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magnesium (Mg). In this study, a comprehensive economic analysis was conducted using five

Accepted 29 November 2017

Mg sources (MgCl2, MgSO4, MgO, Mg(OH)2, and bittern) during the operation of a pilot-scale
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fluidized bed reactor (FBR), using swine wastewater as the case matrix. First, the economic
operating conditions were investigated, and subsequently, the performance and the costs of
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the five Mg sources were compared. The results indicated that the FBR could be operated most

Struvite

economically at pH of 8.5 and Mg to phosphorus (Mg/P) molar ratio of 1.5. Under these

Fluidized bed reactor

conditions, no significant differences in phosphorus removal and product quality could be

Magnesium source

found between the five Mg sources. Selecting the most economical Mg source was thus highly

Economy

dependent on the prices of the reagents and Mg sources. Low-solubility Mg sources were

Phosphorus recovery

preferable when NaOH was priced higher, while high-solubility Mg sources proved more
economical when HNO3 was expensive. The bittern was the most economical choice only
when the distances for total inorganic orthophosphate removal and struvite recovery were
shorter than 40 and 270 km, respectively. The current study provides an overview of the
economic selection of an Mg source, which can help reduce the cost of struvite crystallization.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Phosphorus is one of the essential elements for life, representing
energy flow on a cellular level (Westheimer, 1987). As phosphorus
has no natural circulation cycle, it can only be mined from
phosphate rock and ends up in marine sediments. Unfortunately,
phosphate rock is a non-renewable source and its global demand
has increased exponentially since the 19th century due to the
surge in population (Cordell et al., 2009). Based on the current
rate of consumption, phosphate rock will be exhausted
within 90 years (Pinnekamp et al., 2003). Thus, it is crucial
to recover phosphorus. Struvite (MgNH4PO4·6H2O) crystallization has been gaining attention since it can simultaneously

