation could be
carried out to the phosphate and ammonium com-
pounds from effluent of urban wastewaters, liquid
manure, and industrial organic waste streams [3]. The
resulted struvite crystals may be used as either fertilizer
or raw material for the production of phosphorus, and
therefore the struvite precipitation is now becoming
economically interesting [1].

Extensive research on struvite precipitation has been
conducted with the aim at inhibiting scaling problems
of pipelines including precipitation in tanks [2]. All
reviews conducted so far have been focused on: (i) stru-
vite solubility product of crystal dissolution patterns of
both pure water and water solutions at controlled labora-
tory conditions [4]; (ii) understanding of the spontaneous
struvite precipitation conditions based on the thermo-
dynamic modeling of wastewater [5]; and (iii) modeling
of struvite precipitation conditions for minimum struvite
solubility by an approach of the pH solution [1]. Struvite
crystals are generally made up of 9.8 wt% magnesium,

7.3 wt.% ammonium, 38.8 wt.% phosphate, and 44.1%
water and organic compounds [1]. Struvite usually pre-
cipitates as stable white orthorhombic crystals according
to the following equation (with n=0, 1, and 2) [1]:

Mg** + NH; + H,PO] 3 + 6H,0
— MgNH,PO, - 6(H,0) + nH*. (1)

Struvite is only slightly soluble in water, but its solubility
may be greatly enhanced in dilute acidic solutions [6].
Because it has low solubility in alkaline solution, the reac-
tion solution may exhibit struvite precipitation. Moreover,
factors controlling struvite crystallization in a piping
system may include surface roughness of interior pipes.
For example, slower precipitation of struvite may be
found in the polyvinyl chloride (PVC), polyethylene plastic
pipes, and PVC fittings, but higher, increasing struvite for-
mation may take place in metal pipes [7]. Struvite precipi-
tation may be influenced by an increase in energy caused
by vibration or turbulent flow [3] and increasing pH from
the released CO; as a result of pressure drop in pipes [8].
Further formation and crystal growth of struvite may
be controlled by eliminating the driving force of the reac-
tion or restricting the access of ionic species to the
growing face of crystals. To some extent, struvite precipi-
tation in the supersaturated solution can be adjusted by
additives, which eventually control the characteristics of
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the precipitating solid [5,9]. The presence of impurities
may affect the growth rate of crystals by either blocking
the active growth sites or incorporating into the crystal
lattices. The blocking would result in the reduction of
the growth of a particular crystal face relative to other
faces. Meanwhile, the incorporation of the impurities
into the crystal lattice may bring about distortion of
the crystal shape [1,10]. Many foreign ions and com-
pounds, including potassium, chloride, calcium, carbon-
ates, copper, and zinc have been found to disturb
crystal growth of struvite [11,12]. These ions may be
absorbed on crystal surfaces and hence retarding stru-
vite formation.

Struvite precipitated in the presence of foreign ions
has gained great interest as a route to phosphorus recov-
ery [1,8,13]. Due to the complexity and variety of miner-
alization processes, there are likely mineralogical
differences in crystal growth by different foreign ions.
However, only limited studies to date have focused on
characterizing these similarities and differences. Efforts
to investigate the long-term mineral stability process
involved in these complex, in homogeneous, non-equili-
brium systems require a complete chemical and minera-
logical characterization (qualitative and quantitative) of
precipitates [14,15]. Additionally, the quantitative miner-
alogical characterization is required for an efficient
quality control in such variety of morphologies and
purity of struvite crystals. These characterization results
also offer significant insights into the ways for crystal
growth at diverse natural and laboratory conditions [16].

The present work was undertaken to access the
benefits of precipitation method on phosphate and pot-
assium recovery from synthetic wastewater. The empha-
sis of this study was to explore the effects of organic
acids as additives on the struvite-family crystals nuclea-
tion and growth, and discuss their impact on the
quality of the recovered crystals. The degree of crystalli-
nity and quantity of mineral products was analyzed by
the Rietveld refinement method of the X-ray powder dif-
fraction (XRPD). Scanning electron microscopy (SEM)
equipped by energy dispersive X-ray analysis (EDX) was
used to investigate the morphology and elemental
analysis of the products. The precipitation experiment
was done in a batch mode using a laboratory glass
beaker, equipped with paraphemalia as required.

2. Materials and methods
2.1. Batch-precipitation experiments

Analytical grade chemicals (Merck™) or their equivalent
were used without further purification. The stock sol-
utions for the experiment were made by separately
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dissolving predetermined amounts of crystals of MgCl,
and NH4H,PO, in double-distilled water to provide the
struvite components, that is, Mg®*, NH**, and PO,?,
respectively, at equimolar concentrations of 0.030 M.

