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Recovery of high-quality struvite fertilizer product
from swine wastewater using fluidized bed
homogeneous crystallizationt
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Recovering phosphorus (PO4>7) and nitrogen (NH,4*) from swine wastewater is critical because their excess
release can trigger eutrophication, severely harming aquatic ecosystems. This study introduces a pioneering
fluidized-bed homogeneous crystallization (FBHC) process for single-step co-recovery of PO,*~ and NH,™.
The method ensures compliance with discharge standards and produces a reusable nutrient product.
Preliminary jar-test experiments were performed to identify the feasibility of struvite (MgNH4PO,4-6H,0)
precipitation and to define the appropriate range for key operational parameters. Subsequently,
operational parameters including pH, reaction time, up-flow velocity, cross-sectional loading, and bed
height were systematically optimized. Under optimal conditions with a working medium at pH 9,
reaction time of 24 min, up-flow velocity of 36 m h™%, cross-sectional loading of 0.27 kg m~2 h™%, and
bed height of 10 cm, the total removal efficiencies reached 97.42% for PO4>~ and 86.55% for NH,*. The
corresponding crystallization ratios were 95.55% and 83.187%, respectively. The FBHC process exhibited

high crystallization efficiency (>95%), contributing to reduced impurity levels and improved energy
Received 13th May 2025 ffici dt tional fluidized bed and chemical precipitation methods. Th d
Accepted 1st July 2025 efficiency compared to conventional fluidized bed and chemical precipitation methods. The recovere
product was identified as high-purity struvite (94.3%), predominantly comprising particles smaller than

DOI 10.1039/d5ra03370e 0.75 mm. These results demonstrate the effectiveness of the FBHC strategy for simultaneous nutrient
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1. Introduction

Untreated pig swine wastewater is rich in nitrogen," phos-
phorus,” and potassium.’ Releasing this untreated waste poses
a significant threat to soil and water quality. Elevated levels of
nitrogen and phosphorus, for instance, can lead to eutrophi-
cation in water bodies like rivers and lakes. Furthermore,
various forms of nitrogen (such as ammonium, nitrate, and
nitrite) and phosphorus (including orthophosphate and
monophosphate) present in the wastewater can be toxic to
aquatic life.* Global consumption of phosphate rock has been
steadily increasing, reaching approximately 44.5 million tonnes
in 2016,° various industrial and human waste streams contain
substantial amounts of inorganic phosphate. For instance,
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removal and resource recovery through the production of a value-added fertilizer.

dairy wastewater can have 19-445 mg L™ ',%” swine wastewater
100-453 mg L '*° urine 20-328 mg L ', and anodized
wastewater a striking 3240-9937 mg L~ ".** Struvite, also known
as magnesium ammonium phosphate hexahydrate with the
chemical formula MgNH,PO,-6H,0, is a valuable fertilizer
derived from phosphate removal processes. Its increasing
popularity in these systems highlights its role in resource
recovery and the circular economy by capturing phosphate from
agricultural and livestock wastewater and repurposing it as
a fertilizer for agricultural use.*

Various recovery methods, such as electrodialysis,*® electro-
chemical stripping,** fluidized bed reactors (FBR),'>'® ion
exchange adsorbents,"” precipitation, and absorption,'® have
been implemented to treat swine wastewater. Current techno-
logical efforts are primarily focused on the recovery of nitrogen
and phosphorus.” Among these, conventional chemical
precipitation is widely recognized as an effective method for
phosphorus reclamation in the form of struvite, owing to its
ability to generate valuable by-products with high recovery
efficiency and minimal environmental impact.** Nevertheless,
this method produces substantial quantities of sludge, neces-
sitating additional settling units due to its limited efficiency in
physically separating the struvite product.”® Moreover, the
resulting sludge, being very wet, needs to undergo a drying step

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Mechanisms of the heterogeneous and homogeneous nucleation in FBC and FBHC.

afterward. Nitrogen recovery often involves a stripping process.
In this method, ammonia gas (NHj3) is captured by adsorption
onto phosphorous acid. This step prepares the nitrogen for
a later precipitation reaction with magnesium, ultimately
yielding magnesium potassium phosphate hexahydrate
(MgKPO,-6H,0). Nonetheless, this stripping technique is not
very efficient when it comes to recovering phosphorus.

The fluidized-bed crystallization (FBC) method enables the
recovery of pollutants as solid crystals or granules®?* (Scheme 1).
By introducing magnesium (Mg) or calcium (Ca), phosphorus (P)
and nitrogen (N) can be captured as ternary compounds like tri-
magnesium phosphate 22-hydrate (Mgz(PO,),22H,0), magne-
sium ammonium phosphate hexahydrate (MgNH,PO,-6H,0),
and trimagnesium phosphate octahydrate (Mg;(PO,), - 8H,0).>*
This FBC process enhances precipitation efficiency, using fewer
chemicals and minimizing water-rich sludge by forming low-
moisture pellets suitable as slow-release fertilizers. However,
the process necessitates seeding materials such as silica or
aluminum oxide, which can introduce impurities into the final
pellets. To overcome this issue of impurity introduction from
seed materials in FBC, a seedless fluidized-bed homogeneous
crystallization (FBHC) system could be a potential solution. FBHC
offers improved separation, purer granules, and faster
settling.>**” Furthermore, regulating the water flow within the
FBHC system facilitates the formation of granular pellets and
reduces the generation of wet sludge.”® Therefore, the FBHC
reactor can generate a stable form of magnesium ammonium
phosphate hexahydrate, known as struvite (MgNH,PO,-6H,0),
which has a very low solubility product constant (Kp) of 7.08 x
10 '* at 25 °C.»