reduce eutrophication and address the scarcity of phosphorus
rock resources (Ye et al., 2014). Harvested struvite has been
confirmed to be an effective fertilizer for a range of crops, better
than commercial fertilizers in some cases (Esemen et al., 2009;
Mihelcic et al., 2011).
Although struvite crystallization technology has the dual
advantages of protecting the environment and conserving
resources, and has been conducted for several decades, its
application is hampered, mainly due to high operating cost
(Mihelcic et al., 2011; Rogalla, 2010; Ueno and Fujii, 2001).
In general, the operating cost of struvite crystallization is
mainly associated with the cost of reagents, power, and in
some cases, additional transportation (Barbosa et al., 2016).
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Notably, the reagent accounts for the majority of the cost
(Quintana et al., 2004), and to date, much research has been
conducted with the aim of reducing the reagent cost (Huang
et al., 2014b). It has been reported that using low-cost Mg
can lower the overall operating cost by 18%–81%, without
complex or additional operations (Dockhorn, 2009; Gunay
et al., 2008; Huang et al., 2010, 2011; Lahav et al., 2013).
Therefore, choosing cost-effective Mg sources seems to be
the most direct approach to reducing the cost of struvite
crystallization (Quintana et al., 2004).
To date, various Mg sources, which can be classified
according to solubility, have been tested in struvite crystallization: high-solubility (i.e., MgCl2 and MgSO4) and lowsolubility (i.e., MgO, Mg(OH)2, and MgCO3). Because of their
high solubility and reactivity, MgCl2 and MgSO4 are extensively used in lab-scale and commercial-scale processes.
Phosphate recovery efficiency over 90% can be achieved
(Kataki et al., 2016; Moerman et al., 2009; Schick et al., 2009; Ye
et al., 2014). The low-solubility sources MgO, Mg(OH)2, and
MgCO3 also have an application in struvite crystallization
because of their lower price and alkaline features (Gunay et
al., 2008; Huang et al., 2010, 2014a, 2018; Ueno and Fujii, 2001;
Yu et al., 2013). In terms of original source, some Mgabundant industrial byproducts or liquids have shown
potential to be Mg sources, such as wood ash (Sakthivel et al.,
2012; Huang et al., 2017), seawater (Lahav et al., 2013; Crutchik
and Garrido, 2011; Shin and Lee, 1998), and bittern (Lee et al.,
2003; Ye et al., 2011). Wood ash is the powder left after wood
combustion, and contains 59.7–89.1 g Mg/kg (Etiégni and
Campbell, 1991). Studies show that it could precipitate 99%
of phosphate; however, the product was far from pure
struvite and frequently contained high concentrations of
heavy metals (Sakthivel et al., 2012). Seawater is a natural
potential Mg source and has been successfully used to recover up
to 99% of the phosphate from hydrolyzed urine. However,
coprecipitates (i.e., magnesium calcite and calcite) were observed
owing to the presence of calcium (Liu et al., 2013). Bittern is the
solution remaining after the crystallization of sodium chloride
from brine or seawater (Matsumiya et al., 2007; Quintana et al.,
2004). As a byproduct of the sea salt industry, bittern contains
extremely high concentrations of Mg2+ (2000–3000 mg/L) and is
considered a promising source of cost-efficient Mg (Liu et al.,
2013). The use of bittern can achieve an auspicious recovering
phosphate efficiency (80%–90%) with reduced reagent cost (Etter
et al., 2011). However, as with seawater, its application is limited
to coastal areas because longer distances would increase
both cost and inconvenience. Moreover, the usage of these
Mg sources could lead to the formation of impurities and
other precipitates, which would significantly influence the
quality and safety of the product (Matsumiya et al., 2007).
Recently, pure Mg has also been tested as a potential Mg source.
It has been shown, using an electrochemical approach, that
an Mg electrode can release Mg, the cost of which is competitive with MgCl2 and MgSO4 but exceeds dosing with MgO (Hug
and Udert, 2013). Another novel method is the combined
fluidization of Mg and graphite pellets using an air bubbling
column, which can achieve a stable phosphate removal rate
(approximately 95%) and high struvite purity (95.8%) (Huang
et al., 2015). Although effective, the direct usage of pure Mg as the
Mg source in larger-scale struvite crystallization is still
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questionable, because the costs of installation and operation
(i.e., air blowing) are unknown (Huang et al., 2015; Hug and
Udert, 2013).
As mentioned above, various Mg sources can be used during
struvite crystallization, but an approach for cost-effective selection of the Mg sources is still unclear, especially when struvite
recovery is conducted using a fluidized bed reactor (FBR). For
example, it is widely believed that the low-solubility Mg sources
(i.e., MgO or Mg(OH)2) are more economically efficient than the
high-solubility ones (i.e., MgCl2 or MgSO4) (Huang et al., 2014a;
Ueno and Fujii, 2001; Yu et al., 2013). However, this conclusion
cannot be widely accepted because it applies to stirred reactors
(Huang et al., 2014a; Yu et al., 2013). Mg source selection is likely
to differ based on specific hydrodynamic conditions in the FBR
(Birnhack et al., 2015), in which the low-solubility Mg sources
might not have enough time to dissolve before being flushed
out, subsequently influencing the phosphorus removal rate
(Laridi et al., 2005). Therefore, pretreatment of low-solubility Mg
sources is generally necessary, which introduces additional
costs. Additionally, transportation costs, which would become
the major limitation for using free Mg sources, are often ignored
in existing economic analyses, and should be taken into consideration (Matsumiya et al., 2007; Quintana et al., 2004).
Although various Mg sources are available, MgCl2, MgSO4,
MgO, Mg(OH)2, and bittern were selected as the Mg sources to be
studied due to the prospect of their practical application. The
aim of this study was to identify the most cost-effective Mg
source for fluidized struvite crystallization from swine wastewater. The most economical operating conditions (i.e., pH
and Mg/P) were first investigated; subsequently, the operating
costs and struvite characteristics resulting from the use of
the above-mentioned five common Mg sources were comprehensively compared. Finally, a rule for Mg source selection for
struvite crystallization using FBR was derived.

