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Abstract

Although the struvite crystallization process has proven to be an effective process for the recovery of nutrients from wastewater,
this process has not been widely used due to the excessive use of chemicals. In this study, the optimal production conditions,
yield, and economic feasibility of struvite using the anaerobic digestion of livestock wastewater were investigated. In addition,
the economic feasibility of adding zeolite to improve the productivity of struvite and additionally remove nitrogen was evaluated.
The result of the experiment on the struvite yield change according to the molar ratios at pH 9.0 showed that the struvite yield
ratio was 99.0% of the stoichiometric yield at the Mg** :NH,* :PO,>~ molar ratios of 1.2:1.0:1.1. As a magnesium source, MgCl,,
concentrated seawater in the seawater desalination process, and MgO were compared, and when MgO was used, struvite
productivity and economic efficiency were the best. Also, while the addition of zeolite greatly increased the struvite production
and zeolite was also sold as a soil conditioner, the struvite sales benefit was estimated to be 103% of the operating cost.

Keywords Anaerobic digestion - Economics - Livestock wastewater - Phosphorus recovery - Struvite

Introduction

Pig farming industry wastewater containing high concentra-
tions of phosphorus, nitrogen, magnesium, and calcium cause
serious social and economic problems because it has a nega-
tive impact on the environment in relation to the treatment and
recycling of livestock wastewater (Xu et al. 2012; Kumar and
Pal 2015; Choi et al. 2020). In recent years, struvite crystalli-
zation processes that convert pollutants into value-added
products and reuse wastewater are being studied to reinforce
zero-emission and economic viability (Kumar and Pal 2012;
Kataki et al. 2016; Min et al. 2019).

The struvite crystallization process is a technology that can
recover more than 90% of nitrogen and phosphorus (Pal et al.
2015). Also, this process can prevent scaling problems in
wastewater treatment plants. It also reduces the pollution
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associated with excessive discharge of nutrients (N and P)
from wastewater effluent and provides many benefits in terms
of phosphorus recovery, such as potential reuse as fertilizer
(Doyle and Parsons 2002). In addition, if the piggery were to
be closed due to environmental compliance, there would be
the cost of job loss and a shortage of pork. The price of pork
would increase due to the shortage. So, producing struvite will
not only reduce a cost of staying business (or perhaps an
operational cost) of the pig industry but will also contribute
to a stable supply of pork and jobs. However, the successful
operation of struvite crystallization processes in wastewater
treatment plants depends on economic sustainability and
therefore requires appropriate optimization (Kumar and Pal
2013). Therefore, the main challenge is to assess the struvite
value in the fertilizer market considering the production costs
(e.g., maintenance, chemicals, and energy) and to ensure
phosphorus recovery is cost-effective.

The cost of producing struvite depends mainly on the
amount of chemicals injected in the process (Von Miinch
and Barr 2001; Jaffer et al. 2002) and the energy required
for mixing in the crystallization process (Battistoni et al.
2005). In most of the previous studies, a relatively large
amount of MgCl, was used for optimal Mg?*:NH,":PO,*>
molar ratio and NaOH to control the pH. For example, in a
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pilot-scale study, one of the major factors of the cost of pro-
ducing struvite is maintaining the proper pH by adding NaOH
for struvite crystallization using concentrate liquors (Slough
Sewage Treatment Works, UK) (Jaffer et al. 2002). In addi-
tion, according to the actual full scale (400m3/d) test results,
the cost of NaOH addition was estimated to be 97% of the
total chemical cost. In order to address the problem of the
excessive cost of NaOH addition, it has been suggested that
the use of air stripping could reduce the cost by controlling pH
in the struvite crystallization process (Battistoni et al. 2005).

Also, the Mg content of most potential struvite sources is
insufficient compared with PO,>" and NH,*, so Mg must be
supplied. Thus, an essential Mg feed increases the cost of
struvite production (Quintana et al. 2004). The most common
sources of Mg used in struvite are chemicals such as MgCl,,
MgSO,, and MgO. This chemical has also been extensively
used for feasibility studies in laboratory studies on struvite
production due to its high reactivity, Mg content, and purity.
However, it has been reported that it is not economically fea-
sible to use on a large scale as the cost of advanced Mg com-
pounds accounted for up to 75% of the total production cost
(Aleta et al. 2018; Kataki et al. 2016). Therefore, inexpensive
Mg compounds should be found to lower the input cost of Mg
feed (Quintana et al. 2004). Some researchers studied an al-
ternative to reduce Mg input costs using Mg(OH),, which is
less expensive than MgCl, and increases pH (Von Miinch and
Barr 2001). Others reported that brine or seawater can be used
as a potential alternative source of magnesium and can main-
tain similar phosphorus removal efficiency compared with
MgCl, (Shin and Lee 1997).

Another approach to reduce struvite production costs is
to minimize the energy consumption required for mixing
and pumping of the solution. Applying a heterogeneous
process using seed materials such as sand, zeolite, etc.,
may be a suitable solution. The zeolites can accommodate
various cations such as sodium, potassium, calcium, and
magnesium (Kim et al. 2016). Therefore, in terms of ion
exchange, zeolite has excellent substitution ability of potas-
sium and the ability of adsorbing ammonia, so it can im-
prove the removal efficiency of ammonia nitrogen when
used as a seed material and expect the potassium content
in manufacturing struvite (Min et al. 2019). In addition, the
injection of zeolite will shorten the residence time and re-
duce the required energy by shortening the induction time
about growing the crystals (Zhang et al. 2009; Huang et al.
2010; Yu et al. 2013).

