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Abstract

Many efforts have been made to develop effective chemical inhibitors for struvite
scale, which causes a range of operational problems in wastewater treatment industry.
Here, the inhibitory capacity of polyaspartic acid (PASP) on the spontaneous
precipitation of struvite at pH 9 was investigated. The struvite precipitates were
characterized by X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), and energy dispersive X-ray spectroscopy (EDX). The
precipitation experiments dosed with PASP unveiled that PASP is effective in growth
inhibition of struvite and its inhibitory capacity is proportional to its concentration,
and that PASP also plays a role in the morphological modification of struvite crystals.
The effect of several key parameters, including pH, mixing energy, reaction time, and
calcium ions on PASP inhibition performance was examined for potentially practical
application. The results showed that the inhibitory capacity of PASP is sustainable and
efficient. The dissolution experiments dosed with PASP were also performed, and the
results showed that PASP can accelerate the dissolution of the preformed struvite, and
the capacity increases with its concentration. Therefore, PASP can potentially act as a

feasible and environmentally-friendly inhibitor and cleaning agent for struvite scale.

Keywords: Struvite; Ployaspartic acid (PASP); Scale inhibition; Dissolution;

Complexation

Page 2 of 24



Page 3 of 24

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

RSC Advances

1. Introduction

The formation of struvite deposits in wastewater treatment plants (WWTPs) has
been widely reported since 1939 when it was first identified in the digested sludge
supernatant lines.! Struvite, known as magnesium ammonium phosphate hexahydrate
(MgNH4PO4-6H,0), crystallizes in the orthorhombic system and adopts a number of
natural morphologies including equant, wedge-shaped, short prismatic, and tabular
forms.> When the concentrations of magnesium, ammonium and phosphate ions
exceed struvite solubility product, its precipitation occurs. The wastewater usually
contains large amounts of phosphorus and nitrogen, and about 80 % of N and 50 % of
P originate from urine.’ The anaerobic digestion further solubilizes organic-P and N to
PO43 “and NH,', favoring the formation of struvite.*> Struvite crystals tend to form
hard scale on process equipment surfaces of WWTPs, such as sludge liquors pipes,
pumps, centrifuges and aerators, leading to clogging and breakdowns of these
equipment. ¢’

In order to eliminate the nuisance, many efforts have been made to deal with the
formation of struvite based on four principal approaches. In the first approach, the
existing struvite scale is removed by acid washing or chipped away manually with a
hammer and a chisel.® Obviously, it is a time and manpower consuming maintenance
project. The second approach aims at reducing the potential of struvite precipitation
by lowering supersaturation level. Initially, the digested sludge stream holding high
supersaturation is diluted with secondary effluent to reduce the supersaturation, but
the mitigation of struvite formation is proved to be limited in practice.”'® Recently,
chemical dosing of iron (III) salts is employed as a common method to remove the
phosphorus in wastewater." ' However, this process can produce large amounts of

12 Chemical inhibitors, such as

sludge and has poor removal ability.*
ethylenediaminetetraacetic acid (EDTA), sodium polyphosphate, and silicates, have
been also used to reduce the magnesium concentration by forming chelates or less

soluble substance with magnesium ions in solution." ! Among these inhibitors, EDTA
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was tested to be quite efficient but usually degrades slowly in the environment.'" ">

This has raised environmental concerns about its role in heavy metal mobilization in
groundwater.'* '® For the third approach, the inhibition was achieved by selective
binding of the inhibitor molecules with some specific crystal faces of struvite, hence
decreasing struvite growth rates. For example, Wierzbicki et al.'” found that
phosphocitrate preferentially binding to (101) faces of struvite leads to morphological
modification or total growth cessation of struvite when sufficient phosphocitrate is
used. The fourth strategy is to encourage struvite precipitation by adding MgCl, and
NaOH into a specific reactor, as the chemical composition and the pH of wastewaters
determine the potential of struvite precipitation.” '™ In this way, the spontaneous
precipitation of struvite can be prevented in the WWTPs.