Due to its high organic content and the presence of calcium
ions and other impurities in swine wastewater, this matrix
presents significant challenges in controlling the crystallization
process and achieving high recovery efficiency. Therefore, this
study was conducted to initially determine the optimal crystal-
lization conditions through jar-test experiments, and subse-
quently develop and optimize a FBHC process to
simultaneously recover nitrogen (NH,') and phosphorus

© 2025 The Author(s). Published by the Royal Society of Chemistry

(PO,*7) from swine wastewater. By investigating the effects of
operating parameters such as pH, reaction time, up-flow
velocity, cross-sectional loading, and particle bed height, the
study is expected to identify the optimal conditions for effective
struvite crystallization. The outcomes are expected to enhance
livestock wastewater treatment technologies while producing
high-value, reusable fertilizer products, thereby supporting
sustainable agricultural practices and promoting a circular
economy.

2. Materials and methods

2.1. Materials

Swine wastewater was collected from a pig farm located in
Hanoi City, Vietnam and stored at 5.0 £ 1 °C. Before use, actual
swine wastewater was filtered (0.45 pm, Whatman) to remove
the suspended solids. The properties of the swine wastewater
utilized in the experiments are detailed in Table 1.

The chemicals used in this study, including calcium chloride
dihydrate (CaCl,-2H,0, 96%), potassium chloride (KCl, 99%),

Table1 The characteristics of filtered actual swine wastewater used in
this study

Average values plus

Parameter Units standard deviation
pH — 7.14 + 0.03
COD mg L " 3800 + 230
Alkalinity (as Na,CO3) mg L' 2030 + 160
TAN (total ammonia nitrogen) mg L7" 549 =+ 25
T-P (total phosphorus) mg L' 149 + 10.5
PO,-P mg L " 111 + 8.0
NH,-N mgL™! 441 4+ 21
K mg L7" 312 + 18
Mg mgL~! 67.4 + 7.8
Ca mg L7" 47.5 + 4.5
Cu mgL™* 1.3 4+0.1
Fe mgL™" 2.240.1
Zn mg L' 0.8 + 0.1
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magnesium chloride hexahydrate (MgCl,-6H,0, 99%), sodium
phosphate monobasic (NaH,PO,-2H,0, 99%), potassium
phosphate monobasic (KH,PO,, 99%), and ammonium chlo-
ride (NH,Cl, 99.8%), were all sourced from Sinopharm Chem-
ical Reagent Co., Ltd, and used as received without further
purification. High-purity standards (Charleston, U.S.A.)
provided the ICP-MS standard solutions. A laboratory-grade RO
ultrapure water system supplied deionized water for all experi-
ments with a resistance greater than 18.1 MQ.

2.2. Analytical methods

A portable pH meter (TS-1, Suntex) equipped with a plastic pH
electrode (GB-600E, Yeong-Shin Company) was utilized to
determine the pH of the samples. This meter was calibrated
weekly under ambient conditions employing pH 7 and pH 10
buffer solutions. The concentrations of cations and anions in
liquid samples were quantified using an inductively coupled
plasma mass spectrometry (ICP-MS, iCAP RQ, Thermofisher
Scientific Pte Ltd, Singapore) at specific detection wavelengths
(213.857 nm, 214.915 nm, 220.353 nm, 231.604 nm,
267.716 nm, 279.553 nm, 324.754 nm, 422.673 nm, 438.364 nm,
and 766.491 nm). The method detection limits (MDLs) for heavy
metals were 0.15 pg L™ for Fe, 1.17 pg L™ " for Zn, and 0.07 pg
L~ for Cu,* ensuring sufficient sensitivity for detecting trace
levels in swine wastewater. Ammonium nitrogen (NH,-N) levels
in the influent and effluent of each reactor were measured with
a Flow Injection Analyzer (Lachat Instruments 5600) following
the SFS-EN ISO 6878 standard method. The crystalline structure
of dried precipitates and granules was identified utilizing an X-
ray diffractometer (Rigaku RX III, Japan) with CuKa radiation
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(40 kv, 30 mA), scanning from 10° to 90° in 0.05° steps with
a 0.5 s scan time. The elemental composition of solids was
analyzed employing an attached Energy Dispersive Spectrom-
eter (LINKS AN10000/85S, Japan). The morphology of the
precipitates was visualized utilizing a Scanning Electron
Microscope (Hitachi SU8010, Japan) after coating the samples
with a thin layer of platinum using a sputter coater (JEOL
JFC-1600).

2.3. Jar-tests

While various materials like nano zero-valent iron (nZvl),
marble dust, and graphene oxide can eliminate phosphorus
through adsorption or precipitation, magnesium salts are
commonly preferred owing to their widespread availability and
lower initial investment. This study investigated phosphorus
precipitation in batch experiments by varying pH (+0.2) (7.0,
8.0, 8.5, 9.0, and 9.5, and 10; [N], of 314.7 mg L', [P], of
1660.6 mg L™ '), reaction time (0, 5, 10, 15, 20, 25, 30, 45, 60, 75,
90, 120, and 150 min), and the molar ratio of magnesium to
phosphorus (1.0, 1.2, 1.3, 1.5, 1.8, and 2.0), all at a consistent
[Mg]/[P] ratio, pH, and reaction time respectively. Additionally,
the impact of different ammonia concentrations (200, 250, 300,
350, 400, and 450 ppm) was examined. All batch tests were
conducted at room temperature (25-28 °C).

In jar-test experiments, magnesium chloride and sodium
dihydrogen phosphate were dissolved and mixed in deionized
water. Swine wastewater was then added to initiate precipita-
tion. The pH was adjusted with sodium hydroxide. The mixture
was rapidly stirred, then slowly stirred, and finally allowed to
settle. Samples were filtered for analysis. The effect of

d=4cm
d®=2cm
— Sample
tank

FBHC column

Qon

NaOH
tank

Scheme 2 Schematic of fluidized bed homogeneous crystallization reactor.
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ammonium concentration on phosphorus and nitrogen
removal was also evaluated by adding ammonium chloride. The
key experimental factors explored were pH, reaction time,
magnesium-to-phosphorus molar ratios, and ammonium
concentrations. All jar-test experiments were performed at 25 °C
and replicated.