In the present study, the magnesium concentrations
were set up to obtain Mg:N:P equal to 1:1:1 [17]. It is
very common that a low magnesium concentration rela-
tive to ammonia and phosphates is found in real waste-
waters and here magnesium is usually added to affect
the struvite crystallization process. In the present work,
MgCl, was selected as a magnesium source in view of
the result reported by Lee et al. [17], that is, due to its
high solubility.

To ensure that the dissolved CO, did not interfere
with the pH level of the precipitating solution, the
double-distilled water was previously boiled and sub-
sequently cooled for each solution preparation. The
initial pH of both solutions was adjusted to 9.00 by
drop-wise addition of 0.5 N KOH. It was important here
to use alkali pH adjustment for ease struvite precipi-
tation. The ions concentrations present in the prepared
solutions in addition to K due to KOH addition was pre-
sented in Table 1.

The effect of citric acid (at 0.00, 1.00, and 20.00 ppm)
on struvite precipitation was evaluated in this work. In
this case, crystals of citric acid were diluted and added
into MgCl, solution. Subsequently, equimolar solutions
of MgCl, and NH4H;PO, were separately prepared in
the glass beaker of 150 ml and each solution was then
heated up to the desired temperature of 30°C and 40°
C. The precipitation experiment was conducted by
mixing the two solutions in a glass beaker of 500 ml. It
was indicated that higher temperature of 40°C did not
seem to instigate the evaporation of the ammonia
(NH3) in the solution [18]. The beaker was fitted with
an agitator to provide stirring necessary for the hom-
ogenization of the solution. At the start of the run, the
beaker was agitated vigorously for 10 s to ensure fast
homogenization. Then, the stirring speed was reduced
to 200 rpm until the end of the run. The speed of
200 rpm was chosen as preliminary experiment indi-
cated that the speed could fully agitate the solution
without any settling, or otherwise breakage, of the crys-
tals formed.

The precipitation process was observed by continu-
ously measuring the change in the pH level of the sol-
ution [11]. The pH meter was calibrated using ISO

Table 1. The approximate composition of the synthetic
wastewater.

Parameter (molality) PO, NH; Mg K a
0.1829 03418 02040 02116 0.0964

Synthetic wastewater [mol/
ka]
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standard buffers before each experiment. Due to the
release of H" during precipitation (Equation (1)), the sol-
ution pH dropped continuously and started to tail off
after approximately 70 min. Trial runs have shown that
after 70 min the pH drop was negligible, hence it was
decided that the run was terminated in 90 min. To
assure repeatability, the experiments were performed
in duplicate and the average values obtained were
used. At the end of the precipitation run, the agitator
was switched off and the beaker was gently decanted
to quickly remove the precipitates. The recovered pre-
cipitates were then filtered and washed gently with dis-
tilled water, and subsequently air dried. The dried
precipitates were stored in vials for further analysis. The
washing procedure was somewhat offset by removing
the co-precipitates. However, it was envisaged that chlor-
ides and alkali ions were only chemical species that may
be removed from the solution residue during washing
[19], while struvite remained in the recovered products.

2.2. Chemical thermodynamic modeling

The Visual Minteq software program version 3.0 was
employed to calculate the solution equilibrium model
using the input data of ion concentrations in the syn-
thetic wastewater [20]. The Visual Minteq was selected
in the study to predict the mineral speciation formed
in the solution. The chemical composition of the syn-
thetic wastewater for the input of the program is given
in Table 1. The model of mineral species was sub-
sequently calculated by the program, using pH values
and temperatures of 30°C and 40°C as input parameter.
The mineral species predicted by the program were sub-
sequently confirmed by the XRPD Rietveld method.

2.3. Materials characterization

The characterization of the precipitated crystals was per-
formed through the XRPD method and SEM coupled
with an energy dispersive X-ray analysis (SEM-EDX).
The crystals obtained were ground with a pestle and
mortar to obtain powder with sizes <75 pum. The
ground powder was mounted in an aluminum sample
holder for XRPD analysis. A Philips PW 1710 Diffract-
ometer equipped with a Cu tube was applied for obtain-
ing the XRPD data. Phase identification was made with
(Powder Diffraction File) — PDF-2 Phillips software. Riet-
veld refinement of the XRPD data was carried out with
Program Fullprof-2k, version 3.30 [21]. The relevant
measured data used in the refinement are provided in
Table 2.

The specimen-dependent parameters refined were
(i) the 26 scale zero position, (i) the polynomial fitting

Table 2. Measured data from XRPD used for the rietveld
refinement.