The profits from struvite sales will ultimately determine the
profitability of the struvite crystallization process. The appli-
cation of the full-scale struvite crystallization process is still
limited. Assessing economic value as a fertilizer is difficult
because it is influenced by production rates and local demand
for such products (Gaterell et al. 2000). In Japan, however,
struvite is already sold as fertilizer at a cost of almost 250
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€/ton. Based on these values, it has been estimated that the
potential income from the sale of the product in the struvite
crystallization process (400 m*/day) was about 25,000€/year
(Jaffer et al. 2002). In 1999, the fertilizer industry used phos-
phate rock from 31 to 39 €/ton to produce phosphate fertilizers
(Driver et al. 1999). In contrast, some researchers have report-
ed that the annual cost of struvite production, including chem-
ical additions, labor, and maintenance costs, could vary from
388 to 1942 €/ton, depending on the scale of the treatment
plant (Neethling and Benisch 2004). Therefore, fertilizers pro-
duced from phosphate rock are still more economical than
struvite fertilizers.

The aims of this study were to evaluate production operat-
ing plans to ensure production conditions, yields, and process
stability using struvite recovered from the anaerobic digestion
wastewater of a full-scale plant; (a) the yield of struvite syn-
thesized according to magnesium, ammonium, and phosphate
molar ratios were investigated; (b) the effect of pH on the
removal efficiency of nutrients and the yield of struvite was
evaluated at the optimum molar ratio of actual wastewater and
synthetic wastewater; (c) in the production process of struvite,
the economic feasibility of the scenario was evaluated accord-
ing to various operational plans such as each Mg source, and
zeolite input.

Materials and methods
Materials

In this study, an anaerobically digested effluent of livestock
wastewater was obtained from a livestock wastewater treat-
ment plant in the Paju city, Korea. The effluent from the
livestock wastewater was stored at 4 °C for 24 h. Table 1
shows the main characteristics of the effluent from the an-
aerobically digested livestock wastewater. The concentra-
tions of magnesium and phosphate ions in the effluent were

Table 1 Characteristics

of the effluent from the Concentration

anaerobically digested

livestock wastewater pH 8.17+0.1

(unit: mean + Std mg/L) TCOD 14,037 + 150
SCOD 7828 + 50
TSS 12,281 + 100
VSS 8701 + 100
T-N 2350 + 50
NH,*-N 1775 £ 50
T-P 612+5
PO,* P 221+5
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much lower than those of ammonium; therefore, the con-
centration of magnesium and phosphate ions needed to be
increased to maintain the proper molar ratio. In the synthet-
ic wastewater and real wastewater, MgCl,-6H,O (Sigma-
Aldrich, Inc., USA), NH,4CI (Sigma-Aldrich, Inc., USA),
and KH,PO, (Sigma-Aldrich, Inc., USA) of analytical
grade were used as magnesium, ammonium, and phospho-
ric acid sources, respectively, to adjust the molar concen-
tration required. The pH was adjusted using 2N HCI
(Sigma-Aldrich, Inc., USA) and 2N NaOH (Sigma-
Aldrich, Inc., USA). The pH affected the phosphorus
fraction.

Crystallization experiments

The struvite crystallization was performed using a lab-scale
airlift reactor with a working volume of 5 L. The experimental
apparatus for struvite crystallization is shown in Fig. 1. The
hydraulic retention time for the airlift reactor was 3 h, and the
hydraulic retention time of the mixing zone was 10 minutes.
The struvite cake obtained from the process was dried at room
temperature.

In this study, the effect of ammonia N and phosphate P
removal efficiency on the pH change in synthetic wastewater
and real wastewater was investigated. The effect of pH chang-
es on struvite production was also evaluated. All experiments
were carried out under the same molar ratio (Mg**:NH,*:PO,*
~=1.0:1.0:1.0) at pH from 6.0 to 12.0 in the same reactor. The
removal efficiency of nitrogen and phosphorus was calculated

Fig. 1 Experimental equipment
for struvite crystallization

MgCl,-6H,0

=

as the fraction of the residual concentration in the solution
after completion of the struvite reaction to the influent
concentration.

The optimal pH for struvite precipitation was investigated
using batch experiments. In real and synthetic wastewater, the
struvite yield according to pH was carried out under the con-
ditions of the optimum Mg** (1.2):NH,* (1.0):PO,*~ (1.1)
molar ratio.

Economic evaluation conditions and selection of
scenarios

In this study, the economic feasibility of supplying various
Mg sources and zeolite seeds was evaluated to derive an op-
timal operation plan for the struvite crystallization process
using anaerobic digestion wastewater. The economic evalua-
tion of this study was performed according to five scenarios in
terms of phosphorus and nitrogen removal from common con-
ditions as shown in Table 2. Scenarios 1, 2, and 3 in the five
scenarios compare the economics of struvite production using
MgCl, and MgO, which are widely used in the laboratory, and
the concentrated seawater generated in the seawater desalina-
tion process as a potential economic magnesium source.
Scenario 4 assumes that an economical Mg source is injected
and analyzed the economics of zeolite input. Finally, in sce-
nario 5, the economic efficiency was evaluated by applying
the operating conditions showing the best economy among the
four scenarios for nitrogen removal target (Garcia-Belinchona
et al. 2013). The amount of chemicals required according to

A

Effluent

Struvite Hi' :
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Table 2 Economic evaluation conditions and scenarios

Inflow (m3/day) Reactor HRT (h) pH Molar ratio
Condition 81.5 6 9 (NaOH) Mg**:NH, PO, (1.2:1.0:1.1)

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Recovery target Phosphorus Phosphorus Phosphorus Phosphorus Nitrogen
Mg source MgCl, Concentrated seawater MgO MgO MgO
Seed - - - Zeolite Zeolite

the conditions of each scenario was estimated using the results
of limited experiments.