Among these approaches, the fourth has been a research focus in recent years
since this crystallization technique was also regarded as an effective way to recover
phosphorus fertilizer.””*' However, the disadvantages for this technique are apparent
including : (1) Except for the supernatant of digested sludge containing relatively high
concentrations of ammonium and phosphate, many wastewater processes cannot
fulfill the basic requirement for struvite precipitation.22 (2) The process has never
been proven commercially profitable due to supplementation of magnesium salt and

20,22

sodium hydroxide. (3) The incorporation of toxic heavy metals, metalloids (e.g.,

Cr, Zn, and As) and pathogens into struvite crystals can act potentially as a source of

pollution when struvite is used as fertilizer.>>*

(4) In sludge liquors, calcium ion
levels can be high relative to magnesium.” Calcium ions can interact with phosphate
to form hydroxylapatite or amorphous calcium phosphates, leading to the inhibition of

20,30 (5) Undesired struvite

struvite production and impurity of the recovered product.
fine particles are often generated in the crystallization processes due to the high
mixing energy (or turbulence) needed to suspend the growing particles, resulting in a
loss of struvite particles for phosphorus recovery.’' (6) The fertilization efficiency of
struvite is not superior to other phosphate based compounds, such as monocalcium
phosphate (Ca(H,PO,),-H,O) and dicalcium phosphate (CaHPO4-2H20).32 Hence,

Hao et al.*? pointed out that phosphate recovery should not just focus on struvite.

4
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In view of the harm of struvite scale and the disadvantages of struvite
crystallization recovery technique, it is still a challenge to search for effective
chemical inhibitors and develop new antiscale techniques. Normally, wastewaters
tend to be deficient in magnesium ions.** So sequestering magnesium ions will be an
ideal way to prevent struvite precipitation. Polyaspartic acid (PASP) is a synthetic
polyamino acid and rich in carboxylic functional groups that can combine with metal
ions to form metal-PASP species. '®*> PASP has been reported to be an effective
inhibitor of calcium carbonate, calcium oxalate and calcium phosphate.3 43¢ Moreover,
PASP is water-soluble, nontoxic, biocompatible, and highly biodegradable, so it is
regarded as the most promising green scale inhibitor in industry.>’>® To the best of our
knowledge, however, no research has reported on its scale inhibition to struvite. In the
present work, we investigated the inhibitory capacity of PASP on struvite in a
dynamic environment. The influence of several physicochemical parameters,
including pH, mixing energy, reaction time, and the presence of calcium ions on PASP
inhibition performance was systematically investigated. The potential of PASP to

dissolve existing struvite scale was also assessed.

2. Materials and methods

2.1. Materials

Magnesium chloride hexahydrate (MgCly-6H,0O), ammonium dihydrogen
phosphate (NH4H,PO4), ammonium chloride (NH4Cl), and sodium hydroxide (NaOH)
were purchased from Sinopharm Chemical Reagent Co., Ltd, and are of analytical
grade. The analytical grade PASP was from Chengdu Ai Keda Chemical Technology
Co., Ltd, and the molecular weight is 10000. Deionized water was used in all of the

experiments.

2.2. Struvite crystallization

All experiments were conducted at room temperature. A synthetic sludge liquor
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was prepared as described by Doyle et al.”’ Concentrations of 4 mM of magnesium
and phosphate were used. As ammonium is always in excess relative to magnesium
and phosphate in sludge liquor,”> ammonium chloride was added to produce an excess
of ammonium ions. In a typical synthesis procedure, 0.05 g (0.005 mmol) of PASP
and 0.0407 g (0.2 mmol) of MgCl,-6H,0 were dosed to 40 ml of deionized water in a
50-mL beaker under vigorous stirring to form homogeneous solution A. Then, 0.023 g
(0.2 mmol) of NH4H,PO,4 and 0.0214 g (0.6 mmol) of NH4CI were dissolved in 10 ml
of deionized water to form solution B. Solution B was introduced into solution A
under continuous stirring, and a homogeneous synthetic liquor was obtained, with a
molar ratio of 1:1:3 (Mg®":PO,*:NH,"). Afterwards, the pH of the liquor was adjusted
to 9.0 by the addition of 0.5 M NaOH. The beaker was then covered with parafilm to
reduce CO; interference and NH; volatilization, and stirred for 8 h at 360 rpm on a
magnetic stirrer. Finally, the product was isolated by centrifugation (1400 g for 3 min),
washed with absolute alcohol three times, and dried in vacuum at room temperature
for 48 h. The same procedures were employed to study the effect of PASP
concentration, reaction time, mixing energy (stirring speed), pH, and Mg/Ca ratio on

struvite formation. All trials were conducted in triplicate in our experiments.

