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Abstract. Coastal intensive shrimp ponds generate sludge-derived supernatant containing reactive
nitrogen and phosphorus that may contribute to eutrophication if discharged without appropriate
treatment. This study evaluated struvite precipitation for nutrient recovery from clarified supernatant
of white-leg shrimp pond sludge collected in Thuan An Ward, Hue City, Vietnam, under post-flood
brackish conditions. The collected supernatant retained a relatively high native Mg?* concentration (100.7
+9.2 mg/L), whereas NH4*-N and PO, -P were substantially diluted after flooding; therefore, NH,* and
PO,*- were supplemented to restore the stoichiometric window required for crystallisation. Batch jar
tests evaluated the effects of pH (8.0-9.5), Mg/N/P molar ratio (1:1:1-1.5:1:1), and reaction time (30-120
min). The optimum conditions were pH 9.0, Mg/N/P = 1:1:1, and 30 min, achieving recovery efficiencies
of 61.6 + 1.0% for NH,*-N and 82.1 + 0.3% for PO~-P. XRD identified struvite as the predominant
crystalline phase, while SEM and optical microscopy showed prismatic crystals consistent with struvite
morphology. These findings demonstrate that, even under post-flood brackish conditions, clarified
shrimp sludge supernatant can serve as a magnesium-rich matrix for struvite-based nutrient recovery,
highlighting a promising route for resource recovery in coastal aquaculture.

Keywords: struvite crystallisation, nutrient recovery, shrimp pond sludge, brackish wastewater, coastal

aquaculture

1 Introduction

White-leg shrimp (Litopenaeus vannamei) farming is
a major export-oriented aquaculture sector in
Vietnam [1]. However, the intensification of
shrimp culture has also increased environmental
pressure, particularly the accumulation and
discharge of nutrient-rich pond residues. Among
these residues, clarified supernatant derived from
bottom sludge is of particular concern because it
can act as a mobile source of reactive nitrogen and
phosphorus, thereby increasing the risk of
eutrophication in receiving waters if discharged

without adequate management [2, 3].

Shrimp pond sludge is generated mainly

from uneaten feed, feces, microbial biomass, and
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other particulate deposits that accumulate during
culture. Its environmental significance lies not only
in the mass of solids produced, but also in the fact
that pond sediments can function as both a nutrient
sink and a secondary nutrient source within the
pond system. Earlier nutrient-budget work in
intensive shrimp ponds demonstrated the central
role of sediments in phosphorus accumulation and
their potential contribution to nitrogen recycling.
More recently, sludge from shrimp ponds in Hue
City was reported to contain substantial organic
matter and nutrient levels, with organic matter of
17.8-29.9%, total nitrogen of 13.5-32.5 g/kg, and
total phosphate of 7.9-20.1 g/kg [4], underscoring
its dual identity as both an environmental
pollutant and a potentially valuable secondary

resource [2].
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Conventional sludge-management strategies in

aquaculture, including aerobic stabilisation,

anaerobic digestion, settling, and disposal-
oriented treatments, are mainly designed to reduce
waste loads rather than recover nutrients in a
concentrated, reusable form [5]. This limitation is
particularly relevant in pond-based aquaculture,
where nutrient-enriched waste streams are often
large in volume and difficult to effectively manage

cost [5].

From a resource-recovery perspective,
struvite precipitation is attractive because it
converts dissolved ammonium and phosphate into
magnesium ammonium phosphate hexahydrate
(MgNH4PO46H-0), a defined crystalline product
with recognised agronomic value [6—9]. Struvite
typically forms as a defined orthorhombic
crystalline phase, often with straight-prismatic
morphology, and its relatively low water solubility
has made it attractive as a multi-nutrient slow-
release fertiliser capable of supplying N, P, and Mg
in a single recovered product [6, 10]. The process is
governed primarily by pH, supersaturation,
stoichiometric balance among Mg?*, NH,*, and
PO,%, and the presence of competing ions, making
wastewater matrix effects central to process

performance [6, 7, 10, 11].