Analytical methods

All samples in this study were filtered using a 0.45-pum sy-
ringe filter to remove suspended solids before analysis.
Ammonia nitrogen was measured using the HACH DR-
5000 (HACH Inc., USA) according to the salicylate method
as shown in the HACH DR-5000 manual. The phosphate
phosphorus concentration was measured by the ascorbic acid
method at 800 nm using a UV-Vis spectrophotometer (Smart
Plus SP-1900PC, Woongki Science, Seoul, Korea). The mag-
nesium concentration was measured using the ICP (iCAP
6000 SERIES, ThermoScientific, USA). A pH meter
(Orionstar, ThermoScientific, USA) was used after calibration
in all experiments. The struvite produced in all experimental
conditions was recovered after completion of the experiment.
The recovered struvite was dried at 80 °C for 48 h in a drying
oven (JSOF-250, JS Research Inc., Korea) and in a desiccator
under room temperature for 24 h, and then the total weight of
the produced struvite was measured using a balance (HR-200,
A&D Co. Ltd., Japan). The results of XRD and XRF analysis
of the produced struvite were reported in previous studies
(Kim et al. 2016; Min et al. 2019).

Results and discussion

Effect of magnesium, ammonium, and phosphate
molar ratios on struvite formation

The other researchers have reported removal efficiencies of
nitrogen and phosphorus according to the molar ratios (Ueno
and Fujii 2001; Wang et al. 2005; Lee et al. 2009), but did not
provide struvite yields according to mole ratios. The phos-
phate and magnesium react first with calcium, potassium, so-
dium, carbonate, etc., present in the solution because of the
slow forming of struvite, so it can be difficult to calculate the
exact amount of production due to too many unknown vari-
ables. In addition, the binding of water molecules differs and it
can be produced lower than the actual stoichiometry yield.
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This study evaluated the yield of real struvite according to
the PO,> :Mg?* molar ratio, which was not previously report-
ed. Also, the optimum PO,> :Mg** molar ratio was investi-
gated considering the amount of actual struvite production and
the removal efficiency of nutrients. The H;PO,4 was used as
the source of phosphorus to exclude the effect of potassium.
Ammonia nitrogen can be additionally removed by stripping,
and phosphorus is likely to react first with other cations pres-
ent in the solution. However, since phosphorus produces pre-
cipitates by reaction with other ions, this study calculated the
struvite yield based on phosphorus. The change in struvite
yield according to the molar ratios at pH 9.0 is shown in
Fig. 2. The ammonia nitrogen removal efficiencies were
97.5%, 98.7%, and 99.9% at the Mg®*:NH,*:PO,>~ molar
ratios of 1.0:1.0:1.0, 1.2:1.0:1.1, and 2.0:1.0:2.0, respectively,
while the phosphorus removal efficiencies were 97.7%,
97.9%, and 75.7%, respectively. Kim et al. (2016) reported
that the optimum Mg”>*:NH,*:PO,’~ molar ratio was
1.2:1.0:1.1 when the removal efficiency of nitrogen and phos-
phorus was considered. In this study, the optimum molar ratio
of Mg?*:NH,*:PO,> was 1.2:1.0:1.1. As a result, the struvite
yield ratio was 99.0% of the stoichiometric yields at the
Mg?**:NH4*:PO,>" molar ratios of 1.0:1.0:1.0 and
1.2:1.0:1.1, while the molar ratios of 2.0:1.0:2.0 represent on-
ly 82.4% of the stoichiometric yield. When the molar concen-
tration of PO,* :Mg®" was higher than the molarity of NH",
the struvite yield was significantly lower than the stoichiomet-
ric yield. When overdosing of magnesium and phosphorus, a
variety of magnesium and phosphate complex ion patterns in
the reactor solution, including MgOH™, Mg(OH); ",
MgH2PO4+, MgHPO4, H3PO4, H2P047, HPO427, and
MgPO, , can be formed when the pH of the solution is varied
(Bouropoulos and Koutsoukos 2000). The reason for this is
that Mg hydrates are amorphous and combines faster than
struvite (Schulze-Rettmer 1991).