2.4. Fluidized bed homogeneous crystallization (FBHC)

The fluidized-bed reactor, depicted in Scheme 2, consists of
a 550 mL cylindrical column and Pyrex glass pipelines. It's
constructed with two sections joined by a wider connection. The
lower section has a diameter of 2 cm and a height of 20 cm,
while the upper section is 4 cm in diameter and 80 cm high.
This widening from top to bottom in the FBC column design
helps to decrease the water flow rate and prevent excessive loss

View Article Online
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of fine particles. Two peristaltic pumps are used to introduce
swine wastewater chemicals and sodium hydroxide into the
reactor. A third peristaltic pump regulates the recirculation flow
rate. To support the granulation bed, ensure even distribution
of water flow, facilitate bubble formation at the inlets, and
prevent blockages, glass beads with a diameter (D) of 0.5 cm are
packed to a height of 3.5 cm from the bottom of both columns.
The duration that water remained within the system, known as
the hydraulic retention time (HRT), was managed by changing
the overall incoming water flow (Q,) and the rate at which water
was cycled back into the system (Q;).

The pH of the precipitant solutions was adjusted employing
either NaOH or HNO;. The study investigated struvite recovery
under varying conditions: pH levels (+0.2) values (8.6, 8.7, 8.8,
8.9, 9.0, 9.1, 9.15, 9.2, 9.3, and 9.4; [Mg]/[P] ratio of 1.2; up-flow

Table 2 Summary of operating parameters of jar-tests and homogeneous fluidized bed reactor

No. Operational parameters Jar-tests FBHC column
1 pH (—) 7.0, 8.0, 8.5, 9.0, 9.5, and 10 8.6, 8.7, 8.8, 8.9, 9.0, 9.1, 9.15, 9.2, 9.3, and 9.4
[Mg]/[P] 1.0 1.2
Umh™) 30 33
Reaction time (min) 120 60
L(kgm?h™ 0.23 0.23
Bed height (cm) 15 15
[NH, ] (mgL ™) 314 —
2 Reaction time (min) 0, 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, 120, and 150 17,19, 21, 24, 33, and 40
pH (—) 9.0+ 0.2 9.0 £ 0.2
U(mh™ 30 33
[Mg]/[P] 1.0 1.2
L(kgm?h™) 0.23 0.23
[NH, ] (mg L™ 314 —
Bed height (cm) 15 15
3 [Mg]/[P] 1.0, 1.2, 1.3, 1.5, 1.8, and 2.0 1.2
U(mh™) 30 33
pH (—) 9.0 £ 0.1 9.0 £ 0.1
L(kgm >h™") 0.23 0.23
Reaction time (min) 60 24
[NH,"] 314 —
Bed height (cm) 15 15
4 [NH,] 250, 300, 350, 400, and 450 —
[Mg]/[P] 1.2 1.2
pH (—) 9.0 + 0.1 9.0 £ 0.1
L(kgm?>h™ 0.23 0.23
Reaction time (min) 60 24
Bed height (cm) 15 15
Umh™) 30 33
5 U(mh™) — 14, 18, 22, 26, 29, 33, 36, 40, and 43
Reaction time (min) — 24
[Mg]/[P] — 1.2
pH (—) - 9.0 £ 0.1
L(kgm?>h — 0.23
Bed height (cm) — 15
6 L(kgm>h™ — 0.15, 0.19, 0.23, 0.27, 0.31, and 0.34
Reaction time (min) — 24
pH (—) — 9.0 £ 0.2
Bed height (cm) — 15
U(mh™) 36
7 Bed height (cm) — 5, 10, 15, 20, 25, and 30
Reaction time (min) — 24
pH (—) - 9.0 £ 0.2
U(mh™) — 36
L(kgm?>h™ — 0.27

© 2025 The Author(s). Published by the Royal Society of Chemistry
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velocity of 33 m h™ "), hydraulic retention time (17, 19, 21, 24, 33,
and 40; pH 9 =+ 0.2; up-flow velocity of 33 m h™"), different up-
flow velocity values (14, 18, 22, 26, 29, 33, 36,40, and 43 m h™;
pH 9.0 + 0.2; HRT 24 min), cross-sectional loading (L) (0.15,
0.19, 0.23, 0.27, 0.31, and 0.34 kg m > h™*; up-flow velocity of 36
m h™', pH 9 £ 0.2), and bed-height (5, 10, 15, 20, 25, and 30;
cross-sectional loading of 0.27 kg m > h™', pH 9 + 0.2, up-flow
velocity 36 m h™") (Table 2).

Scheme 2 visually presents the experimental arrangement
for recovering struvite through fluidized bed crystallization.
Experiments on the recovery of P and N using the FBHC process
were initiated by introducing the feeds of swine wastewater,
which was also mixed with NaOH at given flow rates, under
room temperature, controlling the ratio of reflux flow (Q,) to the
total inflow (Q; = Qgswine + Qon)- Before operating the FBHC
reactor, a 3-5 day initial phase was conducted at a low upward
flow speed (15 m h™') to promote granule formation. Subse-
quently, the upward velocity (Qup, = Q; + Q,) was increased to
a superficial velocity of 25 m h™" by regulating the recirculation
flow (Q,). Guided by prior jar-tests results, the reactor was fed
with a solution containing magnesium, nitrogen, and phos-
phorus at a molar ratio of 1.2 (specifically, 402.5 mg-N L%, 35.2
mg-Mg L', and 95.8 mg-P L™ "). The FBHC process was run for
a duration equivalent to at least nine hydraulic retention times
(HRT) to ensure the reaction reached a stable state after any
changes to the input conditions.

Effluent samples underwent analysis both with and without
filtration utilizing a 0.45 pm filter (GHP Membrane, Pall) to
eliminate fine particles. To minimize supersaturation, 1.0 mL of
HCI was added to each sample. Soluble nitrogen and phos-
phorus levels in the filtered samples were used to calculate the
overall removal of P and N. Conversely, acidic digestion deter-
mined the total P and N content, which was used to assess
granulation efficiency.