Geometry Bragg-Brentano
Goniometer radius 240 mm

Radius source Cuky

Generator 40 kV, 30 mA

Tube Nermal focus 10 1 mm
Divergence and receiving slits 027

Soiler slits 53°

Resolving slit 100 mm

Monochromator Graphite (diffracted beam)

Detector Scintillation counter
The scan parameters and step size 5-90° 26 in 0.020" increments
Integration time 10s

for the background with six coefficients, (iii) the phase
scale factors,(iv) the cell parameters, (v) the peak asym-
metry and the peak shape functions, and (vi) the
atomic coordinates and anisotropic temperature
factors. The Fullprof fits the full-width at half-maximum
of XRPD peak profiles as a function of tan (8) using the
u—v-w formula of Caglioti et al. [22], while u, v, and w
were fixed to the values of the measured quartz. Pre-
ferred orientation of struvite was refined, while other
phases were assumed to be absent in the powder pre-
cipitate in all cases. The obtained values of the cell par-
ameters and the calculated weight% levels of
mineralogical phases and the crystal structure models
from which the full diffraction profiles are calculated by
the program [14]. The calculation methed is discussed
in detail elsewhere [16].

Furthermore, characterization of the samples was per-
formed to investigate the morphology, elemental com-
position and crystal phases. For this purpose, SEM
coupled with EDX and XRPD was utilized.

3. Results and discussion

3.1. Effects of the citric acid and temperature on
the crystal growth of struvite

Figure 1(a) shows the decrease in pH both in the absence
and in the presence of citric acid. As can be seen, pH
drops sharply for the first 5 min, followed by a steady
gradual reduction. Finally, the decrease tails off after
approximately 70 min. As reported by Babic-lvancic
et al. [23], such a plateau decrease of pH indicates that
struvite-family crystals (struvite and newberyite) may
be formed.

The evolution of H™ resulting from the precipitation
reaction (Equation (1)) may have over-ridden the
release of H™ due to hydrolysis of citric acid, since (as
common for organic acids) this acid is weak, that is,
with a very low K., In the both systems, the initial
drop of pH was followed by a plateau, suggesting the dis-
solution and crystal growth of one or more crystals at
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Figure 1. (a) Plot of pH reduction over time with and without additives at 30°C. (b) Curve fitting of the calculated [Mg?*] for the first-

order kinetic in the absence of additives.

approximately constant supersaturation. During the pre-
cipitation process, ions of Mg*?, NH;, and PO,> may
form chemical species such as NHj NH;, HiPO,,
H:PO,, HP():, MgOH*, MgNH4PO,, MgPO,, MgH2PO,,
and MgHPQ,4 and then control the pH level in agqueous
system [9,12,24].

Further knowledge on kinetics of the precipitation is
required for understanding the rates of struvite for-
mation. Struvite precipitation kinetics may follow two
major mechanisms: the nucleation and crystal growth
[10]. The rate at which struvite precipitates corresponds
to the interval of time required for the first particles to
grow, more commonly known as induction time. In the
present study, the growth rate of the crystals is not
defined as linear growth rate and therefore does not
have dimensions of length per unit time. Instead, the
growth is characterized by the increase of the crystal
mass, termed ‘overall growth rates’ and thus irrespective
of the growth of the crystal faces [25,p. 52]. As shown in
Equation (1), the precipitation of struvite liberates H at
the expense of Mg®*, and thus pH of the solution
decreases. Consequently, the precipitation rate can be
determined by calculating the increase in [H'] as mani-
fested by the pH decrease.

In this work, analysis of the crystallization process was
based on the measured pH data onto the calculation of
Mg?* reduction, as described previously by Muryanto
and Bayuseno [11]. From the previous observations, it
was evident that the intensity of drop in pH was associ-
ated to the initial concentration of magnesium in sol-
ution and was characteristic of the speed at which the
first crystals of struvite forms, thus to the rate of struvite

precipitation. Moreover, a relationship between pH and
Mg concentration against time can be used to predict
kinetics of struvite precipitation and determine rate con-
stants of struvite formation under specific condition of
precipitation.

The change in concentration of [Mg?*] over time and
the kinetic constants of struvite crystallization were cal-
culated using a proposed kinetic model as follows [11]:

In(C — Cog) = —kt + In(C — Cp),

where C=[Mg**] at any time t (molar).

Ceq=[Mg*"] at equilibrium (molar).

Co = initial [Mg?*] at time zero (t=0) (molar).

k =reaction rate constant (h™").

t = crystallization time (min).