Although the struvite literature is extensive,

most studies have focused on municipal
sidestreams, livestock effluents, digestates, or
synthetic solutions rather than aquaculture-
derived brackish matrices [5]. This gap is
particularly relevant in coastal aquaculture
because brackish matrices differ fundamentally
from freshwater and municipal wastewaters in
ionic composition, especially with respect to
naturally occurring magnesium [8, 9]. Zhang et al.
demonstrated that wunder marine/brackish
aquaculture conditions, struvite results from
magnesium already present in the system,
highlighting a distinctive advantage of saline

environments for crystallisation [8]. At the same
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time, real coastal aquaculture systems are
hydrologically unstable. In central Vietnam, post-
flood dilution can sharply depress dissolved NH4*-
N and PO4-P even when the water’s brackish
character and part of its Mg?* background are
retained. This creates a scientifically important and
practically relevant scenario: a real brackish matrix
favourable  for

that remains magnesium

availability, yet becomes temporarily
unfavourable for crystallisation because of post-

flood nutrient dilution.

Accordingly, this study evaluated the
feasibility of struvite precipitation for nutrient
recovery from clarified supernatant of white-leg
shrimp pond sludge collected under post-flood
brackish conditions in Hue City, Vietnam. Because
flood-driven dilution substantially reduced native
NH. N and PO -P concentrations, these ions
were supplemented to restore the target Mg/N/P
stoichiometric ratios while preserving the original
brackish matrix and naturally occurring Mg?
background. The effects of pH, molar ratio, and
reaction time on nutrient recovery were
systematically investigated, and the recovered
precipitate was further characterised by using XRD
and SEM to clarify its predominant crystalline

phase and morphology.

2 Materials and methods

2.1  Sample collection and preservation

Samples were collected from the sludge-drainage
stream of a white-leg shrimp pond located in
Thuan An Ward, Hue City, Vietnam (formerly Phu
Hai Commune, Phu Vang District). The sampling
point was the terminal settling-drain channel
(16°52'00" N, 108°09'00” E), which receives pond-
bottom wastewater discharged through the siphon
system and was therefore selected as the integrated
outlet stream most relevant to the struvite
experiments.

precipitation Sampling  was

conducted at this location from November 15 to
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December 15, 2025, during three independent
sampling events. Immediately before each event,
the outlet flow was gently mixed to minimise
short-term  local  heterogeneity  at  the

sampling point.

Samples were collected in clean 1.5 L PET
bottles, kept at 4-6 °C, and transported to the
laboratory the same day for analysis and batch
experiments. Sample preservation followed TCVN
5996:1995. Field parameters, namely temperature,
pH, dissolved oxygen (DO), turbidity, and salinity,
were measured in situ by using a Horiba U5000

multiparameter meter (Japan).

Before the struvite

experiments, the collected samples were allowed

precipitation

to settle for 30 min and then passed through two
sieves with mesh sizes of 2.0 mm and 0.5 mm to
remove coarse debris. The clarified supernatant
obtained after settling and screening was used as
matrix for the

the reaction subsequent

precipitation experiments.

2.2 Experimental struvite

precipitation

design  for

Struvite precipitation experiments were performed
with clarified supernatant derived from shrimp
pond sludge collected under post-flood brackish
conditions. Because native NHy*-N and PO --P
concentrations were substantially diluted after
flooding, NH,Cl and KH,PO,; were added to
restore the target stoichiometric conditions for
crystallisation, whereas native Mg?* in the brackish
supernatant was retained and not externally
supplemented. Before each experiment, the
collected sample was allowed to settle, and the
clarified upper layer was separated and further
filtered to remove residual suspended solids with
a Whatman GF/F filter (0.45 pm, UK).

Batch precipitation experiments were
conducted in 1 L glass beakers by using a four-

position jar-test system (JLT4, Velp Scientifica,
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Italy) to evaluate the effects of pH (8.0-9.5), the
Mg/N/P molar ratio (1:1:1-1.5:1:1), and reaction
time (30-120 min) (Fig. 1). During the pH
experiments, the Mg/N/P molar ratio was fixed at
1:1:1, the stirring speed at 50 rpm, and the reaction
time at 30 min. During the molar-ratio
experiments, pH was fixed at the optimum value
obtained from the first set, whereas stirring speed
and reaction time were maintained at 50 rpm and
30 min, respectively. During the reaction-time
experiments, both pH and the Mg/N/P molar ratio
were fixed at the optimum values identified in the
preceding tests. All experiments were conducted in

triplicate.