The removal efficiency was evaluated to assess the capability
of the FBHC system to precipitate and recover P and N into
granular form, based on the residual concentrations in the
effluent. Furthermore, the performance of the jar-test and
FBHC processes was quantified by calculating the total recovery
(TR) and crystallization ratio (CR) for both phosphorus and
nitrogen. Granulation efficiency, on the other hand, was eval-
uated to confirm the formation of granules with low water
content and minimal or no sludge production. The percentage
recoveries of P and N were determined using the following
calculations in eqn (1) and (2):

0 _ [A]S X Qt 0
oy _ (1 (Al x O 0
CR (%) = (1 o Q<N+p)> x 100% )

in which [A]; represents the amount (in moles) of soluble nitrogen
and phosphorus found in the filtered samples (employing a 0.45
pm filter). [A]; refers to the total nitrogen and phosphorus content
obtained after acid digestion of the samples. Q; represents the
overall influent flow rate (in mL min '), whereas Qup

24126 | RSC Adv, 2025, 15, 24122-24136
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specifically denotes the influent flow rate of nitrogen and phos-
phorus ions (in mL min™"). C, indicates the concentration (in
moles) of nitrogen and phosphorus ions in the feed tank. The TR
(%) indicated how effectively nitrogen or phosphorus was trans-
formed into solid forms. In contrast, the (CR%) represented the
FBHC's ability to retrieve these elements as fluidized crystals.
After the experiment, all pellets were collected and sieved to
determine the distribution of their sizes.

2.5. Purity of struvite pellets

To determine the purity and composition of the heavy metals in
struvite pellets, each sample’s 1.5 g was dissolved in 0.5% HNO;
solution and then diluted with distilled water to 25 mL.*
Solution pH was adjusted to 4 + 0.02 by 1.0 M NaOH before
analysis. The purity of the struvite was calculated based on the
respective N concentrations, calculated by eqn (3):

nN X Mslruvite

Struvite purity = x 100% (3)

Mitruvite
where ny denotes the molar amount of N (mol), M yyice refers to
the molar mass (g mol ™) of struvite and Mgyite represents the
mass of the pellets (g).

To analyze how the struvite particles were sized, samples
were collected from the bottom of the experimental setup, dried
at 50 °C over an 8 hour period, and subsequently separated into
distinct size groups utilizing sieves. These groups corresponded
to particle diameters of over 2 mm, between 1.4 and 2 mm,
between 0.75 and 1.4 mm, between 0.2 and 0.75 mm, and below
0.2 mm. The mass of particles within each size category was
then measured to determine the overall size distribution, and
the calculations proceeded (eqn (4)) as follows:

sieve

[Struvite]y (%) = x 100 (4)

total
where wg;eye refers to the weight of pellets greater than the mesh
size (g), and Wy, shows the total weight of the pellets (g).

3. Results and discussion

3.1. Jar-test results

3.1.1. Effect of pH. Fig. 1(a) illustrates the relationship
between pH and the removal efficiency of PO,*~ and NH," ions.
The results show that as the pH increases from 7 to 8, the
removal efficiency of both ions also tends to increase sharply.
Specifically, the CR values of NH," and PO,*~ increase from
25.33 to 83.75% and 41.09 to 87.32%, respectively. The narrow
error bars indicate very low variability between replicates,
particularly in the pH range of 7 to 9.5. This demonstrates the
high reliability of the results and supports the selection of pH 9
as the optimal condition. Similarly, the TR of NH," and PO,*~
improved significantly from 28.39 to 82.89% and 43.17 to
89.82%. At a pH greater than 9, no significant fluctuations were
observed. While the TR and CR of PO,*~ increased slightly in
alkaline conditions, those of NH," peaked at pH 9 and
decreased at pH 9.5 and 10. In the pH range of 11-12, Mg(OH),
precipitation can potentially interfere with the formation of
struvite.*” Another possibility is that at a very high pH, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Effects of (a) pH, (b) reaction time, (c) [IMgl/[P] ratio, and (d) ammonium concentration on TR% and CR%. Error bars represent the standard

deviation (£5%) of the replicate experiments.

release of ammonia gas (NH;) from the solution may occur,
reducing the amount of ammonium available for precipitation
as struvite.**** The slight difference between the TR and CR
curves suggests that crystallization remains the dominant
mechanism for ammonium removal within the examined pH
range, though minor ammonium loss via volatilization may
occur at very high pH.

3.1.2. Effect of reaction time. Fig. 1(b) shows the change in
removal efficiency with reaction time. In the initial stage
(approximately 20 to 40 min), phosphate and ammonium
removal efficiency increased rapidly. Subsequently, the removal
rate slowed down, reaching a relatively stable state after about
60 to 80 min. The standard deviation of the results is very small,
particularly for PO,*>", indicating high repeatability among
replicates. For NH,', although the error is slightly larger at the
initial time point (20 min), it stabilizes significantly after
24 min. The removal efficiency of phosphate reached a very high
and more stable level than that of ammonium over time. The CR
and TR values for PO,>~ were 97.15 and 98.66%, respectively,
compared to 87.12 and 88.66% for NH,'. The initial rapid
increase in removal efficiency may be due to the rapid forma-
tion of struvite crystal nuclei, followed by their growth in the
fluidized bed. This stage is characterized by a high precipitation
reaction rate due to the relatively high concentration of the
reactants in the solution. Specifically, Mg*" released from MgCl,

© 2025 The Author(s). Published by the Royal Society of Chemistry

rapidly reacted with Na*, NH,", and HPO,*>" to form MgNH,-
PO, -6H,0 and MgNaPO,-7H,0. Nonetheless, the MgNaPO,-
-7H,0 might have dissolved as the reaction time prolonged,
and the released Mg>" and PO,>~ could have combined to form
Mg;(PO,),, resulting in a higher phosphate removal efficiency
than ammoniums for most of the reaction duration. Following
the rapid growth phase, the elimination rate decelerated and
stabilized after approximately 60-80 min, primarily due to the
solution's depletion of reactant ions (Mg>*, PO,*”, and NH,"),
decreasing the driving force for crystallization.