2.3. Struvite dissolution

The struvite used for the dissolution was synthesized via homogeneous
precipitation by dissolving 0.508 g of MgCl,-6H,O and 0.288 g of NH4H,PO,in a
50-mL beaker containing 50 ml of deionized water under vigorous stirring. The
concentrations of Mg2+, PO,*, and NH4" were 50 mM. The pH of this solution was
adjusted to 8.0 using 0.25 M NaOH. The beaker was then covered with parafilm and
kept static. After aging for 4 h, the product was harvested by the similar way
described in Section 2.2. The XRD analysis confirmed that the obtained product was
pure struvite (data not shown), and the SEM observation revealed that the struvite
crystals exhibited coffin-like shape. The dissolution experiments were conducted at
room temperature. 0.05 g of PASP was dissolved to 50 ml of deionized water in a
50-mL beaker, and then the pH was adjusted to 8.0 by using of 0.25 M NaOH. After

6
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the addition of 50 mg of struvite powder, the beaker was covered with parafilm and
stirred for 30 min at 360 rpm on a magnetic stirrer. Finally, the remaining precipitate
was collected by the way described in Section 2.2. The same procedures were
employed in the PASP concentration-dependent dissolution experiments. All trials

were also conducted in triplicate.

2.4. Analytical techniques

X-ray diffraction pattern (XRD) was recorded on an X-ray diffractometer
equipped with Cu Ko irradiation (A = 0.154056 nm, Japan, MapAHF). The
morphology and size of the precipitate particles were observed by a field emission
scanning electron microscope (FESEM, JEOL JSM-6700F). Energy dispersive X-ray
spectroscopy (EDX) analyses of the samples coated with Au were obtained with an

EDAX detector installed on the same FESEM.

3. Results and discussion

3.1. Effect of PASP concentration on struvite formation

In order to understand the effect of PASP on struvite crystallization and growth, a
series of experiments with the PASP concentration from 0.0 to 0.8 mM were first
conducted. The XRD results of the precipitation products confirmed that all of the
precipitates obtained with and without PASP are orthorhombic struvite with space
group Pmn2;, (JCPDS file of No.15-0762), and the representative XRD patterns are
shown in Figure 1a and b. The FESEM results of the struvite precipitates are depicted
in Figure 2. It can be seen from Figure 2a that a large number of rod-shaped crystals
were obtained in the absence of PASP, with a length of ca. 30 pm and a width of ca.
10 pm. When 0.01 mM of PASP was dosed, the product turned out to be
arrowhead-shaped with a reduced length of ca. 5 pum (Figure 2b), which is
significantly different from the rod-shaped structure. This morphology was held as

PASP concentration was further increased to 0.05 and 0.1 mM. However, as the PASP
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concentration reached 0.3 mM, the panoramic FESEM image shows that massive
trapezoidal crystals with a length of ca. 7 um and less rod-like crystals coexisted
(Figure 2c). The further magnified image shows that the “rods” are also trapezoidal
(inset in Figure 2c¢). As PASP concentration raised to 0.5 mM, the products took on
three shapes, mainly including trapezoid (ca. 7 um) and equilateral triangle (ca. 5 um),
and a few rhomboids (ca. 14 um) (Figure 2d). Further increasing PASP concentration
to 0.6 or 0.7 mM did not result in much more change in morphology. In particular, no
precipitate could be formed when 0.8 mM of PASP was used. It seems that PASP
significantly impacts not only on struvite formation but also on its morphogenesis.
Figure 1c quantitively depicts the effect of PASP on struvite precipitate. Figure 1lc
showed that the struvite mass dramatically decreased with the increase in PASP
concentration except for 0.01 mM, indicating that the strong inhibition occurred, and
the complete inhibition was achieved with the dose of 0.8 mM PASP. Doyle et al. '
tested the effectiveness of EDTA on preventing struvite precipitation. According to
their study, as much as 8 mM of EDTA is needed to achieve the complete inhibition of
struvite precipitation. In this regard, PASP is much more effective than EDTA.
Moreover, the size of struvite crystals obtained in the presence of PASP was markedly
reduced. This will make struvite easier to be washed away and harder to scale.