M. 85 i.:;i“;ﬁ

i“"dﬂ"‘

Fig. 1. Struvite precipitation experiment setup

For each run, 200 mL of clarified supernatant
was mixed with stock NHCI (1.0 M) and KH,PO,
(0.5 M) solutions to establish the target molar ratio
while preserving the native Mg?" background of
the sample. The mixture was rapidly stirred at 150
rpm for 1 min; after that, the pH was adjusted to
the desired value by using a 0.1 N NaOH solution
(Merck) and monitored with a HANNA HI8424
pH electrode. The mixture was then stirred at 50
rpm for the designated reaction time to allow
crystal growth, followed by 30 min of quiescent

settling.

At the end of each run, the supernatant was
analysed for NH4*-N and PO,-P, and the
recovered precipitate was dried at 40 °C for 48 h
and weighed as dry precipitate mass. Crystal
morphology was initially examined by using an

Olympus CX33 optical microscope (Japan), and
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representative precipitate samples were further
characterised by using XRD and SEM.

2.3  Characterisation of the recovered

precipitate

The recovered precipitate was characterised by
using X-ray diffraction (XRD) with a RINT2000/PC
diffractometer (Rigaku, Japan) to identify its
predominant crystalline phase. Its morphology
and surface features were further examined by
using scanning electron microscopy (SEM) with a

Hitachi 5-4800 microscope (Japan).

24  Analytical methods

The main analytical parameters used to evaluate
the precipitation experiments were NH4*-N, PO,*-
P, Ca?, and Mg?" concentrations and total
hardness. All
accordance with the Standard Methods for the
Examination of Water and Wastewater [12]. NH*-
N was determined by using Method 4500-NH; F,
whereas PO,s-P was determined by using the
ascorbic acid method (Method 4500-P E) via

spectrophotometric measurement with a UV-1800

analyses were conducted in

UV-Vis spectrophotometer (Japan). Total hardness
was determined via EDTA titration (Method 2340
C), and Ca?* was determined with the murexide
titrimetric method (Method 3500-Ca B). Mg?*
concentration was calculated from the difference
between total hardness (expressed as mg CaCOs/L)
and the CaCO;-equivalent concentration of Ca?,
and the resulting value was then converted to Mg?*

concentration (mg/L).

2.5 Data processing

Experimental data were processed by using
Microsoft Excel, and all results are reported as
mean + standard deviation of triplicate
experiments. Nutrient recovery efficiency (%) was

calculated according to Equation (1):
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Recovery efficiency (%) = (C‘)C—_C) x 100 (1)
0

where Co and C are the initial and final
concentrations (mg/L) of NHs-N or POs--P,

respectively.

The dry precipitate mass obtained in each
batch was additionally normalised to the initial
sample volume to allow comparison among

experimental conditions.

3 Results and discussion

3.1 Characteristics of clarified shrimp pond
sludge supernatant

After coarse debris had been removed with 2.0 mm
and 0.5 mm sieves, the clarified sludge supernatant
appeared light green on visual inspection,
consistent with the presence of residual dissolved
organic matter and microalgal material typically
observed in shrimp pond effluents toward the end
of the culture cycle. The main physicochemical
characteristics of the clarified supernatant
collected under post-flood brackish conditions and
used for the struvite precipitation experiments are

summarised in Table 1.

The clarified exhibited a
slightly alkaline pH and low salinity, which was

supernatant

consistent with post-flood brackish conditions. A
relatively high Mg?* concentration was retained in
the matrix, whereas PO,*-P remained very low.
NH,*-N was present at a moderate level; however,
together with phosphate, it was still insufficient to
establish the stoichiometric balance required for
efficient  struvite  crystallisation = without
supplementation. These characteristics justify the
experimental strategy adopted in this study,
namely retaining the native Mg?* background
while supplementing NH4* and PO,?- to restore the

target crystallisation window.