3.1.3. Effect of [Mg]/[P] ratio. Prior investigations indicate
that the dosage of Mg, and P largely determines the extent of
nutrient removal. To assess their influence on the removal,
various molar ratios of magnesium to phosphorus ([Mg]/[P]) were
tested at a pH of 9. Fig. 1(c) shows the effect of the molar ratio of
(IMg]/[P]) on the removal efficiency of PO,>~ and ammonium
NH,". It is observed that as the [Mg]/[P] ratio increased from 1.0
to about 1.3, the phosphate removal efficiency (TR and CR) both
increased significantly, reaching almost maximum values (about
98.43% for TR and 96.41% for CR). For ammonium, the removal
efficiency (for both TR and CR) also tends to increase as the [Mg]/
[P] ratio increases from 1.0 to 1.2. However, this increase is less
significant compared to phosphate removal, and the achieved
values are slightly lower (about 90.7% for TR and 88.9% for CR).
These findings suggest that struvite crystallization is favored
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even at lower Mg”" levels, thereby promoting the gradual disso-
lution of magnesium hydroxide (Mg(OH),) to replenish Mg>*
ions for the reaction. This observation can likely be attributed to
the dramatically lower solubility product (Ky, = 10~ *) of stru-
vite (MgNH,PO,-6H,0) compared to both Na-struvite (K, =
10~'"°) and K-struvite (K, = 107 '%°),* making struvite ther-
modynamically more preferable for precipitation under similar
conditions. Kim et al.'s study established an optimal magnesium
to phosphorus ([Mg]/[P]) ratio of 1.2: 1.0, and a practical appli-
cation at a larger scale suggests a slightly higher ratio of 1.3:1.%°
However, further increases in the [Mg]/[P] ratio beyond 1.3 (up to
2) result in only a marginal increase or even a plateau in phos-
phate removal efficiency, suggesting that the optimal threshold
for this ratio has been reached. At higher ratios, the ammonium
harvesting efficiency tended to decrease slightly, which can be
attributed to the consumption of phosphorus in the process of
Mg;(PO,), formation®® or a smaller fraction of nitrogen was
recovered via struvite formation.*” The stability of MgRPO, - nH,O
depends on the ionic radius of R.>® Because Na* and K" are larger
than NH,', their struvite analogs (Na-struvite and K-struvite)
exhibit higher stability than NH,-struvite. Ultimately, although
magnesium is required for struvite formation, the optimum
[Mg]/[P] ratio for phosphate removal does not exactly coincide
with the optimum for ammonium removal, and other factors
such as high ammonium initial concentration or crystallization
kinetics may be more important in determining ammonium
removal efficiency.

3.1.4. Effect of ammonium concentration. Conventional
methods for removing ammonium from wastewater include
nitrification (around 95% efficiency)* and stripping (up to 99%
removal)."*** Due to the potential influence of ammonium stru-
vite precipitation on phosphorus removal in the presence of
substantial ammonium, we conducted jar-tests. These experi-
ments were carried out at a pH of 9, a Mg : P molar ratio of 1.3,
and with ammonium levels varying from 200 to 450 mg L~"
(Fig. 1(d)). An initial observation shows that both the CR and TR
values of PO,*>~ and NH," increase and reach a threshold of 92—
93% when the ammonium concentration is 300 mg L. Although
the ammonium removal efficiency fluctuated at high concentra-
tions, the results from repeated experiments showed small errors
and clear changing trends, indicating that the results were
reproducible. However, a contrasting trend is evident at higher
ammonium concentrations. Specifically, the CR% and TR% for
PO,*>" reached approximately 97.72 and 99.01%, respectively,
while those for NH," were significantly lower at only 63.25 and
64.98%. Phosphate removal consistently stayed within the 97—
99% range via ammonium struvite precipitation, likely because of
the creation of non-crystalline substances like Caz(PO,), and
Mg;(PO,),.** Additionally, the production of ammonium struvite
was sensitive to pH levels, as previously noted.

3.2. Removal of P and N from swine wastewater by FBHC
process

3.2.1. Effect of pH. Fig. 2(a) shows the removal efficiency of
PO,’” and NH," with pH, discovering that the phosphate
removal efficiency (both TR and CR) remained high and
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exhibited a slight increase as the pH rose from 8.6 to 9.4,
exceeding 96%. In contrast, the ammonium removal efficiency
was more variable, with TR and CR values generally lower than
those of phosphate and showing a tendency to decrease after
reaching a peak around pH 9. This difference can likely be
attributed to the higher crystallization affinity of phosphate,
along with the potential loss of ammonium through volatiliza-
tion at elevated pH*® were calculated according to the eqn (5):

NH," + OH™ — NH; + H,0, K, = 107+8 (5)

This observation aligns with the work of Celen and Tiirker,
who similarly found no ammonia loss at pH 7 and a 17.9% loss
at pH 9.5.* In addition, at high pH, Mg;(PO,), formation is
more favorable,** struvite crystals begin to dissolve, releasing
Mg”" ions, and Mg(OH), precipitation may compete with stru-
vite precipitation.”* Fig. 2(b) illustrates the residual concentra-
tions of phosphate and ammonium, respectively, showing that
the residual phosphate concentration decreased as the phos-
phate removal efficiency increased, while the residual ammo-
nium concentration fluctuated and showed a tendency to rise
again at higher pH values, consistent with the trend observed in
ammonium removal efficiency. The recovery efficiency values
between replicates varied within a narrow range, especially for
phosphorus, reflecting the stability and reliability of the FBHC
system when operating at different pH values. Overall, the
results indicated that a slightly alkaline pH was beneficial for
phosphate removal, but excessively high pH levels could nega-
tively impact NH," removal. Therefore, a pH of 9 was selected
for subsequent experiments.