1. Materials and methods
1.1. Swine wastewater and Mg resources
Swine wastewater was collected from an anaerobic digester
of a pig farm (Xiamen, China). The composition of the swine
wastewater is presented in Table 1. The initial molar ratio of
Mg/N/P was 0.8/11.0/1.0, demonstrating that additional Mg
sources are necessary for struvite precipitation.
Four commercial industrial grade (IG) chemicals (MgCl 2,
MgSO4, MgO, Mg(OH)2) and one byproduct of the sea salt industry
(bittern) were used as Mg sources. IG-MgCl2 was purchased
from Xilong Co. Ltd. (Beijing, China); IG-MgSO4, IG-MgO, and IGMg(OH)2 were supplied by the Laizhou Zhongguan Magnesium
Co. Ltd. (Shandong, China); and the bittern was obtained from
Zhangpu Saltern (Fujian, China). The components and prices of
the five Mg sources are presented in Table 2.

1.2. Experimental design
1.2.1. Pretreatment of low-solubility Mg sources
The two low-solubility Mg sources (i.e., IG-MgO, IG-Mg(OH)2) were
dissolved prior to use because of their low solubility. First,
the amount of acid needed was calculated, with the aim of
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Table 1 – Composition of swine wastewater (n = 30).
Parameters

Concentration
Heavy Concentration
(mg/L, except for pH) metals
(μg/L)

pH
COD
TIP
TP
NH+4-N
Mg2+
Ca2+

7.6 ± 0.3
445.9 ± 23.1
68.9 ± 18.8
71.7 ± 7.9
788.9 ± 44.7
47.7 ± 2.7
119.8 ± 6.0

Cr
Mn
Ni
Cu
Zn
Cd
Pb
As

pH 7.0 and 10.0 buffer solutions. Additionally, HNO3 solution
(0.5%, V/V) was used regularly to flush precipitates from the
pipes to prevent reactor clogging.

41.87 ± 0.98
669.05 ± 68.09
66.12 ± 1.89
123.70 ± 10.41
57.34 ± 25.92
0.38 ± 0.15
17.28 ± 5.23
N.D. a

1.3. Analytical methods
Components in the wasterwater were measured according to
standard methods (SEPA, 2002). The NH+4-N was analyzed using
the Nessler method of colorimetry with a spectrophotometer
(DR5000, HACH, USA). The total inorganic orthophosphate (TIP)
and total phosphorous (TP) were determined by the molybdateascorbic acid colorimetric method. The pH value of the solution
was analyzed with a pH meter (700IQ, WTW, Germany). Mg2+,
Ca2+, K+, and Na+ were detected using an inductively coupled
plasma optical emission spectroscopy system (ICP-OES) (Optima
7000DV, Labconco, USA). For the harvested struvite, size distribution was first analyzed using a series of standard sieves and
the micromorphology was observed with a scanning electron
microscope (SEM) (S4800, HITACHI, Japan). After being dissolved
by 0.5% HNO3 and filtrated through 0.45 μm membranes, the
levels of nutrients (i.e., TIP and NH+4-N), macroelements (i.e., Mg, K,
Na, and Ca), and heavy metals (i.e., Cr, Mn, Ni, Cu, Zn, Cd, Pb,
and As) were determined using a spectrophotometer, an ICP-OES,
and an inductively coupled plasma mass spectrometry system
(ICP-MS) (7500cx, Agilent, USA), respectively.

a
N.D. refers to not detected; TIP: total inorganic orthophosphate;
TP: total phosphorous; COD: chemical oxygen demand.

ascertaining the concentration of Mg2+ and pH in the solution at
different acid dosages. The batch experiments were performed in
a six-linked agitator (ZR4-6, ZRWATER, China). First, 1 g of the Mg
source was mixed with 1 L of pure water in glass beakers, then 0,
1, 2, 3, 5, and 10 mL of HNO3 of concentration 65.0%–68.0% was
added. After reacting at 300 r/min for 4 hr, the concentrations of
Mg2+ in the supernates were analyzed, and subsequently, the
purities of the two Mg sources were calculated.