In general, the precipitation of struvite is known to be
closely related to its saturation concentration. In order to con-
firm this, the removal efficiency of nitrogen and phosphorus
(Fig. 3) and the struvite yield were investigated by changing
the molar concentration of ammonia while maintaining the
optimum Mg**:NH,*:PO,* molar ratio of 1.2:1.0:1.1 at pH
9.0 (Fig. 4).
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: 2+, +, 3—
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The removal efficiency of ammonia nitrogen and phos-
phate phosphorus was observed by changing the ammonia
nitrogen concentration from 0.02 to 0.25 M. The removal
efficiency of ammonia nitrogen was more than 97%, and the
removal efficiency of phosphate phosphorus was 98% in all
experimental conditions. On the other hand, in the case of the
struvite yield, about 95% of the stoichiometric yield was gen-
erated at 0.02M and 0.05M, and about 99% at 0.1M and
0.025M, respectively. The cause of the difference in struvite
yield seems to be the level of saturation. Many researchers
have reported that the induction time decreases with increas-
ing saturation level (Abbona and Boistelle 1985; Ohlinger
et al. 1999; Bouropoulos and Koutsoukos 2000; Kofina and
Koutsoukos 2005). Therefore, it was judged that a high satu-
ration level at the same reaction time has a high struvite yield
rate. In terms of struvite yield, it may be reasonable to increase
the molar concentration of ammonia nitrogen. However, as
the molar concentration of ammonia nitrogen increases, the
economic efficiency that may be lowered by a large amount of
NaOH must be added to control the pH, and an additional
amount of phosphoric acid and magnesium to control the
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Fig. 3 Removal efficiency of nutrient change according to the molar
concentration of ammonia
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molar ratio. It is considered that the optimum molar concen-
tration of ammonia nitrogen in terms of the yield should be
decided rationally considering economic efficiency.

The struvite yields were measured by varying the PO4’
“:Mg*" in real wastewater at pH 9.0 (Fig. 5). Experimental re-
sults show that the molar ratio of PO437 (1 .O):Mg2+ (1.0) is close
to the stoichiometric yield of 99.2%, 107.3% at 1.0:1.1,
111.2% at 1.0:1.3, and 116.5% at 1.0:1.5. The experimental
results show that the molar ratio of PO437 (1.0):Mg2+ (1.0)
is 99.2%, which is close to the stoichiometric yield. On the
other hand, the struvite yields exceeded the stoichiometric
yields of 107.3% at the PO,>~ (1.0):Mg** (1.1) molar ratio,
111.2% at the PO4>~ (1.0):Mg?>* (1.3) molar ratio, and
116.5% at the PO,>" (1.0):Mg** (1.5) molar ratio. Some
researchers have shown that organic acids in the wastewater
can reduce the yield of struvite by lowering the pH, volatile
fatty acids and other unmeasured organic acids can interfere
with the formation of struvite, and TOC can inhibit the
growth of struvite (Schulze-Rettmer 1991; Bhuiyan et al.
2008). Also, the calcium ions (Ca®*) in the wastewater pro-
duce octacalcium phosphate (CagH,(POy4)4-5H,0),
dicalcium phosphate (CaHPO,), and hydroxyapatite
(Cas(PO4)3;0H) by preferentially reacting with phosphate
(PO,*"). However, in this study, it was judged that no pH
reduction problem occurred by organic acid because the pH
was controlled at 9.0. Furthermore, the struvite yield
exceeded the stoichiometric yield, implying that coexisting
ions such as organic matter or calcium had no effect.
Therefore, it is estimated that the struvite yield was in-
creased due to the increase of the molar concentration of
magnesium, because magnesium hydroxide such as
MgOH* or Mg(OH);~ was additionally produced as men-
tioned above. In conclusion, when the removal efficiencies
of the nutrient and yield of struvite are simultaneously con-
sidered, the optimum PO43 7:Mg2+ molar ratio was estimat-
ed to be 1.0:1.1.
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Effect of pH on ammonia N and phosphate P removal

In general, the pH range for struvite crystallization can be
wide, ranging from 7.0 to 11.5. However, according to many
other researchers, the optimal pH range for struvite precipita-
tion is known to be from 8.0 to 9.5 (Buchanan et al. 1994;
Battistoni et al. 2001; Jaffer et al. 2002). Figure 6 shows the
yields of struvite and the removal efficiencies of ammonia
nitrogen and phosphate phosphorus in synthetic wastewater
according to pH. In the case of synthetic wastewater, the re-
moval efficiency of ammonia N and P was dependent on the
reaction pH. The maximum removal efficiencies of ammonia
nitrogen and phosphate phosphorus were obtained at pH 9 and
pH 11, respectively. However, the struvite yield ratio in-
creased from pH 6.0 to pH 10.0 but decreased after pH 11.0.
This is due to the difference in solubility depending on the pH.
At pH 9.0 and 10.0, the struvite yield ratios were 97.8% and
99.5%, respectively, showing no significant difference.
Considering the yield of struvite, the optimum pH was esti-
mated to be 9.

In real wastewater, the optimum pH range for removing
phosphate P and ammonia N was 8.0-10.0 (Fig. 7). The

0.05M 0.10M
Ammonia N mole conc.

maximum ammonia nitrogen removal efficiency in real waste-
water was very low due to the initial concentration, but the
maximum removal efficiency of phosphorus phosphate was
over 95% in both wastewater types. Therefore, the optimum
pH range for the removal of ammonia nitrogen and phosphate
phosphorus from the effluent of the anaerobic digester was
estimated to be 8.0-10.0.

Figure 7 shows the change in struvite yield depending on
the pH in the real wastewater. Similar to the previous synthetic
wastewater experiments, in the experimental results, the
struvite yield increased from pH 6.0 to pH 10.0 but decreased
from pH 11.0. At pH 9.0 and 10.0, the struvite yield ratios
were 99.1% and 102.2%, respectively, showing no significant
difference. These results are consistent with the experimental
results of synthetic wastewater. Thus, considering the yield of
struvite, the optimum pH was estimated to be 9.0.