3.2.2. Effect of hydraulic retention time. Fig. 2(c) illustrates
how varying the retention time influences the removal of stru-
vite from swine wastewater. It is observed that the TR of PO*~
reached a maximum value of approximately 96.52% at HRT
24 min, then tended to decrease slightly as HRT increased. The
CR of PO, also showed a similar trend, reaching a maximum
of about 93.18% at HRT 24 min. For NH,", both CR and TR
increased with increasing HRT from 15 to 24 min, after which
they showed a slight decrease. It is noteworthy that the phos-
phate removal efficiency was consistently and significantly
higher than the ammonium removal efficiency across all
examined HRT values. This can be attributed to the higher
affinity of phosphate for metal ions, such as magnesium
(commonly found in swine wastewater), compared to ammo-
nium during struvite crystallization (MgNH,PO,-6H,0). In the
initial stage, rapid reactions between Mg>*, PO,>~, and NH,"
dominate, forming struvite nuclei (eqn (6)):

Mg** + NH4" + PO,*~ + 6H,0 — MgNH,4PO,-6H,0  (6)

Simultaneously, the intermediate phase like newberyite
(MgHPO,-3H,0) which later transform into struvite in the
occurrence of PO,*~ and NH," (eqn (7)):

MgHPO,-3H,0 + NH," + 3H,0 — MgNH,PO,-6H,0 + H" (7)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentrations using the FBHC Process. Error bars represent the standard deviation (£5%) of the replicate experiments.

During the initial 24 minute period, the saturation indices
(SI) for magnesium sodium phosphate (Na-struvite, MgNaPO,-
-7H,0) and struvite were calculated as 1.52 and 2.51, respec-
tively. These values were derived utilizing solubility product
constants (Kp) of 107'® for Na-struvite and 10~ '*%° for stru-
vite,* providing preferable thermodynamic conditions for their
crystallization. Fig. 2(d) illustrates the residual concentrations
of PO,®>” and NH," after treatment. The residual concentration
of PO,*>~ decreased to the lowest level of about 20.86 mg L™" at
HRT 24 min, corresponding to the highest removal efficiency.
The apparent increase in crystallization yield at HRT = 24 min
can be explained by the fact that, at this point, the system rea-
ches a hydraulic and reaction steady state, allowing Mg>*, NH,",
and PO,*" ions to effectively interact and crystallize more effi-
ciently. Shorter hydraulic retention times may not be sufficient
for crystal nucleation and growth, while longer retention times
may lead to partial re-dissolution or dispersion of the formed
crystals, thereby reducing the overall yield. Meanwhile, the
residual NH," concentration was approximately 1.5 times
higher at 30.51 mg L', suggesting that the homogeneous
crystallization process in the fluidized bed was more effective in
removing phosphate than ammonium. In addition, the pres-
ence of other multivalent cations in swine wastewater, which
have a strong affinity for phosphate, may promote more effi-
cient phosphate precipitation. The difference in removal effi-
ciency between CR and TR suggests that a portion of both

© 2025 The Author(s). Published by the Royal Society of Chemistry

phosphate and ammonium is removed through mechanisms
other than crystallization, such as adsorption onto the fluidized
bed material surface or other chemical reactions within the
system.

3.2.3. Effects of up-flow velocity. The up-flow velocity (U) of
the solution in the FBHC process, which is measured in meters
per hour (m h™"), represents the linear speed at which the
solution moves vertically. This parameter is crucial for opti-
mizing the vulcanization process and designing the most
effective reactor. Specifically, for the pellet bed to become
fluidized and provide a greater contact area between the pellets
and the solution compared to a fixed bed, the up-flow velocity
must exceed the minimum fluidization velocity (Umg).** The
effect of the up-flow velocity on the removal efficiencies of PO4>~
and NH," was also systematically studied (Fig. 3(a) and (b)).
When the up-flow velocity was increased from 14 to 36 m h™",
the recovery efficiencies of PO, and NH," increased, with CR
and TR rising from 95.77 and 95.98% to 96.19 and 96.91% for
PO,’~ and from 87.14 and 86.17% to 88.97 and 90.17% for
NH,", respectively. Fig. 3(a) also shows relatively large errors for
both ions, indicating variability in the crystallization process.
NH," exhibited significant fluctuations across the entire velocity
range (14-36 m h™"), whereas PO,>~ showed the most notable
variation at higher velocities (29-36 m h™'), suggesting reduced
stability of recovery under these conditions. Here, too low an
up-flow velocity would not create enough curing for mass

RSC Adv, 2025, 15, 24122-24136 | 24129
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transfer and thus no granules would form. The improvement of
the enhanced up-flow velocity increased the hydraulic move-
ment of the vulcanized pellets, resulting in a higher particle
collision frequency and accelerated crystal growth kinetics.*
However, when the velocity exceeded 36 m h™', the recovery
efficiencies of PO,*>~ and NH," began to decrease gradually with
the CR and TR values reaching only 87.04 and 87.9% for NH,"
and 93.52 and 93.54% for PO,*>". The decline in recovery effi-
ciency occurs because once the flow velocity exceeds the optimal
threshold, hydraulic energy increases significantly, leading to
excessive collisions between crystalline particles. As a result,
particle breakage occurs, crystallization efficiency decreases,
and nutrient recovery is reduced.”**® Therefore, the up-flow
velocity was set at 36 m h™" for the subsequent experiments.
3.2.4. Effect of cross-sectional loading. The cross-sectional
loading (L) is a key operational parameter commonly utilized to
scale up the operation (kg m > h™"). In this experiment, the
cross-sectional loading (L) was adjusted from 0.15 to 0.34 kg
m > h™!, whereas the flow rate of the influent was kept constant
at 8 mL min~". As observed in Fig. 3(c), a cross-sectional loading
(L) of 0.27 kg m~> h™" was considered the optimal value in the
dolomite seeding system, resulting in a total PO,*>~ removal of
96.17% and a crystallization ratio exceeding 94%. However,
beyond a loading of 0.27 kg m~> h™*, the phosphate removal
efficiency continued to increase slightly and stabilized at a high

24130 | RSC Adv, 2025, 15, 24122-24136

level (CR 97.99% and TR 99.03%), whereas the ammonium
recovery efficiency decreased sharply, falling below 70% at
a loading of 0.34 kg m~> h™". This suggests that at higher cross-
sectional loading, certain limiting factors, including reduced
residence time and increased shear can inhibit the incorpora-
tion of ammonium into struvite. In particular, the formation of
smaller struvite particles at higher cross-sectional loading can
lead to their leaching, thereby decreasing ammonium recovery.
Because phosphorus has a strong tendency to precipitate in
struvite, its removal performance may be less affected by the
formation and loss of small particles than ammonium.