It is well known that PASP is a good chelating agent, and can coordinate with a
variety of metal cations to form complex species.16’ 33 Therefore, its coordination with
Mg*" can be expressed as follows:

Mg*" + nPASP 5 Mg(PASP), (1)

Mg+ NH," + H,PO, + 6H,0 5 MgNH,PO,-6H,04+2H" (2)
where the coordination and precipitation reactions (1) and (2) compete with each
other, and the precipitation will predominate with raising pH based on the reaction (2).
With the precipitation of struvite, free Mg”*" ions will decrease and the coordination
equilibrium will shift towards disassociation of Mg-PASP complexes, leading to the
increase of free PASP. The released PASP molecules can selectively bind to crystal
faces of struvite, and thus affect the crystal growth habit (e.g., Figure 2). Therefore,
PASP molecules play the dual roles during the scale inhibition: morphological

8
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modification and precipitation inhibition of struvite. In fact, the similar
arrowhead-shaped struvite has been observed in the presence of PASP in our previous
biomimetic mineralization experiments, 0 and the selective recognition and binding of
PASP onto {010} and {101} faces of struvite crystals were believed to be responsible
for the formation of the specific morphology. Because these faces have a high density
of magnesium cations, and hence provide a positively charged environment for the
preferential adsorption and binding of PASP molecules rich in negatively charged
carboxyl side chains.'” ***! PASP molecules binding to these faces decrease their
growth rate and lead to an enhanced expression of these faces, thus modifying crystal
morphology. Similarly, trapezoid and equilateral triangle observed in our case may
also result from the preferential adsorption and binding of PASP onto some specific
faces of struvite crystals. As for the increase of struvite precipitate at 0.01 mM of
PASP, it is possible because less PASP molecules in the liquor cannot cause a
significant decrease in free Mg*" by their complexation with Mg*" ions. In contrast,
the low concentration of PASP can induce Mg”" and NH, aggregation and
accumulation around them by their carboxylic groups, and promote struvite
nucleation. As a result, the less PASP molecules in the liquor act as a nucleation
template, and thus facilitate the precipitation of struvite.** The similar effect has also
been reported by Elhadj et al.¥ in the system of PASP and calcite. Nevertheless, with
the increase of PASP concentration, the coordination between PASP and Mg2+
predominates over the template function of PASP. Therefore, high concentration of
PASP can effectively block struvite precipitation and growth, even completely avoid

the formation of struvite precipitate.

3.2. Effect of reaction conditions on PASP inhibition performance

The influence of several key parameters, including reaction time, mixing energy,
pH, and calcium ions on the scale inhibition performance of PASP was examined. A
0.5 mM of PASP was dosed for each run to guarantee an effective and incomplete
inhibition of struvite formation, and other conditions were the same as the PASP

concentration-dependent experiments.
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3.2.1. Reaction time

If PASP was used as an inhibitor to prevent struvite formation in WWTPs, its
inhibitory capacity should last enough time to allow wastewater pass through the
whole pipes before precipitation. Hence, the experiments with stirring time of 8, 16,
24, 48 h were carried out. The precipitates were always formed at different time
intervals due to the limited dose of PASP (0.5 mM). The XRD analyses confirmed
that these precipitates were also struvite (e.g., Figure 1b). The FESEM results showed
that the morphology and size of struvite obtained after 16, 24, and 48 h were the same
as the 8-hour product (e.g., Figure 2d). It seems that the different stirring time have no
effect on the precipitate phase and morphology. Figure 3a shows the plot of
precipitate mass versus stirring time. Although the slight increase in precipitate mass
was observed from 8 to 16 h, the precipitate mass almost remained constant after 16 h
of stirring, indicating that the magnesium-PASP species are stable. Therefore, PASP
inhibition performance is effective and sustainable in a longer period of time,

ensuring wastewater to be treated with less struvite precipitation.

3.2.2. Mixing energy

It is commonly observed that struvite preferentially accumulates in specific
locations of a treatment or conveyance system with high mixing energy, such as pipe
elbows, pumps, and mixers, rather than uniform deposition.** The mechanisms
responsible for the preferential accumulation of struvite are associated with the
mixing energy (or turbulence). In the areas of high mixing energy, CO, liberation is
enhanced. This can increase pH of the solution, and therefore favor the formation of
struvite crystals.”’ More importantly, struvite growth rate was found to be
transport-limited.** High mixing energy will enhance the mass transfer of solute to the
crystals and facilitate struvite crystallization and growth.*** In our experiments, we
tested the effect of mixing energy on PASP inhibition performance. The stirring speed
ranged from 0 to 960 rpm (i.e., 0, 120, 360, 600, 960 rpm). After 8 h of reaction, no
product was obtained in the static experiment (0 rpm) and the solution was always

10
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clear. In contrast, the struvite crystals with similar morphology and size were
harvested under magnetic stirring ranging from 120 to 960 rpm (e.g., Figure la and
2d), revealing that the stirring favors the nucleation and growth of struvite. However,
no marked changes in precipitate mass were observed with the increase in stirring
speed (Figure 3b), further indicating that in the presence of PASP, the high mixing
energy cannot also transport enough free Mg”" to the growth fronts of struvite crystals,
and thereby accelerate crystal growth. In other words, the high mixing energy cannot
weaken the inhibitory capacity of PASP, and PASP can be potentially applied to
controlling struvite scaling at different locations, especially those high-mixing

environments.