Hue University Journal of Science: Natural Science
Vol. 135, No. 1B, 159-169, 2026

pISSN 1859-1388
eISSN 2615-9678

Table 1. Physicochemical characteristics of clarified
supernatant derived from white-leg shrimp pond
sludge used in struvite precipitation experiments

Mean
Parameter Unit Range +SD
(n=3)
pH - 8.3-8.9 8.6+0.3
Salinity ppt 2829  2.83+0.06
Dissol
issolved mg/l 5967  63+04
oxygen
Total hardness me 570-600  585+15.0
CaCOs/L
Ca? mg/L 56-60 58 £2.0
Mg? mg/L 91.9-110.3 100.7£9.2
NHs-N mg/L 1.80-4.70 3.43+1.48
POs--P mg/L 0.08-0.25 0.18 £0.09

The clarified exhibited a
slightly alkaline pH and low salinity, which was

supernatant

consistent with post-flood brackish conditions. A
relatively high Mg?* concentration was retained in
the matrix, whereas PO -P remained very low.
NH,*-N was present at a moderate level; however,
together with phosphate, it was still insufficient to
establish the stoichiometric balance required for
efficient ~ struvite  crystallisation = without
supplementation. These characteristics justify the
experimental strategy adopted in this study,
namely retaining the native Mg?* background
while supplementing NH4* and PO,*" to restore the

target crystallisation window.

3.2  Factors affecting N and P recovery during
struvite precipitation

Effect of pH

pH is one of the most influential operational

parameters governing struvite precipitation
because it affects phosphate speciation, the
ammonium-ammonia equilibrium, supersaturation,

and precipitate solubility. Under insufficiently
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alkaline conditions, supersaturation may remain
extremely low for efficient crystal nucleation and
growth [7]. By contrast, excessively high pH may
promote  competing  magnesium-containing
precipitates, thereby reducing the selectivity of

struvite formation [13].

The effect of pH (8.0, 8.5, 9.0, and 9.5) was
evaluated under fixed conditions of Mg/N/P at
1:1:1, 50 rpm, and 30 min. As shown in Fig. 2 and
Table 2, both NH,*-N and PO.~-P recovery
increased markedly as pH increased from 8.0 to 9.0.
At pH 8.0, recovery efficiencies were only 37.5 +
0.3% for NH4-N and 404 + 0.3% for PO.S--P,
indicating limited precipitation under relatively
to 9.0
substantially improved nutrient recovery, with
NH4*-N and PO,*-P recovery reaching 61.6 + 1.0%
and 82.1 + 0.3%, respectively. Under the same

low supersaturation. Increasing pH

conditions, the normalised dry precipitate yield
reached its maximum value (0.546 + 0.022 g/L),
indicating that pH 9.0 provided the most
favourable crystallisation performance among the

tested levels.

100

NHa*-N recovery
E==3 PO~P recovery

Recovery efficiency (%)
a
S

20

Fig. 2. Recovery efficiencies of NH,*-N and PO,--P at
different pH levels during struvite precipitation. Values
are presented as mean + SD (n = 3)

At pH 9.5, the NH,*-N recovery increased
slightly further to 63.2 + 0.8%, whereas the PO,3--P
recovery decreased slightly to 80.9 * 0.2%,
accompanied by a lower precipitate yield (0.518 +
0.001 g/L). This pattern suggests that although

higher alkalinity may still support ammonium
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removal, it does not improve overall struvite
recovery and may instead favour competing
precipitation pathways. A similar pH range (8.5-
9.0) was commonly reported as favourable for
nutrient-rich

struvite crystallisation in

wastewaters [7, 14].

Overall, pH 9.0 was considered the most
suitable condition for struvite precipitation in the
clarified shrimp pond sludge supernatant because
it provided the best balance among the phosphorus

recovery, the ammonium recovery, and the

precipitate yield, while avoiding the less
favourable behaviour observed at higher
alkalinity.

Table 2. Effect of pH on NH,4*-N recovery, PO,*~-P
recovery, and normalised dry precipitate yield during
struvite precipitation

pH NH,~-N POgs--P Normalised
recovery (%)  recovery (%)  dry precipitate
yield (g/L)
8.0 375+0.3 40.4+0.3 0.148 £ 0.001
8.5 41.6+2.1 56.2+0.3 0.335 +0.005
9.0 61.6+1.0 821+0.3 0.546 +0.022
9.5 63.2+0.8 80.9+0.2 0.518 +0.001

Note: Values are presented as mean + SD (n = 3).