3.2.5. Effect of bed height. In this work, the effect of the
static bed height of homogeneous struvite particles on the
removal efficiency of phosphate and ammonium was examined
by varying the bed height (5 to 30 cm). The amount of formed
particles influences the reactive surface area available for
adsorption and further particle formation, thus reducing local
supersaturation and the formation of fine particles.”” A high
static bed height promotes solid retention, which can minimize
interphase mixing, while a low static bed height favors liquid
retention and enhances interphase mixing.** As shown in
Fig. 3(d), the CR and TR of PO,>~ are significantly higher than
those of NH," when the bed height is adjusted between 5 and
30 cm, and the optimum height was observed to be 10 cm for
both PO,>~ and NH,'. The variation in results between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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replicates was small, especially at a height of 10 cm where the
optimum performance was determined. This confirms the
important role of the particle bed height and the stability of the
FBHC system. Here, the CR and TR of PO, are 95.55 and
97.42%, whereas they are only 83.16 and 86.55% for NH,'.
However, the CR and TR of NH," gradually decrease at bed
heights above 10 cm. Beyond this height, the elimination effi-
ciency of NH," declined gradually, possibly owing to reduced
mixing or mass transfer limitations. Therefore, a bed height of
at least 10 cm is necessary to provide sufficient external surface
area to effectively reduce the supersaturation of the incoming
magnesium stream (a key component for struvite crystalliza-
tion) and prevent excessive primary nucleation.*

3.2.6. Comparison with modern nutrient recovery
methods. To highlight the novelty and technical advantages of
the FBHC configuration proposed in this study, the results were
compared with advanced nitrogen and phosphorus recovery
methods reported in our previous works**® as well as several
studies conducted by Kim et al®* In those earlier studies,
fluidized bed crystallization systems were developed to simul-
taneously recover nutrients from livestock wastewater.
However, those configurations still relied on nucleation mate-
rials, which could introduce impurities into the crystallized
products and reduce the purity of struvite particles. Moreover,
key operating factors such as cross-sectional loading, particle
bed height, and upflow rate had not been thoroughly investi-
gated, leading to inconsistent crystallization efficiency and
variable product morphology. In contrast, the present study
employed a seed-free FBHC configuration, coupled with system
optimization of several critical operating parameters including
pH, residence time, upflow velocity, cross-sectional loading,

50 um |

SUB010 90 T80 1500 LML

Fig. 4
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and bed height. This approach enabled the simultaneous
recovery of NH," and PO,*>” in a single step, achieving high
crystallization efficiencies (CR of PO,>~ 95.55% and CR of NH,"
83.18%) and producing particles with uniform size and
morphology, which suitable for slow-release fertilizer applica-
tions. Compared to the work by Kim et al.,*® which focused
solely on struvite crystallization under static batch conditions,
the FBHC configuration supports continuous operation and
allows precise control of the crystallization process through
dynamic and hydraulic adjustments, thereby enhancing system
stability and scalability. Additionally, in comparison with elec-
trochemical methods reported in other studies,”** which
require specialized equipment and consume large amounts of
energy, the FBHC system offers clear advantages in terms of
operational simplicity, energy efficiency, low chemical
consumption, and minimal sludge generation. These features
underscore the high potential of FBHC for practical application
in livestock wastewater treatment and nutrient recovery,
contributing to the development of a circular economy.

3.3. Characterization of pellets manufactured via the FBHC
process

The resulting solid products were analyzed employing XRD and
SEM techniques. For the jar-tests (conventional precipitation)
method, SEM micrographs, as illustrated in Fig. 4(a) and (b),
reveal that the formed precipitates consisted of multiple
orthorhombic crystals exhibiting trapezoidal or rectangular
morphologies with large precipitate particles (0.10-2 mm),
rough surfaces, numerous cracks, and voids. In contrast, the
sample in Fig. 4(c) had finer but unevenly distributed and easily

(a—c) SEM images of the conventional precipitate sample (jar-tests) and (d—f) the sample obtained from the FBHC process.
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agglomerated particles. For the FBHC method, SEM observa-
tions revealed that the recovered pellets exhibited a homoge-
neous structure comprising small particles ranging from 0.05 to
1.2 mm with smooth surfaces. Notably, the particles were
predominantly spherical (Fig. 4(d)) or oval-shaped (Fig. 4(f)),
with uniform size distribution, making them suitable for
application as slow-release fertilizers. The XRD patterns pre-
sented in Fig. 5 show characteristic peaks at 26 = 14.5°, 16°,
16.7°, 21°, 27°, 29.3°, 30.3°, 32°, 33.5°, 36°, 46.4°, and 51°,
consistent with the crystal structure of struvite (MgNH,PO,-
-6H,0, JCPDS 15-0762).° The obtained struvite product had
a purity of 94.3% calculated based on the nitrogen content
according to eqn (3). The above results show that the majority of
the precipitate mass is pure struvite (MgNH,PO,-6H,0) with
very low impurity content, demonstrating that the crystalliza-
tion process by the FBHC method is effective and suitable for
practical application as slow-release fertilizer. It can be affirmed
that the FBHC method stands out for its high recovery effi-
ciency, excellent particle quality, and ease of implementation
stemming from precise crystallization control and effective
impurity removal.