1.2.2. FBR setup
A pilot-scale perspex FBR with a working volume of 100 L was
used. The reactor had four concentric columns with diameters
increasing toward the top, similar to reactors reported in
the literature (Bhuiyan et al., 2008; Rahaman et al., 2014).
A schematic of the treatment process is shown in Fig. 1.
Swine wastewater, the recycle stream, and the Mg and
NaOH solutions were injected from the bottom of the FBR.
The most economical operating parameters were first investigated, wherein the phosphorus removal profiles under different
pH levels (i.e., 8.0, 8.2, 8.5, 9.0) and Mg/P molar ratios (i.e., 0.8,
1.2, 1.5, 2.0) were compared using MgCl2 as the Mg resource.
Following this, the selection of the most cost-effective of the
five Mg sources (i.e., IG-MgCl2, IG-MgSO4, IG-MgO, IG-Mg(OH)2,
and bittern) was conducted, using the pH and Mg/P identified
in the previous step. Thereafter, the operating costs were
calculated. The basic experimental settings were as follows:
pH 8.5, Mg/P 1.5, inflow rate 400 L/hr, recycling rate 400 L/hr,
upflow rate 50 mm/sec. The pH of the solution was adjusted
by adding NaOH using an automatic control device (PC-3100,
Suntex, China). To better control the experimental process,
the pH probe (WTW, Germany) was calibrated daily using

1.4. Economic assessment
Generally, the operating cost of fluidized struvite crystallization
includes the costs expended toward electricity (i.e., pumps,
online monitoring, and control) and reagents (i.e., alkali, Mg
sources, and acid). When a free byproduct of the industry is
used as the reagent (i.e., bittern in this study), the cost of
transportation should also be considered. Since the overarching
goal of this study was to select the most cost-effective Mg
source, labor costs were not considered because they vary by
region. Thus, the total unit cost (Cunit, $/kg TIP, or $/kg struvite)
could be formulated as follows (Eq. (1)):
Cunit ¼ Cre þ Cel þ Ctr

ð1Þ

where Cre ($), Cel ($), and Ctr ($) are the unit cost of reagent,
electricity, and transportation, respectively (Eqs. (2)–(4)).
Cre ¼ ðα  Pre Þ=M

ð2Þ

Cel ¼ ðβ  Pel Þ=M

ð3Þ

Table 2 – Components and prices of the magnesium sources.
Mg
resource
MgCl2
MgSO4
MgO
Mg(OH)2
Bittern
a
b
c

Components (mg/g) b
Mg
104.10
92.09
323.90
320.65
39,185.00

K
0.09
0.10
0.48
0.45
6720.00

N.D. refers to not detected.
The unit of bittern is mg/L.
Purity data are not available.

Ca
0.27
0.06
1.37
0.84
35.25

Cr
N.D.
0.01
0.02
0.01
1.49

a

Mn

Ni

Cu

Zn

As

Cd

Pb

0.03
0.08
0.02
0.16
2.10

0.01
0.02
0.02
0.03
N.D.

0.02
N.D.
0.09
0.01
N.D.

0.01
0.02
0.06
0.09
N.D.

N.D.
N.D.
0.01
0.01
0.90

N.D.
N.D.
0.01
0.01
1.03

N.D.
N.D.
0.03
0.03
N.D.

Purity
(%)

Price
($/kg)

88.05
94.39
53.98
77.49
—c

0.080
0.058
0.055
0.087
0.000
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Concentrated HNO3 was used to dissolve the low-solubility
Mg sources (i.e., MgO and Mg(OH)2) because of their ready
solubility in acidic solutions. Fig. 2 shows the relationship
between the amount of HNO3, concentration of Mg2+, and pH
in the mixed liquid. It was found that the concentration of Mg
increased almost linearly with the addition of HNO3 at the
initial stage, and then became relatively constant when the
concentration of HNO3 was above 2 mL/L. With the release of
Mg ions, the pH value of the solution decreased monotonically. The optimal amount of additional HNO3 was 3 mL/(L·g
Mg source) for two of the Mg sources; under this condition, the
concentrations of Mg could be maximized (356.6 mg/L for
MgO, 386.6 mg/L for Mg(OH)2) at the lowest dosage of HNO3.
Moreover, this dosing strategy can also reduce the usage of
NaOH in the subsequent struvite crystallization, because less
H+ needs be neutralized.