Total capital investment cost

Some researchers have proposed the configuration of major
facilities at full scale for struvite crystallization as follows: a
reactor to induce struvite crystallization reaction, a filter press

Fig. 5 Struvite yield according to 1.0 . . 120
PO,> :Mg?* ratio for the effluent zzzE Stoichiometric yield (P)
of livestock wastewater anaerobic = Actual yield 115
digester at pH 9 08
. —A— Actual/stoichiometry
o
2 10 =
3 0.6 1 <
] o
> -
o i 105 ®
t I T
3 041 100 &
& S
0.2 4 95
0.0 — 90
10:1.0 1.0:11 1.0:13
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to separate struvite and water, a drying bed for natural drying,
a granulator to increase the particle size of the struvite, and a
packing system for selling the product (El Rafie et al. 2013).
In this study, we assumed the same process configuration as
theirs. The estimated specifications of equipment based on
mass production are shown in Fig. 8. The total capital invest-
ment costs of the process are shown in Table 3.

In scenarios 1, 2, and 3, it is assumed that MgCl,-6H,0,
concentrated seawater, or MgO is injected at 12 kg/day, 600
L/day, or 3 kg/day, respectively, as Mg sources for phospho-
rus removal. The struvite of slurry state is transferred to the
filter press for dehydration. It is then transferred to a drying
bed for natural drying. After natural drying, it is estimated that
262 kg/day of struvite is packed through granulation. To min-
imize labor costs, it was assumed that a conveyor belt was
used for movement in each stage. The targets in scenarios 4
and 5 were intended to remove the phosphorus and nitrogen,
respectively, using MgO as the Mg source.

In this study, the zeolite was assumed to inject 2.5% (w/w)
of the inflow. As a result of the study, the amount of struvite
production in scenario 5 was 5171 kg/day, which was as-
sumed to be the case where all nitrogen was removed. Next,

Fig. 7 Struvite yield and nutrient
removal efficiency according to

Stoichiometric yield

-e-N removal efficiency

7 8 9 10 1 12

the struvite production in scenario 4 was estimated to be 2300
kg/day, assuming that zeolite was added to remove all
phosphorus.

As a result of evaluating the total capital investment, the
total direct cost is 240,000€. The proportion of struvite reac-
tion reactors cost to direct costs was 56% of the total. The cost
of purchased equipment installation, instrumentation control,
electricity, piping, building, and other expenses were estimat-
ed at a certain percentage of the total capital investment cost.
The total purchased equipment cost was 241,000€, which is
equivalent to the direct cost. It is estimated that the cost of
purchased equipment installation is the largest cost.

Operating cost

Operating costs for each scenario were calculated using Fig. 8.
In scenarios 1, 2, and 3, it is assumed that the filter press,
dehydrator, and granulator operate for only 2 h/day, and the
packing system operates for 1 h/day on average. In scenario 4,
where zeolite is injected, the operating times of the filter press,
dehydrator, granulator, and packing system are assumed to be
3 h/day due to the increase in struvite production. In scenario

E=Actual yield —A—Actual/stoichiometry

-8 P removal efficiency

pH for real wastewater 30

Struvite yield (g)

120

7/

+100

T80

T 60

$40
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Table 3 Total capital investment

Specification Unit Cost (€)
1. Direct cost(Dc)
(1) Mg storage tank with pump 5m’ 1 2000
(2) H3PO, storage tank with pump 5m’ 1 2000
(3) Zeolite storage tank with screw pump 5m’ 1 5000
(4) Reactor with bottom skimmer and blower 12m’ 2 135,000
(5) Filter press 3 m’h 2 58,000
(6) Drying bed 2m’ 1 14,000
(7) Granulator 1 10,000
(8) Packing system 1000 kg/h 1 14,000
Sum (€) 240,000
2. Total purchased equipment
(1) Purchased equipment installation 35% of Dc 1 84,000
(2) Instrumentation control 10% of D¢ 1 24,000
(3) Electrical 10% of Dc 1 24,000
(4) Piping 15% of Dc 1 36,000
(5) Buildings 15% of Dc 1 36,000
(6) Others 15% of Dc 1 36,000
Sum (€) 241,000
Total sum (€) 481,000

5, the operating time is assumed to be 6 h. This is because the
production of struvite in scenarios 1, 2, and 3 is 262 kg/day,
whereas in scenarios 3 and 4 the production of struvite is
increased to 2299 kg/day and 5170 kg/day, respectively. The
increased production of struvite will not only extend the op-
erating hours of each facility, but will also require additional
operational labor. Thus, in scenario 4, one intermediate engi-
neer was added, and in scenario 5, one beginner technician
and one intermediate engineer were added.

Among the materials costs, the concentrated seawater was
planned to be supplied free of charge. However, if the actual
distance to be supplied is very long, it may be necessary to pay
for the purchase or transportation costs. Because zeolite has a
very large price variance, we applied the least expensive unit
price. All chemicals were estimated based on industrial use.
Table 4 outlines the annual direct costs in scenarios 1, 2, and 3.
The major unit prices in scenarios 4 and 5 were equally ap-
plied. The repair cost and the maintenance cost were 3% and
2%, respectively, for the total capital investment.

Economic evaluation

The economic evaluation results of each scenario are present-
ed in Table 5. In the case of scenarios 1, 2, and 3, comparing
the Mg source for phosphorus removal, the economic efficien-
cy was improved when using MgO. This is due to the use of
NaOH to control pH to be 9. In MgCl, and concentrated sea

@ Springer

water, NaOH is required to be 600 L/day, but when MgO is
used, NaOH is required to be 124 L/day, a 1/5 reduction.