Figure 1(b) presents the line of best fit for the typical
experimental run of initial 6 min in the absence of addi-
tive and temperature of 30°C. It is shown that the reac-
tion crystallization reasonably fits first-order kinetics
model with correlation coefficient, B2 of 0.9938. During
10-70 min, the reaction obeyed the first-order rate
kinetic model with a regression coefficient value of
0.9452. Additionally, two phases of the kinetic were con-
sidered here and the values of the reaction rate con-
stants in the presence of additives were similarly
calculated from the slopes of the straight lines, and the
values were listed in Table 3. It was observed from the
experimental runs at 30°C and in the absence of the addi-
tive, the lines confirm the first-order rate equation, in
which rate values of 1.776 and 6534 h™' agreed with
the results of previous studies [12,24,26]. However, a
low value of R* (0.8849 and 0.4286) for the first order
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Table 3. The first-order rate constants for struvite crystallization.
Intial period of 0-6 min

Period of 10-70 min

Regression equation Rate constant (h™") R? Regression equation Rate constant (h™") R*

200 rpm; T=30'C

Additive 0.00 (ppm) y=—0108% - 34611 6.534 0.9938 y=-0.0296x — 3.6465 1.776 0.9452
1.00 (ppm) y=—0.0931x — 3.4851 5.586 08849  y=—0.0269x - 3.6580 1.614 0.9611
20.00 (ppm) y=—0.1017x - 3.5420 6.102 0.4286 y=-0.0268x — 3.6028 1.608 0.9626
200 rpm; T=40°C

Additive 0.00 (ppm) y=-00861x - 31660 5.166 0.9922 y=-0.0283x - 3.2616 1.698 0.9656
1.00 (ppm) y=-00771x - 31016 4.626 07709  y=—0.0258x - 3.2268 1.548 0.9389
20.00 (ppm) ¥=—00783x - 30553 4,698 0.4286 y=-0.0222x — 3.2829 1332 0.9302

of the experimental run in the presence of additives (1
and 20 ppm) was observed at the initial 6 min. The
reason for this rather contradictory result may be due
to the agitation speed, which may have erroneously fluc-
tuated, hence bringing about uneven changes in pH. In
the presence of additives, the subsequent crystallization
process (10-70 min) still obeyed the first order of kinetic
with regression values of 0.9611 and 0.9626, respectively.
This indicates that the rate of reaction depended on the
presence of additives for change of Mg?" concentration
present in the solution.

Furthermore, the amount of additives and rate con-
stants was observed to be negatively correlated. This
result also agreed with previous finding on crystallization
reaction [27]. In this case, the additives added were
shown to retard the overall mass growth rate.
The decrease in reaction rates was manifested in the
reduction of crystal growth. Consequently, in the
period of 10-70 min, the maximum inhibition of crystal
growth can be calculated based on the different data
of between the highest (0 ppm) and the lowest rates
(20ppm) as follows: [(1.776-1.608)/1.776] x 100% =
9.4%.

The formation of struvite highly depends on the level
of supersaturation of the precipitating solution. Further-
more, the supersaturation level can be expressed in
terms of saturation index (Sl), which equals log [IAP/
Kl In this term, IAP represents the ion activity
product of struvite species, that is, Mg?", NH,, and
PO;—; whereas Kip, is the solubility product of struvite.
In the present study, the calculated Sls of the various
solid phases are presented in Table 4. Also, SI was used
to predict the saturation state of precipitating system.
If SI > 0, the solution is supersaturated and precipitation
may occur spontaneously; If Sl = 0, the solution is in equi-
librium; If Sl< 0, the solution is under saturated and no
precipitation may occur.

Minteq predicted that the Sl values for farringtonite,
newberyite, struvite, and struvite (K) were above zero
in the pH 9. Therefore, newberyite, struvite, and struvite
(K) were predicted to precipitate from the solution. In the
wastewater system, struvite can be formed at neutral and
higher pH, while newberyite precipitation occurs at

lower pH (pH < 6) [9,12,24]. Nevertheless, the crystalliza-
tion of farringtonite may take place in the order of days
[28]. Thus, this mineral was predicted to be absent in the
precipitate.

All other minerals [Mg(OH);, Mg,(OH);Cl-4H,0, peri-
clase, and sylvite] were undersaturated, consequently
they would not crystallize. Apparently, several processes
(nucleation, crystal growth, and dissolution of some min-
erals) were included in the calculation taking place sim-
ultaneously. The processes responsible for the specific
mineral formation may be unidentified in the present
work.

With increasing temperature to 40°C and in the
absence of citric acid, an immediate pronounced drop
of pH, from an initial value of 9 to approximately 8.90
< pH < 8.95 was observed, providing a fast precipitation
of 5 min (Figure 2{(a)). Then it was followed by a slight
and gradual decrease of pH and finally leveled off and
reach equilibium at pH 8.8. By adding 1.00 and
2000 ppm of citric acids, the precipitation time pro-
longed. Later, a gradual pH reduction over time was
shown for all systems and ended at 90 min. The
decreased pH appears as a consequence of the
precipitation of some minerals. During these precipi-
tation processes, the dissolution and crystal growth
of two or more struvite-family crystals may occur
simultaneously [23].