3.2.3. Initial pH

The pH can affect dissolution and supersaturation, as well as morphology,
particle size, and purity of struvite.*>*® The wastewater may have different pH values
depending on the type and source, and the pH cannot be always controlled or
maintained throughout struvite crystallization process.46 Therefore, the effect of initial
pH (pH;) on PASP performance was investigated. Here, the pH; ranged from 8 to 11
(i-e., 8,9, 10, 11). The control experiments without PASP were also conducted. In the
absence of PASP, the collected precipitates all were the rod-shaped struvite at pH;
8-10 (Figure la and 2a, Figure Sla,b and S2a); At pH; 11, the precipitate consists of
the rod-shaped struvite and plate-like cattiite [Mgs3(PO4),-22H,0], which were
confirmed by the XRD and EDX analyses (Figure Slc and S2b, S3a and b). In the
presence of PASP, no precipitate was obtained at pH; 8, but pure struvite was formed
at pH; 9-11 (Figure la, Figure S1d and e), and these struvite crystals gets slenderer
with pH; (Figure 2d, Figure S2c and d). The variation trend of struvite shape agrees

1.* This is because high precipitation rate and

well with the results reported by Ma et a
changes in aqueous speciation decrease the concentrations of Mg”(aq), NH4 (aq), and
PO4* (aq), resulting in the limiting of crystal growth at higher pH; .*® Figure 3¢ shows
the effect of pH; on the mass of precipitate products in the presence of 0.0 and 0.5

mM PASP. It can be seen that the variation trends are similar under the two conditions.

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

RSC Advances

That is, the mass increased with pH;, and the highest at pH; 10. This is consistent with
the previous observations by Ma and Rouff.* The increase in yield with pH; can be
attributed to an increase in the activity of PO437(aq) as pH increase promotes the
equilibrium shifting from H,PO4 and HPO42' to PO43_species. However, at pH; 11,
this effect is neutralized by the reduced activity of NH, (aq) due to increased
formation of NHj species, and by the hydrolysis of Mg”'(aq) to MgOH (aq).** It is
notable that in the presence of PASP, the precipitation of struvite was significantly
inhibited at pH; from 8 to 11 compared with the controls (Figure 3¢). Therefore, PASP
can inhibit struvite growth over a large pH; range, and additional dose of PASP can

achieve the same inhibitory efficiency at higher pH;.

3.2.4. Mg/Ca ratio

In sludge liquors, calcium levels can be high relative to magnesium.” These
calcium ions can interact with phosphate or carbonate ions to form additional mineral
precipitates, such as hydroxylapatite and calcite.” In this context, struvite formation
can be inhibited if the supply of phosphate is limited. As a chelating agent, PASP can
form stable complexes with calcium and magnesium ions in solution.'® ** The
presence of calcium ions will unavoidably reduce the inhibitory efficiency of PASP on
struvite. Therefore, the inhibitory experiments at Mg/Ca ratios of 1:0, 2:1, 1:1, and 1:2
were performed. Similarly, the precipitates were examined by FESEM and XRD
techniques. In the absence of PASP, the precipitates exhibited different mineralogical
characteristics over the range of Mg/Ca ratios. Without the addition of Ca, the pure
rod-shaped struvite was obtained (Figure 1a and 2a). When the Mg/Ca ratio was 2:1,
the rod-shaped crystals coated with nanoparticles and irregular aggregates of
nanoparticles were formed (Figure S4a). The XRD pattern, despite slight background
noises, could still well be indexed as struvite (Figure 4a). Therefore, the rod-like
crystals can be safely assigned to struvite, whereas the nanoparticles and their
aggregates may be an amorphous precipitate. Further increasing Ca concentration
(Mg/Ca = 1:1) led to the enhanced output of irregular aggregates with a few rod-like
crystals (Figure S4b), and the much more noises can be observed from its XRD