Concentrated seawater is supplied free of charge, so if the
supply distance increases and it is not supplied free of charge,
it is considered that there is a greater loss than when using
MgCl,. However, the use of concentrated seawater in a large
facility located near the sea will greatly improve the economic
efficiency.

In scenarios 1, 2, and 3, when removing all of the phos-
phorus present in the wastewater, only 95 tons/year of the
struvite is estimated to be produced. Also, it is predicted that
the produced struvite will have a low value as a fertilizer due
to its high impurity content. Based on the sales price of
existing compound fertilizer, the suggested selling price is
10€/20 kg. In scenarios 1, 2, and 3, the ratio of struvite sales
benefit to operating costs was only 0.11, 0.11, and 0.30, re-
spectively. Therefore, this operation plan is not economically
feasible.

Scenario 4 assumes the use of MgO as an Mg source,
which is estimated to be economically feasible, and evaluates
the economics of zeolite input. The amount of zeolite feed was
assumed to be 2.5% of the inflow based on the results of the
previous experiment. As a result, fertilizer production was
estimated to increase by about 780% from 95 to 840 ton as
zeolite was added. This is because zeolite supply accounts for
about 89% of total struvite production. Due to the zeolite
supply, material costs have increased significantly, and labor
and electricity costs have increased slightly due to increased
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MgO 3 kg/d
or MgCl,6H,0O 12 kg/d
or concentrated seawater

Fig. 8 Mass balance for struvite
production at full scale. a
Scenarios 1, 2, and 3; b scenario

4 05 600 L/d Effluent Effluent Effluent
; € scenarlo 79.0 m¥/d TS.OO m¥/d 10.60 m’/d
Inflow Inflow - Inflow Struvite
81.5 m¥/d 3.75 m¥/d 0.75 m¥/d . 3 )
figactor i | Filter Drying 0.15m¥d | Granulation
Slurry press bed — & Packing
T 0.3 % T
NaOH(40%)
620 L/d. 124 L/d(using MgO)
(a)
MgO 3 ke/d Effluent Effluent Effluent
l l—’ 49.1 m¥/d Izs.o m¥/d T 52m¥d
Inflow Inflow Inflow . Struvite
81.5 m*/d 32.5 m¥/d . 6.5 m¥/d . 3Im3 .
Resictor e m | Filter N Drying 1.3 m/d .| Granulation
Slurry press bed SHEC00 Bald & Packing
I I 0.5% e
Zeolite(2.5%) NaOH(40%)
2.038 kg/d 124 L/d
(b)
MgO 117 kg/d Effluent Effluent Effluent
l 7.5 m¥/d T 60 m’/d I 12 m¥/d
Inflow Inflow ! Inflow - Struvite
81.5 m*/d 75 m¥/d 15 m¥/d ; 3 milk .
S ; N Filter Drying 3 m¥d Granulation
. Tess bed | & Packing
Slurry £ or5.171 kg/d =2
I T 0.8 % -
Zeolite(2.5%) NaOH(40%)
2.038 kg/d 978 L/d
(©)

production of struvite. The struvite in scenario 4 was judged to
be suitable for sale as a soil conditioner because zeolite was
contained in large quantity, unlike in the previous scenarios.
When sold as a soil conditioner, the annual sales revenue is
estimated to be 1.03 (103%) of the operating cost, so that the
economy can be secured.

In scenario 5, where nitrogen removal is targeted, it is as-
sumed that additional H3POy, is added to supply insufficient
phosphorus. The addition of H;PO,4 and the increase amount
of NaOH addition for pH adjustment resulted in a 455% in-
crease in material cost and a slight increase in labor cost and
electricity cost, compared with scenario 4. Struvite production
increased by 225%, but as the material cost increased, it was
estimated that the benefit of sales was 0.60 of the operation
cost, which is lower than that in scenario 4. Also, in scenario
5, it was judged that the operation plan was inappropriate due

to a large amount of chemical input. However, if an inexpen-
sive phosphorus source capable of minimizing pH adjustment
is found, it will be sufficiently economically feasible.

Conclusion

In this study, a wide range of molar ratios and pH values were
tested to determine optimum struvite recovery in terms of
efficiency.

As a result of the experiment on the struvite yield and the
removal efficiency of nutrient change according to the molar
ratios at pH 9.0, when the removal efficiencies of the nutrient
and yield of struvite are simultaneously considered, the opti-
mum PO,>":Mg®* molar ratio was estimated to be 1.0:1.1. The
struvite yield according to pH using synthetic wastewater was

@ Springer
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Table 4 Common method for
calculation of direct production
cost each year for scenarios 1, 2,
and 3

carried out under the conditions of an optimum
Mg**:NH,*:PO,*>" molar ratio of 1.2: 1.0: 1.1. As a result,
the struvite yield increased from pH 6.0 to pH 10.0 but

Table 5 Economic evaluation
results of each scenario (unit:
1,000€/year)

@ Springer

Description

1. Materials cost
NaOH

MgCl,-6H,0O

MgO

Concentrated seawater
Zeolite

2. Labor cost
Intermediate engineer
Beginner technician
3. Electricity cost
Blower

Skimmer

Chemical pump
Conveyor belt

Filter press

Drying bed
Granulator

Packing system

4. Repair cost (3% of TCI)

5. Maintenance cost(2% of TCI)

: 1.45€/L x 620 L/day = 899€/day
: 1.17€/kg x 12 kg/day = 14€/day
: 7.33€/kg x 3 kg/day = 22€/day