The typical reaction order for struvite crystallization in
the absence of citric acid at a temperature of 40°C is
shown in Figure 2(b). As can be seen in the initial
6 min, the reaction crystallization reasonably fits

Table 4. Mineral species predicted from the visual minteq model.

Solution at pH =9 Solution at pH=9

T=30C T=40C

Mineral species Log IAP Sl Log IAP S|

Sylvite —1.86 -2.76 —1.86 -2.76
Mg(OH) 16.47 -2.32 16.46 —234
Mg, (OH)yCl-4H,0 2283 -3.16 22.81 -3.19
Farringtonite -15.49 7.79 —15.48 7.81
Newberyite —15.98 219 -15.97 2
Periclase 16.47 —4.67 16.46 —3.86
Struvite -7.72 555 —7.86 541
Struvite (K) -7.73 2.89 -1.72 2.91
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Figure 2. (a) Plot of pH reduction over time with and without additives at 40°C. (b} Curve fitting of the calculated [Mgz"l for the first-

order kinetic in the absence of additives.

first-order kinetics model with correlation coefficient, R
of 0.9902. The low value result of regression coefficient
was also obtained from the typical reaction in the pres-
ence of additives (1 and 20 ppm). However, the best fit
of lines for the reaction was observed for all experimental
runs after 10 min (R = 0.9656, 0.9389 and 0.9302). The
reaction rate constants of the experimental runs in the
absence and the presence of additives at 40°C, as
obtained from the slopes of the lines of best fit were
1.698, 1.548, and 1.332 h™' respectively; which were in
close agreement with the values obtained for 30°C
(Table 3). It was proposed that first-order growth rate
happened in two phases and the results showed no sig-
nificant dependence on temperature, but on pH.

The struvite growth rate against the change of temp-
erature has been also demonstrated previously [29]. The
struvite growth has been suggested to increase in the
temperature range of 25-35°C and subsequently
decreases at 40°C [29]. The type of crystals could be sub-
sequently predicted from Sl-containing minerals (Table
4). At 40°C, farringtonite, newberyite, struvite, and stru-
vite (K) may be formed at pH solution of 9, whereas
other minerals (brushite, sylvite, Mg(OH);, Mg,(OH)s.
Cl-4H;0, and periclase) were undersaturated and not pre-
dicted to precipitate in the solution.

Furthermore, the pH reduction of 9 to approximately
8.5, promoted the increasing concentration of phos-
phate ions, which has been reported to be predomi-
nantly HPOZ™ [30]. In contrast to more phosphate ions
present in the solution due to the pH increasing, the
reduction of concentrations of Mg and NH4; may be fol-
lowed for establishing a range of solubility limits. The
high phosphorus removal efficiency may be completed

by increasing pH from 7.6 to 8.5 [24]. Nevertheless, the
pattern of mineral formation for phosphate recovery
was rather complicated in the precipitation system
observed in the study. This is because the dissolution
of struvite and newberyite may have simultaneously
taken in the limited range of supersaturation [9].

3.2. Mineralogical characterization of the
precipitating solids

Initially, the classical (albeit computerized) XRPD search-
match method found that the XRPD pattems of the
precipitating solid with no additive matched with
PDF#71-2089 for struvite; the PDF#35-0812 for struvite-
(K [KMgPO46H,0]; PDF#70-2345 for newberyite
[MgHPO,-3H,0]; and PDF#76-3368 for sylvite (KCI).
Those minerals was subsequently judged by the full-
profile Rietveld refinement, as the peaks of phases
which have been overlapped in the search match or mis-
takenly assigned phases clearly stand out in the differ-
ence plot of the calculated and the measured
diffraction profile [15,31]. The quality of refinements of
the solid in the absence of additive, taken as an
example, may be gaged from the diffraction plot in
Figure 3(A). The intensity of most peaks is well rep-
resented in the calculated diffractogram. The XRPD
analysis also confirmed the crystalline nature of the pre-
cipitates, since no significant amorphous phase as can be
seen from the background profile.

X-ray diffractograms of the precipitating solids with a
variation of additive concentrations are shown in Figure
3(B). Each peak had been judged by the full-profile Riet-
veld refinement and labeled with the mineralogical
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Figure 3. (a) Plot of XRPD Rietveld analysis of the crystals preci-
pitated in the absence of additives at 30°C. (B) XRPD patterns of
the precipitates with (a) 0, (b) 1, and (c) 20 ppm ditric acid. The
principal diffraction peaks of the predominant minerals are
shown for reference purposes. The peaks are labeled N (newber-
yite), S (struvite), 5-(K) (struvite-K), and Sy (sylvite).

phase name. The XRPD signals provided direct the exper-
imental evidence of the struvite and struvite-(K) minerals
formed in the precipitating solid [32]. In particular, the
precipitates obtained with no additives showed peaks
of sylvite and newberyite. Crystal growth of sylvite in
the precipitate could be attributed to the precipitation
of excessive potassium reacted with chloride ions and
was subsequently formed during the drying.