2.2. Selection of cost-efficient operating conditions

ð4Þ

where, Pre, Pel, and Ptr denote the unit prices; and α (kg), β (kWh),
and γ (km) represent the reagent amount, electricity amount,
and transportation distance, respectively. M is the total mass
of TIP removed (kg TIP) or struvite produced (kg struvite).
The transportation prices are included in the reagent price
for the four commercial Mg sources selected in this study (IGMgCl2, IG-MgSO4, IG-MgO, and IG-Mg(OH)2). Therefore, Ptr ($/
km) is calculated only for bittern because it is free of charge,
but must be transported from saltworks to the experimental
site (Pan, 2009).
Ptr ¼ ð1 þ rÞ 



P0 −P f
þaþbþcþd
L

ð5Þ

where r (%) is the percentage of unforeseen cost, which
is generally 10%; P0 ($) is the price of the car; Pf ($) is the
scrap value of the car; L (km) is the total driving distance;
and a ($/km), b ($/km), c ($/km), and d ($/km) represent the
premium, driver's salary, fuel cost, and highway charges per
kilometer, respectively.

2. Results and discussion
2.1. Dissolution profiles of low-solubility Mg sources
Recently, low-grade low-solubility Mg sources have been extensively utilized to reduce the reagent cost in struvite crystallization
(Huang et al., 2014a; Ueno and Fujii, 2001; Yu et al., 2013).
However, low solubility is considered to be the main limitation,
as it leads to excessive dosage of Mg sources, long reaction time,
and low product purity. Although these disadvantages can be
accepted in jar tests, they cannot be ignored during the operation
of an FBR. For example, low-solubility Mg sources could be
flushed out with the upflow liquid before dissolving and thus
need to be pre-dissolved prior to use.

Fig. 3 shows the phosphorus removal rate and the total unit cost
at different pH values. It is clear that the removal efficiency of
TIP increased drastically at lower pH values (i.e., from 8.0 to 8.2),
and increased slowly at higher values (i.e., from 8.5 to 9.0). For
the TP, the same profile can be observed, but the removal was
not as sensitive as that of TIP to high pH, probably because of the
entrainment effect of the tiny crystals (Ye et al., 2016). Normally,
higher pH value is preferred for higher removal rate; however,
in practical operations, the optimal condition might vary when
the operating cost is considered. As can be seen in Fig. 3, the
optimal operating pH value should be 8.5, at which the removal
rates for TIP and TP were 90.64% and 71.06%, with a total unit
cost of 7.25 $/kg TIP. The lower cost can be mainly ascribed to
the reduced dosage of NaOH solution (compared to that at a
higher pH) as well as high removal efficiency (compared to that
at a lower pH). Therefore, the most cost-efficient pH was 8.5:
either increasing or decreasing the pH value would increase
the cost. Once a strict discharging standard is enforced, it is
recommended for economic reasons to adopt an alternative
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Fig. 3 – Phosphorus removal efficiency and total unit cost
at different pH values (Mg/P = 1.5).

approach (i.e., PAC), to further decrease the residual phosphorus,
rather than solely using struvite crystallization.

2.2.2. Effect of Mg/P ratio
Fig. 4 shows changes in phosphorus removal efficiency and total
unit cost at different Mg/P ratios. The variation profile is similar
to that seen with varied pH levels: the increases in removal
efficiency are significant at lower Mg/P (i.e., 0.8 to 1.2) than at
higher values (i.e., 1.5 to 2.0). Considering the operating cost, the
optimal operating Mg/P value is 1.5, at which point the total unit
cost is 7.36 $/kg TIP. Operating under this condition can not only
reduce the dosage of the Mg source (compared to higher Mg/P),
but also maintain satisfactory removal efficiency (compared to
lower Mg/P). Therefore, the most cost-efficient Mg/P was 1.5:
either increasing or decreasing the Mg/P would increase the cost.