Effect of Mg/N/P molar ratio
The molar ratio of Mg?", NH,*, and PO*- directly

determines the stoichiometric balance required for
struvite crystallisation. The ideal precipitation

reaction is
Mg2+ + NH4+ + PO437 + 6Hzo = MgNH4PO46HzO (2)

As shown in Eq. (2), a 1:1:1 molar ratio
favours struvite formation, whereas deviations
from stoichiometric balance may reduce
precipitation efficiency or promote competing
[6]. In real

however, the effective optimum still depends on

pathways wastewater systems,

matrix composition, ion competition, and

crystallisation kinetics.
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Under brackish aquaculture conditions,
Mg?+ is often naturally abundant because of its
marine origin [8, 9]. In the present study, the post-
flood clarified supernatant retained a relatively
high native Mg?* background, whereas NH4*-N
and PO,-P were diluted to unusually low levels.
Therefore, the molar-ratio experiment did not
involve actual Mg supplementation; instead,
native Mg?* was retained while NH4* and PO43-
were adjusted to create three target conditions:
1:1:1, 1.2:1:1, and 1.5:1:1,

increasing levels of relative Mg excess. All other

corresponding to

conditions were fixed at pH 9.0, 50 rpm, and

30 min.

As shown in Fig. 3 and Table 3, the best
overall performance was obtained at Mg/N/P of
1:1:1, with recovery efficiencies of 61.6 + 1.0% for
NH N and 82.1 + 0.3% for PO,2-P, with the
highest normalised dry precipitate yield (0.546 =+
0.022 g/L). When the nominal Mg/N/P ratio
increased to 1.2:1:1 and 1.5:1:1, both nutrient
recovery and precipitate yield decreased
markedly. At 1.2:1:1, NH,*-N and PO,*~-P recovery
dropped to 51.8 + 3.7% and 47.8 * 0.1%,
respectively, with a yield of 0.449 + 0.001 g/L. At
1.5:1:1, NH4*-N recovery decreased further to 38.2
* 1.9%, whereas PO4*~-P recovery remained low at
49.6 + 4.6%, with a similar precipitate yield (0.452 +

0.001 g/L).

These results indicate that, in the present
brackish matrix, relative excess of Mg? did not
improve crystallisation performance. Because the
native Mg?* concentration was retained while NH,*
and PO~ were adjusted, shifting the nominal
Mg/N/P ratio to 1.2:1:1 or 1.5:1:1 effectively
reduced the availability of NH4* and PO,*- relative
to Mg?* and moved the system away from the 1:1:1
stoichiometry required for struvite formation. This
imbalance likely lowered the ion activity product
of Mg?, NH,, and POs
precipitation  threshold,

supersaturation, nutrient recovery, and precipitate

relative to the

thereby  decreasing
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yield. In addition, magnesium-rich alkaline
systems may favour competing magnesium-
bearing precipitates, which can reduce the

selectivity of struvite formation [8].

The practical implication is that the
advantage of brackish aquaculture matrices lies
not in the presence of excess Mg?* alone, but in the
possibility of using native Mg?* as an intrinsic
reactant while optimising the complementary
NH4* and PO inputs. Accordingly, Mg/N/P =
1:1:1 was identified as the most suitable ratio under
the present experimental conditions because it
provided the best balance among NH,-N
recovery, PO, -P recovery, and precipitate yield,
while minimising the unfavourable behaviour
observed under relative Mg excess.

1004
[ZZ NHs*-N recovery
E=) POLI--P recavery

804

60+

40

Recovery efficiency (%)

20

11l 1211 1511
Mg:N:P molar ratio

Fig. 3. Recovery efficiencies of NH*-N and PO,*-P at
different Mg/N/P molar ratios during struvite

precipitation. Values are presented as mean + SD
(n=3)

Table 3. Effect of Mg/N/P molar ratio on NH;*-N
recovery, PO4*~-P recovery, and normalised dry
precipitate yield during struvite precipitation

Mg/N/P NH,*-N POg--P Normalised
molar recovery  recovery  dry precipitate
ratio (%) (%) yield (g/L)
1:1:1 61.6+1.0 82.1+0.3 0.546 = 0.022
1.2:1:1 51.8£3.7 478 +0.1 0.449 +0.001
1.5:1:1 382+19 49.6+4.6 0.452 +0.001

Note: Values are presented as mean + SD (n = 3).

DOI: 10.26459 /hueunijns.v135i1B.8432

Effect of reaction time

Reaction time is an important kinetic parameter in

struvite crystallisation because it affects
nucleation, crystal growth, and the dynamic
balance between precipitation and possible
redissolution or competing processes in the
reaction system. In nutrient-containing
wastewater, struvite formation may occur rapidly
during the early stage when pH and ionic
stoichiometry are favourable [7, 14]. However,
extending the reaction time does not necessarily
improve nutrient recovery, as prolonged mixing
and ageing may affect precipitate stability, crystal

aggregation, and separation behaviour [7].