The further addition of 1 and 20 ppm citric acids in the
solution at the temperature of 30°C, struvite-(K) was
found, as can be estimated from the peaks at 20.932
26° (PDF#35-0812), in addition to minerals of struvite
and sylvite. The XRPD pattem of struvite-(K) was identical
and identified a close relationship to the mineral struvite.
The patterns of struvite and struvite-(K) are quite similar
and overlapped, but the complicated patterns could be
practically distinguished during the XRPD Rietveld analy-
sis. Taking the positions of other peaks into account, stru-
vite-(K) seems to be the most likely mineral commonly
found as the natural potassium equivalent of struvite

[33,34]. Moreover, an oxide mineral close to potassium
peroxide [KO,] was formed in the precipitate with
1 ppm additive and could be verified in the XRPD trace
at 31.342 26° (PDF# 89-5955) [35]. The formation of this
mineral may be related to K-ion from KOH, which sub-
sequently reacted with oxygen during drying. However,
KO; was not identified in the precipitate with 20 ppm
additive. The reason for the absence of KO, at 20 ppm
of citric acid is not easy to explain but it can be argued
that the limiting reagent of O, can be the source of
these differences.

The formation of struvite-family crystals at the temp-
erature of 30°C was also confirmed by SEM/EDX analysis.
An irregular flake-shaped morphology was shown in the
crystalline solid without and with additives. They were a
typical mixture of crystalline struvite-family crystals
(Figure 4(a—c)) [33,36]. The resulting struvite and stru-
vite-(K) structures may be predicted from the presence
of these ions: K*, Mg®*, N°%, 0%, and P*, as shown by
the EDX spectrum (Figure 4(a—c)). Mg?**, 0%, and P**
could be responsible for the newberyite, while K™ and
Cl™ for sylvite.

Similarly, XRPD patterns of the resulting samples
added with 1 and 20 ppm citric acids at 40°C are
shown in Figure 5. In the precipitates cbtained with no
additive, peaks of struvite, struvite-(K), and sylvite were
clearly identified, but peaks of newberyite disappeared.
Up to the citric acid addition of 20 ppm, a mixed
crystal of struvite, struvite-(K), and sylvite precipitated
out the solution. With increasing temperature, mineralo-
gical phase compositions of the solid were altered as a
result of the chemical equilibrium of some ions (i.e. mag-
nesium, ammonium, and phosphate) [24]. The increasing
temperature may also be favor for the fast reaction rate,
hence resulting in the increased ‘K’ precipitation. Clearly,
the forms of struvite and struvite-(K) were the main
phases precipitated out the solution at 40°C.

The mixed product of struvite and struvite-(K) precipi-
tated out the solution at 40°C in the absence and the
presence of additives could be confirmed by SEM analy-
sis. lregular flake-shaped crystals formed into the pre-
cipitate are shown in Figure 6(a—c). The most common
elements identified with EDX in the precipitating solids
are K, Mg®*, N°*, 03, and P>* in agreement with the
compositions of struvite and struvite-(K) (Figure 6(a—c)).
This crystal solid may also accommodate cation K™ and
anion Cl™ as a composition of sylvite mineral.

Quantity of struvite crystals formed into the precipi-
tating process was evaluated by the XRPD Rietveld
method using the crystal structures model present in
the literatures (Table 5). It is suggested here that the
quantitative values (wt.%) shown in Table 5 was XRPD-
based quantitative analysis, while the EDX data only




ENVIRONMENTAL TECHNOLOGY (&) 2851

Figure 4. SEM image of a flake-shaped crystal morphology and EDX spectrum obtained from the precipitates at 30°C in the presence of

(a) 0, (b} 1, and (c) 20 ppm citric acid.

provided their characteristics dispersive X-ray spectra of
elements (ie. P, Mg, K, and O} in the crystals. The XRPD
Rietveld analysis confirmed that each unit cell parameter
calculated for each mineral were closer to the data of
reported values.

With no additive used, there is an evidence for the
major formation of the struvite (63.3 wt%) and stru-
vite-(K) (304 wt.2), but the minor minerals of newberyite
(5.5 wt.%) and sylvite (0.8 wt.%). A decreased amount of

Intensity

L L.