Based on the particle size distribution diagram obtained
from the FBHC process (Fig. 6), a substantial portion of the
recovered material consists of fine particles smaller than 0.2
mm, accounting for approximately 40.62% of the total mass.
This is followed by fine particles (0.2-0.75 mm) at 31.13%,
medium particles (0.75-1.4 mm) at 14.23%, coarse particles
(1.4-2 mm) at 7.77%, and very coarse particles (>2 mm)
accounting for the smallest fraction at about 6.26%. This
distribution suggests that the FBHC process, under the specific
conditions applied, tends to produce a majority of fine to very
fine particles during P and N recovery. Although the FBHC
process is designed to minimize the presence of coarse parti-
cles, a small fraction is expected to persist under stable oper-
ating conditions. This residual coarse material may contribute
to abrasion and fragmentation within the upper section of the
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Fig.5 XRD patterns of the products obtained from jar-tests and FBHC
process.
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system during continuous operation. Particle size plays an
important role in the effectiveness of slow release fertilizers.
Smaller particles tend to dissolve more quickly, allowing plants
to absorb nutrients rapidly, but they are also more susceptible
to leaching in highly permeable soils. In contrast, larger parti-
cles may dissolve at a slower rate, remaining effective over
a longer period while potentially limiting their ability to reach
deeper soil layers. As a result, the wide size distribution of the
crystalline product obtained from the FBHC system offers
a dual advantage by supplying nutrients both immediately and
over time, while also reducing nutrient losses through leaching.

Fig. 7 depicts SEM images of struvite crystals obtained from
the FBHC technique at 250x and 2000x magnifications. The
crystals exhibit a well-defined rod-like shape, smooth surfaces,
and sharp edges, indicating a high degree of crystallinity. The
uniform morphology and absence of abnormal cracks or
agglomeration indicate that the precipitation conditions were
well controlled, possibly owing to the stability of the fluidized
bed and the homogeneous mixing achieved in the FBHC
system. The particle sizes are relatively consistent, ranging from
20 um to 150 um, which is suitable for applications such as
slow-release fertilizers. These morphological characteristics
confirm the effectiveness of the FBHC process in producing
high-quality struvite crystals.

As shown in Fig. 8, the EDS analysis was applied to deter-
mine the elemental composition of the samples. For the FBHC
process results, the EDS spectrum showed peaks related to Mg,
O, K, P, and Na, suggesting the potential formation of
MgNaPO,-7H,0. Nonetheless, the detection of K reveals that
potassium ions became incorporated into the crystallized
samples, potentially sourced from the initial components in the
swine wastewater. This implies a potential involvement of K in
the development of complex phosphate precipitates. The pres-
ence of a minor quantity of Na indicates the likely formation of
a Na-struvite impurity,™® with the Na' ions potentially

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of FBHC product (a) x250 magnification, scale bar = 50 um; (b) x2000 magnification, scale bar = 20 pm.

Element Weight (%) Atomic (%)
CK 16.98 26.72

OK 38.05 44.95

Na K 4.19 3.44

Mg K 8.84 6.87

P K 19.52 11.91

KK 7.54 3.65

CakK 4.87 247

Totals 100.00

0 2 4 6 8 10 12 14 16 18 20,
[Full Scale 533 cts Cursor: 0.000 keV]

Fig.8 EDS results of FBHC crystallized pellets after 7 days of operation
(struvite pellet formation conditions: pH 9, Mg:Pof 1.2, U36 mh™L, L
0.27 kg m~2 h™%, and bed height 10 cm).

originating from the NaOH utilized for pH adjustment. In
addition, the theoretical value of struvite for Mg: Na:P:Ois1:
1:1:11. However, the experimental result showed that the
atomic ratios of Mg:Na:P:O were 1:0.5:1.7:6.5. This devia-
tion may be due to two main reasons. Firstly, during the crys-
tallization of FBHC, it is possible that other precipitates such as

Mg;(PO,), were formed. These precipitate phases have different
stoichiometry ratios than struvite, resulting in a change in the
measured elemental ratios. Secondly, phosphate ions may have
been adsorbed on the surface of the struvite crystals. A higher
uptake of phosphorus relative to magnesium on the material's
surface will result in an increased phosphorus-to-magnesium
ratio as detected by surface EDS.

The struvite particles obtained using FBHC technology in
Fig. 9 exhibit a relatively uniform shape, smooth surface, and
bright white color, indicating that the crystallization process
was effective and the product is of high purity. In Fig. 9(a), the
struvite appears evenly distributed without clumping, whereas
Fig. 9(b) clearly reveals a nearly spherical structure with small
and uniform particle sizes. These observations suggest that the
operating conditions in the FBHC system such as pH, ion
concentration, and up-flow rate were well controlled, leading to
the formation of stable struvite crystals suitable for PO,*>~ and
NH," recovery, particularly for use as fertilizer. Although the
struvite pellets recovered in this study exhibited high purity,
uniform morphology, and an appropriate particle size distri-
bution for use as slow release fertilizers, their actual

Fig. 9 Struvite pellet images from the FBHC process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectiveness on plant growth has not been verified. To evaluate
the practical application of this product in agricultural
production, further studies should focus on bioassays con-
ducted in soil or hydroponic systems. A relevant example is the
study by Zabaleta et al.,”* in which almond shell biochar was
applied in a soilless Eruca sativa cultivation model and can be
used as a reference method for assessing the effectiveness of
biofertilizers.

4. Conclusions

In summary, the seed-free FBHC technology was successfully
developed and applied for the recovery of PO,*>~ and NH," from
swine wastewater. Key operational parameters influencing
recovery efficiency were systematically optimized. Under the
optimal conditions at pH 9, reaction time of 24 min, up-flow
velocity of 36 m h™', cross-sectional loading of 0.27 kg m >
h™", and 10 cm bed height, the system achieved a TR% of
97.42% for PO,>~ and 86.55% for NH,", with corresponding
CR% of 95.55 and 83.18%, respectively. Morphological and
particle size analyses indicated that the resulting pellets were
predominantly spherical and uniform, with 71.75% of particles
measuring below 0.75 mm. The formation of crystalline struvite
confirmed the effectiveness of the FBHC process in producing
high-purity, homogeneous pellets. These characteristics make
the recovered product suitable for use as a slow-release fertilizer
in agricultural and horticultural applications. With its high
recovery efficiency, low chemical demand, and operational
simplicity, FBHC offers strong potential for broader applica-
tions in nutrient and resource recovery.
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