: Free

1 0.5€/kg

41,739€/year

: 47,536€/year

: 41,739€/year

13,913€/year

12.25kW x 24 h x 0.8 =43.2 kWh
1 1.5kW x 24 h x 0.8 =28.8 kWh

:0.75kW x 24 h x 3 EA x 0.8 =43.2 kWh

:1.5kW x2h x5 EA x0.8=12kWh
:10kW x 2 h x 0.8 =16 kWh

:10kW x 24 h x 0.8 =192 kWh
:3kW x2h x0.8=4.8kWh
:10kW x 1 h x 0.8 =8 kWh
14,493€/year

9,662€/year

decreased after pH 11.0. At pH 10.0, the maximum struvite
yield ratio was 99.5%. Thus, considering the yield of struvite,

the optimum pH was estimated to be 9.0.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
1. Operation costs (€) 414 409 154 586 2273
(1) Materials cost 334 329 74 457 2098
(1) NaOH 329 329 66 66 520
(2) MgCl,"6H,0O 5 - - - -
(3) MgO - - 8 8 301
(4) Concentrated seawater - Free - - -
(5) H3PO4 - - - - 895
(6) Zeolite - - - 383 383
(2) Labor cost 42 42 42 89 131
(3) Electricity cost 14 14 14 16 20
(4) Repair cost 14 14 14 14 14
(5) Maintenance cost 10 10 10 10 10
2. Struvite sales benefit (€) 45 45 45 605 1360
(1) Annual production (ton) 95 95 95 840 1890
(2) Unit price (€/ton) 0.478 0.478 0.478 0.720 0.720
3. Production cost (€/Ton) 4358 4.302 1.618 0.698 1.203
4. Profit on sales -369 -363 -108 18 -913
5. Ratio of struvite sales benefit 0.11 0.11 0.30 1.03 0.60

to operating costs (-)
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The economic aspects of various scenarios were evaluated
to ensure the stability of the struvite process. In the case of the
Mg source for phosphorus removal, the economic efficiency
was improved when using MgO (scenario 3). The addition of
zeolite greatly increased the production of struvite, thereby
improving the economic efficiency. As a result, the benefit
of struvite sales in scenario 4 was estimated at 103% of the
operating cost. In the case of removing all the nitrogen, it is
considered that a phosphorus source which is sufficiently in-
expensive to minimize the pH increase should be found.

Author contribution Kyung Jin Min: Data curation, Writing—Original
draft preparation
Ki Young Park: Writing—Reviewing and Editing, Supervision

Funding This work was supported by the Korea Ministry of the
Environment (MOE) as “The advancement of scientific research and
technological development in environmental science program” (Project
No. 2014-00015-0005) and by the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIT) (No.
2018R1A2B6005040).

Data availability The data that support the findings of this study are
available from the corresponding author, KY Park, upon reasonable
request.

Declarations

Ethics approval and consent to participate This article does not contain
any studies with human participants or animals performed by any of the
authors.

Consent to Participate Not applicable
Consent for publication Not applicable

Competing interests
interest.

The authors declare that they have no conflict of

References

Abbona F, Boistelle R (1985) Nucleation of struvite MgNH,PO,-6H,O
single crystals and aggregates. Cryst Res Technol 20(2):133—-140

Aleta P, Parikh S-J, Silchuk A-P, Kate M, Scow K-M, Park M, Kim S
(2018) The effect of organic matter on the removal of phosphorus
through precipitation as struvite and calcium phosphate in synthetic
dairy wastewater. Membr Water Treat 9(3):163-172

Battistoni P, Boccadoro R, Fatone F, Pavan P (2005) Auto-nucleation and
crystal growth of struvite in a demonstrative fluidized bed reactor
(FBR). Environ Technol 26(9):975-982

Battistoni P, Deangalis A, Pavan P, Prisciandaro M, Cecchi F (2001)
Phosphorus removal from a real anaerobic supernatant by struvite
crystallization. Water Res 35(9):2167-2178

Bhuiyan M-I-H, Mavinic D-S, Koch F-A (2008) Phosphorus recovery
from wastewater through struvite formation in fluidized bed reac-
tors: a sustainable approach. Water Sci Technol 57(2):175-181

Bouropoulos N-C, Koutsoukos P-G (2000) Spontaneous precipitation of
struvite from aqueous solutions. J Cryst Growth 213(3):381-388

Buchanan J-R, Mote C-R, Robinson R-B (1994) Thermodynamics of
struvite formation. Trans ASAE 37(2):617-621

Choi W, Yu J, Kim J, Jeong S, Direstiyani L-C, Lee T (2020) The
effectiveness of step feeding strategies in sequencing batch reactor
for a single-stage deammonification of high strength ammonia
wastewater. Membr Water Treat 11(1):79-85

Doyle J-D, Parsons S-A (2002) Struvite formation, control and recovery.
Water Res 36(16):3925-3940

Driver J, Lijmbach D, Steén I (1999) Why recover phosphorus for
recycling and how? Environ Technol 20(7):651-662

El Rafie S, Hawash S, Shalaby M-S (2013) Evaluation of struvite precip-
itated from chemical fertilizer industrial effluents. Adv Appl Sci Res
4(1):113-123