10 15 20 25 30 35 40 45 50

Figure 5. XRPD patterns of the precipitates with (a) 0, (b} 1, and
(c) 20 ppm citric acid at 40°C. The principal diffraction peaks of
the predominant minerals are shown for reference purposes.
The peaks are labeled S (struvite), S(K) (struvite-K), and Sy
(sylvite).

struvite was observed as a result of the citric acid
addition at 1 and 20 ppm, compared to those in the pre-
vious precipitating solids. Struvite-(K) was yet formed
into increasing additives, but newberyite disappeared.
This is because newberyite is commonly unstable at
pH > 6.5 [37]. Moreover, the major phase arising out of
the solution to 1 ppm additive was to be struvite (72.1
wt.%) and struvite-(K) (26.8 wt.%), but only minor impu-
rities of sylvite (063 wt%) and potassium peroxide
(0.80 wt.9%) were unexpectedly produced. Similarly, the
major phases such as struvite (73.2 wt.%) and struvite-
(K) (26.2 wt%) were found in the precipitating solids
with 20 ppm additive, while the minor amount of
sylvite was still developing.

Insignificant changes in the amounts of struvite and
struvite-(K) with the increasing temperature were also
noticed. As the temperature of 40°C and no citric acid
added, amounts of struvite (71.8 wt.%) and struvite-(K)
(22.8 wt.%) were produced, while the amount of minor
sylvite (5.4 wt%) was obtained. Moreover, the addition
of 1 ppm citric acid in the solution yielded a relative
abundance of struvite (66.2 wt.%) and struvite-(K) (33.7
wt.%). Using 20 ppm additive, the major phases for stru-
vite (77.2 wt%), struvite-(K) (21.5 wt.%), and minor of
sylvite was produced. In this study, struvite may be pre-
cipitated by consuming high content of ammonium
(NH;) present in the solution. With initial solution con-
centrations of magnesium (Mg>*), ammonium (NH*"),
and phosphate (PO;—) (MAP) at a molar ratio of 1:1:1,
the concentration of ammonium (NH*') decreased,
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Figure 6. SEM image of a flake-shaped crystal morphology and EDX spectrum obtained from the precipitates at 40°C in the presence of

(a) 0, (b} 1, and (c) 20 ppm.

once the struvite crystals formed, which indicated that a
precipitate was composed of struvite and struvite-(K).
This MAP molar ratio of 1:1:1 has been also regarded to
be the approximate minimum required for struvite pre-
cipitation [5].

3.3. Effect of additives on the morphology of
precipitates

Figure 4 presents the type of morphology for struvite-
family crystals precipitated in the absence and the pres-
ence of the cditric acids at 30°C. The irregular flake-
shaped arystals about 20 ym in size were observed,
whereas the crystals precipitated in the presence of
citric acid exhibited larger size. Because of the spon-
taneous precipitation, some elongated crystals developed,
compared with the crystals obtained by spontaneous pre-
cipitation in the absence of additives [13].

The work of Chauhan and Joshi [38] was carried using
a gel growth method with the intention to investigate
the growth of individual faces of a single crystal. It is

well recognized that the gel growth method was primar-
ily used to obtain crystals with good shape. In contrast,
our work focuses on growth of crystals without specific
attention to the growth of their individual faces. As can
be pointed out from the work of Chauhan and Joshi
[38], the different shapes obtained were the direct influ-
ence of the varying citric acid concentrations used. In
that case, our work was in fact similar to Chauhan and
Joshi [38].

In the presence and the absence of the citric acid
additives at 40°C, the same morphology of crystals was
discovered (Figure 6). All the same, the longer and
thinner flake-shaped crystals in a size of about 60 pm
long and 2 pm wide were mostly observed in the precipi-
tate with no additive (Figure 6(a—c)). These results are
consistent with the findings in the literature concerning
the effects of pH on struvite morphology, suggesting
that the irregular flake-shaped morphology is commonly
formed into mildly alkaline conditions selected in the
study [30,36]. Figure 4(a) depicts the struvite obtained
at 30°C in the absence of citric acid, while Figure 6(a)

Table 5. XRPD-based mineralogy of the precipitates obtained at initial pH 9 and the elevated temperature for mixing speed of 200 rpm.

Concentration of the additive and
the solution temperature of 30°C

Concentration of the additive and
the solution temperature of 40°C

Mineral (wt.%) Formula 0 ppm 1 ppm 20 ppm 0 ppm 1 ppm 20 ppm The crystal structure model
Struvite MgNH.4PO4-6H,0 633 (7) 721 (5) 73.2 (8) 62.7 (5) 66.2 (6) 7209 Whitaker and Jeffery [32]
Struvite-K KMgP0D4-6H,0 30.4 (8) 268 (6) 26.2 (9) 31.2 (6) 332 (6) 21.5 (4) Graeser et al. [33]
Newberyite MgHPO,:3H,0 55(2) - - - Abbona et al. [46]

Sylvite Kl 0.8 4) 03 (1 0.6 (2) 8.1 (1) 0.6 (4) 1.3 (4) Ott [48]

Potassium peroxide KOs 0.8 (6) Ziegler et al. [35]

Note: Figures in parentheses indicate the least-squares estimated standard deviation referring to the least significant figure to left.




shows the struvite crystals obtained at 40°C under other-
wise the same conditions as in Figure 4(a). It could be
postulated therefore that higher temperature brings
about elongation of the crystals. That temperature influ-
ences crystal shape is also common. For example, Babic-
Ivancic et al. [23] reported that different temperatures
lead to different morphologies.