2.3. Performance of different Mg sources
2.3.1. Phosphorus removal profile

probably because equal amounts of Mg2+ were available at the
same operating Mg/P. The removal rates were maintained at
91.29%–94.12% for TIP and 71.02%–75.72% for TP regardless of the
Mg source used. The minor variation can be accounted for by
the variation in phosphorus concentrations in raw wastewater.
Therefore, the types of Mg source had little influence on the
phosphorus removal when same operating parameters (e.g., pH,
Mg/P) were maintained.

2.3.2. Characteristics of the struvite products
The main characteristics of struvite products in the presence of
different Mg sources are compared, including size distribution,
micromorphology, purity, and impurity content.
As shown in Fig. 6, the size distributions of the products in
all conditions were almost identical for all Mg sources used.
The dominant size range of the products was 1.25–2.0 mm
(54.27%–68.43%), followed by <0.8 mm (27.04%–34.89%), which
was largely due to the short solid retention time and high
supersaturation status maintained in this study (Corre et al.,
2009; Mehta and Batstone, 2013; Rahaman et al., 2008). In
addition, the amounts of harvested products were similar for
different Mg sources, ranging from 10.0–10.8 kg/(m3 wastewater)
(data not shown), in accordance with the fluctuation of influent
phosphate content during the experimental period (Fig. 5). Thus,
it can be inferred that the types of Mg source used had low
relevance to the size distributions of the products. To obtain
products of a larger size, attention should be concentrated on
controlling the hydrodynamic or thermodynamic conditions,
rather than on selection of Mg sources (Ali and Schneider, 2006;
Mehta and Batstone, 2013; Ye et al., 2016). Other studies showed
that the size of struvite was mainly affected by the recycle ratio
(RR) and upflow velocity (vup) in the operation of the FBR (Adnan
et al., 2003; Ye et al., 2016). Thus, in order to obtain products of a
larger size, the operating conditions should include a lower RR or
larger vup. Because similar RR and vup were maintained during
the comparison of Mg sources, differences in the total quantities
and distributions of particle sizes were not obvious.
Micromorphology comparisons were conducted using
product sizes of 1.25–2.0 mm because of their abundance.

Fig. 5 shows the removal rates of TIP and TP using different Mg
sources. As expected, no significant differences can be observed,
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They showed that all the products were nearly spherical and
composed of countless struvite crystals without obvious differences (Fig. 7a), similar to those found in the literature (Fattah
et al., 2008; Huang et al., 2006). Analyses of the cross sections of
the struvite pellets revealed similar profiles (Fig. 7b). As in other
studies (Adnan et al., 2003; Britton et al., 2005; Forrest et al., 2008),
it can be observed that the individual brick- and rod-like struvite
crystals are firstly aggregated and then tightly packed. Therefore,
the inner layer, with less cracks, was relatively denser than
the outer layer, which would significantly affect the crushing
strength (Fattah et al., 2012). The only differences existed when
harvesting larger products, for which pellets harvested using
high-solubility Mg sources were smoother than those harvested
with low-solubility sources (Fig. 7c). Swellings were ubiquitous

a1

a2

b1

b2

a3

when using the low-solubility Mg sources, which was due to the
incomplete dissolution and adherence of the low-solubility Mg
particles. Considering the majority of the products were 1.25–
2.0 mm in size, no significant differences in micromorphology
could be found among the use of the five different Mg sources.
This section also compares the constituents of the products
obtained from use of the five Mg sources. Researchers have
shown that the purity of struvite was affected by both wastewater
composition (i.e., Ca2+ and organic matter) (Capdevielle et al.,
2015; Corre et al., 2005; Kabdaszli et al., 2006; Zhang et al., 2015)
and operating conditions (i.e., pH, Mg/P, and upflow velocity)
(Corre et al., 2005; Ye et al., 2016). Because all conditions (except
the Mg source) were kept constant, comparing the constituents of
the products from each of the five Mg sources allows evaluation
of the relationship between purity and the relevant Mg source.
In this study, the struvite purities in the harvested products
were quantitatively assessed according to their NH+4N content
(Hao et al., 2009). Ca is an abundant ion in swine wastewater,
which may interfere with struvite crystallization by impacting
nucleation and crystal growth (Corre et al., 2005); in a previous
study, CaCO3 was proved to be the major impurity (Ye et al., 2016).
As shown in Fig. 8, the purity of the products increased as
particle size increased, and the overall average purity was 75%.
On the contrary, the CaCO3 content of the products gradually
decreased as the particle size increased (7.4%–26%). The struvite
and CaCO3 together accounted for almost 85% of the mass of
the final products; the remaining mass is therefore composed
of other impurities, probably organic carbons or amorphous
calcium phosphate (ACP) (Ye et al., 2011). There were no
significant differences between the heavy metals found in
the products. Not only were their concentrations lower than
the chemical fertilizer standards in GB/T 23349-2009 and GB
15618-1995 (Appendix A Table S1), but they were also lower than
those in other struvite products (Perera et al., 2007; Ronteltap
et al., 2007). In other words, no significant differences in the