The effect of reaction time (30, 60, 90, and 120
min) was evaluated under fixed conditions of
Mg/N/P = 1:1:1, pH 9.0, and 50 rpm. As shown in
Fig. 4 and Table 4, the best overall performance
was observed at 30 min, when the NH,*-N and
PO4*-P recoveries reached 61.6 + 1.0% and 82.1
0.3%, respectively, with the highest normalised dry
precipitate yield (0.546 + 0.022 g/L). These results
indicate that precipitation proceeded rapidly
under the selected reaction conditions, and that a
substantial fraction of soluble nutrients was
removed from the liquid phase within the first 30
min. The difference between the NH4*-N and
PO -P recoveries at this condition should be
interpreted in terms of liquid-phase concentration
decreases, rather than as direct evidence of strictly
stoichiometric

one-to-one incorporation into

pure struvite.

When the reaction time was extended to 60
and 90 min, the NH4*-N recovery changed only
slightly, reaching 61.2 + 3.6% and 65.1 = 2.5%,
respectively. In contrast, the PO4-P recovery
decreased progressively to 75.8 + 1.0% at 60 min
and 70.8 £ 0.6% at 90 min. At 120 min, the NH,*-N
recovery remained within a similar range (63.4 +
2.9%), whereas the PO&-P recovery declined
further to 60.1 £ 0.3%. Over the same periods, the

normalised dry precipitate yield also decreased
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from 0.546 + 0.022 g/L at 30 min to 0.466 + 0.001 g/L
at 120 min.

100
EZZA NHa*-N recovery
E=] POs*-P recovery

80

60

40

Recovery efficiency (%)

20

60 90
Reaction time (min)

Fig. 4. Recovery efficiencies of NH4*-N and PO4*--P at
different reaction times during struvite precipitation.
Values are presented as mean + SD (1 = 3)

Table 4. Effect of reaction time on NH,*-N recovery,
POg-P recovery, and normalised dry precipitate yield
during struvite precipitation

Reaction = NH,*-N POg--P Normalised
time recovery  recovery  dry precipitate
(min) (%) (%) yield (g/L)

30 61.6+1.0 821+0.3 0.546 +0.022
60 61.2+3.6 758 +1.0 0.521 +0.001
90 65.1+25 70.8 £0.6 0.508 + 0.001
120 634+29 60.1+£0.3 0.466 + 0.001

Note: Values are presented as mean + SD (n = 3).

This pattern suggests that extending
reaction time beyond 30 min failed to improve the
overall recovery of struvite-forming constituents.
Instead, prolonged reaction might reduce effective
precipitate retention through weaker aggregation,
partial redissolution of less stable phases, or the
formation of finer particles that were less readily
separated from the supernatant. Although the
NH4*-N recovery showed a slight increase at 90
min, this gain was not accompanied by improved
the phosphate recovery or the precipitate yield.
Therefore, from both the process-performance and
operational perspective, 30 min was considered the
most suitable reaction time because it provided the

best balance among the NH,-N recovery, the

166

PO3-P recovery, and the precipitate yield, while
also favouring a shorter, more practical treatment

cycle.

3.3 Characteristics of the recovered struvite-
rich precipitate

Preliminary morphology of the recovered

precipitate

The precipitate selected for characterisation was
obtained under the optimum conditions identified
in this study (pH 9.0, Mg/N/P = 1:1:1, stirring speed
50 rpm, and reaction time 30 min), which is
consistent with conditions commonly reported as
favourable for struvite crystallisation in
wastewater systems [6, 7]. Visual inspection
showed that the recovered precipitate was pale-
white, fine-grained, and readily separable from the
liquid phase. Such characteristics are commonly
associated with struvite-rich precipitation under
mildly alkaline conditions and favourable ionic

stoichiometry [7, 14].

Preliminary optical microscopy showed that

the recovered crystals were predominantly
elongated prismatic particles, consistent with the
morphology commonly reported for struvite. After
drying at 40 °C for 48 h, the product remained
physically stable and suitable for subsequent
characterisation. Representative images of the

precipitate in suspension after drying and under

optical microscopy are presented in Fig. 5.