Garcia-Belinchona C, Rieckb T, Bouchya L, Galia A, Rougéc P,
Fabregas C (2013) Struvite recovery: pilot-scale results and eco-
nomic assessment of different scenarios. Water Pract Technol 8(1):
119-130

Gaterell M-R, Gay R, Wilson R, Gochin R-J, Lester J-N (2000) An
economic and environmental evaluation of the opportunities for
substituting phosphorus recovered from wastewater treatment works
in existing UK fertiliser markets. Environ Technol 21(9):1067-1084

Huang H, Xiao X, Yang L, Yan B (2010) Recovery of nitrogen from
saponification wastewater by struvite precipitation. Water Sci
Technol 61(11):2741-2748

Jaffer Y, Clark T-A, Pearce P, Parsons S-A (2002) Potential phosphorus
recovery by struvite formation. Water Res 36(7):1834—-1842

Kataki S, West H, Clarke M, Baruah D-C (2016) Phosphorus recovery as
struvite: Recent concerns for use of seed, alternative Mg source,
nitrogen conservation and fertilizer potential. Resour Conserv
Recycl 107:142-156

Kim D, Min K-J, Yu M-S, Lee K, Kweon J, Park K-Y (2016) Use of
concentrate water from seawater desalination plant as magnesium
sources for struvite formation by using anaerobically digested efflu-
ent of swine wastewater. Desalination Water Treat 57(55):26751—
26757

Kofina A-N, Koutsoukos P (2005) Spontaneous precipitation of struvite
from synthetic wastewater. Cryst Growth Des 5(2):489-496

Kumar R, Pal P (2012) Response surface-optimized Fenton’s pre-
treatment for chemical precipitation of struvite and recycling of wa-
ter through downstream nanofiltration. Chem Eng J 210:33-44

Kumar R, Pal P (2013) Turning hazardous waste into value-added prod-
ucts: production and characterization of struvite from ammoniacal
waste with new approaches. J Clean Prod 43:59-70

Kumar R, Pal P (2015) Assessing the feasibility of N and P recovery by
struvite precipitation from nutrient-rich wastewater: a review.
Environ Sci Pollut Res 22(22):17453—17464

Lee J-E, Rahman M-M, Ra C-S (2009) Dose effects of Mg and PO,
sources on the composting of swine manure. J Hazard Mater
169(1):801-807

Min K-J, Kim D, Lee J, Lee K, Park K-Y (2019) Characteristics of
vegetable crop cultivation and nutrient releasing with struvite as a
slow-release fertilizer. Environ Sci Pollut Res 26(33):34332-34344

Neethling J-B, Benisch M (2004) Struvite control through process and
facility design as well as operation strategy. Water Sci Technol
49(2):191-199

Ohlinger K-N, Young T-M, Schroeder E-D (1999) Kinetics effects on
preferential struvite accumulation in wastewater. J Environ Eng
125(8):730-737

Pal P, Abrar I, Kumar R (2015) Managing hazardous municipal waste-
water: a membrane-integrated hybrid approach for fast and effective
treatment in low temperature environment. J] Membr Sep Technol
4(2):53-65

Quintana M, Colmenarejo M-F, Barrera J, Garcia G, Garcia E, Bustos A
(2004) Use of a byproduct of magnesium oxide production to pre-
cipitate phosphorusand nitrogen as struvite from wastewater treat-
ment liquors. J Agric Food Chem 52(2):294-299

@ Springer



40714

Environ Sci Pollut Res (2021) 28:40703-40714

Schulze-Rettmer T (1991) The simultaneous chemical precipitation of
ammonium and phosphate in the form of magnesium-ammonium-
phosphate. Water Sci Technol 23(4-6):659-667

Shin H-S, Lee M-S (1997) Removal of nutrients in wastewater by using
magnesium salts. Environ Technol 19(3):283-290

Ueno Y, Fujii M (2001) Three years experience of operating and selling
recovered struvite from Full-Scale Plant. Environ Technol 22(11):
1373-1381

Von Miinch E, Barr K (2001) Controlled struvite crystallisation for re-
moving phosphorus from anaerobic digester sidestreams. Water Res
35(1):151-159

Wang X, QiuZ, Lu S, Ying W (2005) Characteristics of organic, nitrogen
and phosphorus species released from ultrasonic treatment of waste
activated sludge. J Hazard Mater 176(1):35-40

@ Springer

Xu H, He P, Gu W, Wang G, Shao L (2012) Recovery of phosphorus as
struvite from sewage sludge ash. J Environ Sci 24:1533-1538

Yu R, Geng J, Ren H, Wang Y, Xu K (2013) Struvite pyrolysate
recycling combined with dry pyrolysis for ammonium removal from
wastewater. Bioresour Technol 132:154-159

Zhang T, Ding D, Ren H, Xiong X (2009) Ammonium nitrogen removal
from coking wastewater by chemical precipitation recycle technol-
ogy. Water Res 43(20):5209-5215

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Economic feasibility of phosphorus recovery through struvite from liquid anaerobic digestate of animal waste
	Abstract
	Introduction
	Materials and methods
	Materials
	Crystallization experiments
	Economic evaluation conditions and selection of scenarios
	Analytical methods

	Results and discussion
	Effect of magnesium, ammonium, and phosphate molar ratios on struvite formation
	Effect of pH on ammonia N and phosphate P removal
	Total capital investment cost
	Operating cost
	Economic evaluation

	Conclusion
	References