a4

a5

c1

c2

Fig. 7 – Micromorphology of the struvite products using different Mg sources. Surfaces of the 1.25–2.0 mm struvite pellets using
MgCl2 (a1), MgSO4 (a2), bittern (a3), MgO (a4), and Mg(OH)2 (a5); cross sections of the 3.2–4.0 mm struvite pellets with highsolubility Mg sources (MgCl2) (b1) and low-solubility Mg sources (MgO) (b2); surfaces of the 3.2–4.0 mm struvite pellets with
high-solubility Mg sources (MgCl2) (c1) and low-solubility Mg sources (MgO) (c2).
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constituents could be observed, despite the variations in the Mg
sources, and all the products were safe enough to be used as
agricultural fertilizer.

2.4. Economic assessment
As mentioned, the Mg source type did not significantly
influence the removal efficiency of phosphorus and product
quality. Therefore, the choice of Mg source can depend simply
on the relevant cost. According to Eq. (1), the operating cost
includes the costs associated with reagents (alkali and acid),
electricity, and transportation, in addition to the Mg source.
To date, although researchers have studied the selection of
cost-efficient Mg sources, the conclusions were different owing
to the various prices of reagents, electricity, and transportation
in different countries and areas, especially the Mg sources.
Barbosa et al. (2016) found that although the price of MgO
(29.4 €/kg) was significantly higher than that of MgCl2·6H2O
(5.35 €/kg), the total costs using the two Mg sources were
similar. While in other similar studies, MgO was proved as the
cheaper source once the price was lower than MgCl2·6H2O
(Huang et al., 2014b; Yetilmezsoy et al., 2017). However, opposite
result can also be found (Carballa et al., 2009), where higher
cost was observed when using MgO (7.9 $/kg TIP) as compared
to the MgCl2 (4.2 $/kg TIP). Thus, no unique conclusion can be
obtained for the prices in different studies and countries were
various. Based on the characteristics of swine wastewater, this
study aimed to create a straightforward method of calculating
the most economical Mg source under the optimum conditions
for struvite crystallization.
At this exact case, the unit requirements of alkali, acid, Mg and
electricity were obtained after a long term pilot-scale operation.
It can be clearly seen that the unit cost increased along with the
prices of the reagents and electricity (Fig. 9). The consumptions of
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alkali were less when MgO and Mg(OH)2 were used (Fig. 9a) owing
to their alkaline properties (Barbosa et al., 2016). Although equal
amounts of free Mg2+ can be provided at lower dosages as
compared with MgCl2 and MgSO4 (Fig. 9b), extra acid was needed
for dissolution which would inevitably increase the final costs
(Fig. 9c). For the comparison of electricity (Fig. 9d), extra electricity
was needed for the dissolution of MgO and Mg(OH)2, but no
significant differences can be found among the five Mg sources.
This is because the power of the agitator for mixing was only
0.37 kW, and the Mg solution can be used for several days
after 4 hr of mixing. Therefore, the total unit costs when using
different Mg sources were mainly determined by the prices of the
reagents. Using the prices of NaOH (0.44 $/kg), HNO3 (0.15 $/L),
and Mg sources (Table 2), as well as electricity (0.1 $/kWh) in
China, the total unit costs can be calculated. Fig. 10 shows the
total unit cost per kilogram of TIP removed, and per kilogram of
struvite recovered. Bittern was shown to be the most economical
Mg source, with unit costs of 5.81 $/kg TIP and 1.70 $/kg struvite.
For the commercial sources, low-solubility Mg sources were
5.17%–31.25% cheaper than the high-solubility Mg sources, and
MgO exhibited the best cost-efficiency. Therefore, the selection
of the most economical Mg source was dependent on the prices
of the reagents as well as the price of the Mg source itself; lowsolubility Mg sources were better in areas with higher-priced
NaOH, while high-solubility Mg sources proved more economical where HNO3 was expensive. It should be noted that
the calculation in its present form can only be applied to
roughly the swine wastewater matrix to predict the most
cost-efficient Mg source, because the dosages of the reagents
might be influenced by the composition of the wastewater.
However, the method can be amended by introducing some
parameters that account for the influences of alkalinity and
concentrations of constituents; this will be implemented in
our future research.