Furthermore, firstly, our research focuses on precipi-
tation of struvite as impacted by several selected par-
ameters. We do not emphasize on crystal engineering,
that is, on detailed crystal shape as defined by mor-
phology or crystal habit. A number of papers on precipi-
tation also present the issue of morphology in this sense
[10]. Secondly, it is true that in our work the obtained
crystals are very irregular, but it can be roughly described
as plate-like especially as shown in Figure 6(a), that is,
under elevated temperature of 40°C. Similar results can
be seen in the work of Mehta and Batstone [39]; Tao
et al. [40], and Romero-Guiza et al. [41]. In theories of
crystal growth, the morphology of crystals can be influ-
enced by the slow-growing faces because of the possi-
bility of disappearing in the fast-growing faces which
are not represented in the final habit. However, it was
recently reported that the morphological importance of
faces cannot be inversely proportional to their growth
rates [10]. It was indicated that this acid may affect fun-
damental precipitation aspects, particularly nucleation
and growth [42-44].

As demonstrated by previous studies, the mor-
phology of struvite crystals and growth process are
strongly controlled by the pH value [10]. By altering the
pH solution, two or more struvite-family crystals with
different morphologies was observed in the present
study. The mechanism of such morphological changes
may not be distinctly seen. However, it seems that crys-
tallographic interaction may have an important role in
such modification.

3.4. Findings of the study

In the present study, combination of nucleation and
growth mechanism may apparently have occurred in
two or more minerals. Nevertheless, the exact contri-
bution to the overall kinetics of any of the particular
mechanisms involved in the processes (nucleation,
crystal growth of struvite-family crystal, and dissolution
of them) could not be determined, because several
phases were simultaneously present in the system. More-
over, the effective struvite precipitation could be
achieved at pH values of 8.5 or greater [1,8]. The phos-
phate ions may be effectively converted into struvite
and struvite-(K) at pH values examined [1245]. A
method of the increasing pH is necessary to optimize
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the struvite precipitation. One possible method to
increase the pH would be by adding KOH, although
other alkaline chemicals may be used. Additionally, the
presence of excess of potassium ions in the solution
may result in increasing the formation of struvite-(K) as
observed in the present study.

Temperature may influence the precipitation of stru-
vite. Depending on the precipitation parameters
selected, the precipitation of struvite may recover a sub-
stantial amount of ammonium from wastewater [1,29].
As reported, struvite may precipitate alongside its
family-crystals, that is,. struvite-(K) and newberyite, and
therefore has the potential for resource recovery of mag-
nesium, nitrogen, and phosphorus from wastewater
[33,37,46,47].

Furthermore, qualitative and quantitative results of
multiple minerals are important to reliably describe
major minerals controlling MAP ions recovery from the
solution. Because of the complexity of the mineralogy
of the precipitates, using XRPD usually give only a quali-
tative mineralogical composition [11,13]. Use of conven-
tional XRPD methods of multiphase identification of the
precipitating solid has sometimes left some number of
peaks to be unresolved. Moreover, the identity of many
complex phases and the abundance of uncommon min-
erals remain uncertain. The XRPD Rietveld method is
widely known as a comprehensive, computer-based
method for the analysis of whole powder diffraction
pattern, reducing the problem of extensive overlap
between the strong peaks of many of the phases
[14,15,49]. The method has already become a very prac-
tical and quick routine for standardless quantitative
phase analysis of inorganic and cementious materials
[16,50]. In the present study, the XRPD Rietveld tech-
nique could overcome many of the limitations of con-
ventional XRPD for mineralogical quantitative
evaluation because the method relies on the availability
of a reliable database of phases in a mineral.

4. Conclusions

It can be concluded that a mixture of struvite, struvite-(K),
and newberyite was the minerals controlling MAP and K-
ions recovery at 30°C and initial pH 9. The abundance of
struvite and struvite-(K) precipitated with citric acid at
the same temperature. In the presence of additives at
40°C, struvite and struvite-(K) precipitated controlling
MAP and K-ions recovery. The minor impurity of sylvite
were formed into all precipitating solids, but only
minor of potassium peroxide was found in certain pre-
cipitates. Struvite-family crystals were grown from the
solution of artificial wastewater in the absence and the
presence of citric acid. From this study, it can be
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observed that in the absence of citric acid, the crystals in
most cases take the irregular flake-shaped morphology,
but the crystals of other needle like-habits were also
observed in the presence of additives. Moreover, the
differences in results were detected in their sizes.
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