Fig. 5. Images of the recovered precipitate obtained at
pH 9.0, Mg/N/P = 1:1:1, 50 rpm, and 30 min: (a)
precipitate formed in suspension, (b) dried precipitate,
and (c) optical micrograph of the crystals (10x

magnification)
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Characterisation of the recovered precipitate by
using XRD and SEM

The recovered precipitate obtained at pH 9.0,
Mg/N/P = 1:1:1, and 30 min was selected for XRD
and SEM analysis because these conditions yielded
the best overall recovery performance. The XRD
pattern showed several sharp and well-resolved
reflections, indicating the formation of a
predominantly crystalline product (Fig. 6). Major
peaks were observed at approximately 15.8, 20.9,
21.5, 27.1, 30.7, 32.0, and 33.3° (20), with the
strongest reflection at 20.9°. These peaks matched
well with the characteristic reflections of struvite
(MgNH,PO,-6H,O; ICDD PDF No. 01-077-2303),
indicating that struvite was the predominant
crystalline phase in the recovered precipitate.
Although several weaker reflections were also
present in the higher-angle region (20 = 44+53°), no
dominant foreign reflections suggesting a major
secondary crystalline phase were observed. The
slightly elevated background at low angles may
indicate the presence of a minor amorphous
fraction or residual matrix-derived impurities.
Overall, the XRD results strongly support the

formation of a struvite-rich precipitate.

The SEM analysis further showed that the
recovered precipitate consisted mainly of
micrometre-scale crystals aggregated into compact
clusters (Fig. 7). Most particles exhibited prismatic
to short-tabular morphologies, with elongated
shapes and relatively distinct edges. Their surfaces
exhibited rough and heterogeneous, with fine
particles adhering to the crystal surface. This
morphology suggests that crystal growth may
have occurred with secondary nucleation, surface
overgrowth, or attachment of co-precipitated
particles from the real brackish matrix. Compared
with struvite crystals formed in pure synthetic
systems, the crystals observed here were less
regular and more strongly aggregated, which is
reasonable, given the presence of dissolved salts

and residual impurities in the clarified shrimp
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sludge supernatant. Nevertheless, their overall
morphology remained consistent with that of

struvite.

1000 |-

£
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10 20 30 40 50 60 70
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Fig. 6. X-ray diffraction pattern of the recovered
precipitate obtained under the selected optimum
condition
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Fig. 7. SEM micrograph of the recovered precipitate
obtained under the selected optimum condition

Taken together, the XRD and SEM results

provide complementary evidence that the
recovered product was not only morphologically
consistent with struvite but also structurally
dominated by the struvite phase. Based on the
available data, we can, therefore, conclude that
struvite was the predominant crystalline phase in
the recovered precipitate under the selected

optimum conditions.

4 Conclusions

This study demonstrated the feasibility of struvite
precipitation for nutrient recovery from clarified

supernatant of white-leg shrimp pond sludge

167



Dang Thi Thanh Loc et al.

under post-flood brackish conditions. The
investigated supernatant retained a relatively high
native Mg?* concentration (100.7 + 9.2 mg/L),
whereas NH4*-N and PO,-P were diluted and
therefore required stoichiometric adjustment prior
to crystallisation. Under the tested conditions, the
best overall performance was achieved at pH 9.0,
Mg/N/P = 1:1:1, and 30 min, yielding recovery
efficiencies of 61.6 + 1.0% for NH,*-N and 82.1 +
0.3% for PO, -P, with the highest normalised dry
precipitate yield (0.546 + 0.022 g/L). The recovered
product exhibited prismatic morphology under
and SEM, while XRD

confirmed that struvite was the predominant

optical microscopy
crystalline phase. Collectively, these findings show
that clarified brackish shrimp sludge supernatant
can function as a magnesium-rich matrix for

struvite-based nutrient recovery.

The present findings should be interpreted
within the scope of the investigated wastewater
matrix. Because the samples were collected under
post-flood conditions, their nutrient composition
may not fully represent the normal seasonal
characteristics of shrimp pond supernatant.
Moreover, although XRD and SEM confirmed that
struvite was the predominant phase, additional
analyses are still required to quantify minor
secondary phases, verify product purity, and
assess agronomic suitability and safety. Future
studies should therefore validate the process using
seasonally representative shrimp wastewater,
broaden the dataset across hydrological
conditions, and evaluate pilot-scale performance

and operating costs under field conditions.
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