90
80

Percentage (%)

70
60
50
40
30
20
10
0

Size (mm)
Fig. 8 – Constituents in different particle sizes produced using the five Mg sources.
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Fig. 9 – Unit costs of reagents and electricity using different Mg sources. (a) NaOH; (b) Mg sources; (c) HNO3; (d) electricity.

Although bittern proved to be the most economical Mg source
as compared to commercial sources, the exclusion of transportation costs would lead to inappropriate decisions in practical
applications. This is because transportation cost might become a
large proportion of the total cost, depending on the distance.
The actual transportation price is related to many factors
besides distance, such as the percentage of unforeseen cost,
price of the car, scrap value of the car, total driving distance,
premium, driver's salary, fuel cost, and highway charges
per kilometer (Eq. (5)).

7.0

2.6

costP

2.4

costS

6.5

CostP ($/ kg TIP)

2.0
5.5

1.8
1.6

5.0
1.4

CostS ($/ kg struvite)

2.2
6.0

According to the recommended values from literature (Pan,
2009), the transportation price is 0.046 $/(km·ton) (Appendix A
Table S2). Considering the volume and density of the bittern, the
relationship between the unit cost and distance could be simply
expressed by a linear function. Fig. 11 shows the comparison of
total unit cost among five Mg sources. Since transportation costs
were already included in the cost of commercial Mg sources, their
total unit costs were constant regardless of the distance, while for
the bittern the total unit cost increased linearly with distance.
This shows that bittern exhibited the property of best costefficiency only when the distance was shorter than 40 km for TIP
removal purposes, and 270 km for struvite recovery purposes. A
similar conclusion can be found in a previous study, where
bittern was the most economical Mg source when the distance
between the experimental location and saltworks was less than
50 km (Shen, 2013). Another study also showed that although
bittern was a waste product and could be obtained for free,
transportation accounted for almost all of the total cost (Etter et
al., 2011). Therefore, cost-efficient usage of bittern is determined
by the distance, available Mg sources, and prices of all the
reagents, and should be comprehensively explored using the
method provided in this study.

4.5
1.2
4.0

3. Conclusions

1.0

MgCl2

MgSO4

Mg(OH)2

MgO

bittern

Fig. 10 – Total unit costs of TIP removal (Costp) and struvite
recovery (Costs) using different Mg sources.

In this study, a comprehensive economic analysis was conducted using five common Mg sources (MgCl2, MgSO4, MgO, Mg
(OH)2, and bittern) in the operation of a pilot-scale FBR.
The results showed that no significant differences in phosphorus
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Fig. 11 – Unit costs of bittern and other Mg sources. (a) unit
costs of TIP removal; (b) unit costs of struvite recovery.

removal and product quality at the most cost-efficient operating
conditions (pH 8.5, Mg/P 1.5) when comparing the use of the
five Mg sources. Therefore, the selection rule for the most
cost-efficient Mg source is highly dependent on the prices
of the reagents and Mg sources. Low-solubility Mg sources
were preferable in areas with higher-priced NaOH, while highsolubility Mg sources were considered more economical when
HNO3 was expensive. Bittern was the most cost-efficient only
when the distance was shorter than 40 km for TIP removal
purposes and 270 km for struvite recovery purposes.
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