12
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pattern (Figure 4b), indicative of the formation of much amorphous matter. When the
Mg/Ca ratio reached 1:2, only the huge tabular aggregates were harvested (Figure
S4c), and XRD analysis confirmed that the aggregates exhibited an amorphous feature
(Figure 4c), indicating that Ca®" present in the liquor facilitate the formation of
amorphous precipitate. To further understand the chemical nature of the amorphous
aggregates, EDX analyses were also conducted (Figure S3c-g). Combined with the
FESEM images and XRD patterns, the aggregates were identified as amorphous
calcium phosphate. Le Corre et al. *° also obtained amorphous calcium phosphate
when they studied the impact of calcium on struvite growth. We also found that the
addition of Ca inhibited struvite growth but increases the total yield of the precipitates,
i.e., the formation of other scales (Figure 3d). However, in the presence of 0.5 mM
PASP, only trapezoidal and rod-like struvite was obtained at different Mg/Ca ratios,
and no calcium precipitate was harvested (Figure S4d-f, Figure 4d-f). It indicated that
calcium ions had priority to complex with PASP, resulting in the decrease of PASP
inhibition performance on struvite formation. Therefore, a slight increase in struvite
mass was observed with increasing calcium concentration (Figure 3d). However, the
mass of struvite obtained in the presence of PASP was still pretty low at different
Mg/Ca ratios compared with the experiments without PASP. That is to say, the effect
of calcium on PASP inhibition performance was limited and PASP can still exert

significant scale inhibition even in the presence of calcium.

3.3. Effect of PASP concentration on struvite dissolution

Except for the inhibition of scale formation, the removal of existing struvite scale
is another important work in WWTPs. Investigators have tried to find out effective
and environmentally safe chelating agents to provide a feasible alternative to acid
dissolution, which can cause corrosion in metallic process equipment and piping
systems.?’ The previous studies demonstrate that PASP can promote the dissolution of
calcium oxalate and calcium phosphate due to its ability to chelate metal ions in

solution.*”™*

Therefore, the chelation of PASP with magnesium may also be a driving
force for struvite dissolution. Here, the dependence of struvite dissolution on PASP

13
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concentration was examined at pH 8. Figure 5 presents the FESEM images of the
products before and after dissolution with different concentrations of PASP. The
pristine struvite crystals take a coffin-like shape with a length of ca. 30 pm and a
width of ca. 10 um, and a number of tiny pits and crevices can be seen on lateral sides
(Figure 5a). After dispersed in the deionized water for 30 minutes, some tiny pits or
crevices were enlarged, but the basic configuration still remained, indicating that the
limited dissolution occurred (Figure 5b). Although struvite solubility is low in water,
it can be 18 mg-100 mL™" at 25 °C.° That is to say, as much as 9 mg of struvite will be
dissolved if the dissolution equilibrium is achieved in our case (50 mg struvite + 50
ml of deionized water). Our dissolution experiment revealed that 8.3 mg (16.6%) of
struvite was dissolved in deionized water, approaching to the equilibrium dissolution
value (Figure S5). When 0.1 mM of PASP was dosed, the struvite crystals became
thinner, containing many grooves and deep carvings (Figure 5c). Noticeably, a couple
of enlarged corrosion pits could be seen on the surfaces. Some struvite crystals had
decreased width and approximately 28.1 mg (56.2%) of struvite was dissolved (Figure
S5). Therefore, the dose of PASP can effectively enhance struvite dissolution. As the
PASP concentration was 0.5 mM, more remarkable dissolution occurred, resulting in
the much thinner morphology, i.e., dumbbell-shaped (Figure 5d). Consistently, over
44 mg (88%) of struvite was dissolved in this case (Figure S5). Hence, the
effectiveness of PASP to promote struvite dissolution was proportional to its
concentration. Wu and Grant '® reported that all the carboxyl groups of PASP will be
ionized above pH 6, leading to the strongest complexation with magnesium. The
complexation reduced the amount of free magnesium ions and therefore broke down
the precipitation-dissolution equilibrium, resulting in the enhancement of struvite
dissolution (Eq. 2). With increasing PASP concentrations, more complexation will be
formed, further promoting the dissolution. Therefore, PASP can be an effective

cleaning agent for the existing struvite scale.

4. Conclusions
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In summary, the precipitation experiments dosed with PASP showed that PASP
can not only effectively inhibit the formation and growth of struvite, but also
significantly change struvite morphology, leading to the evolution from rod-shape to
arrowhead-shape, triangle, or trapezoid. Moreover, several key parameters that
possibly effect on PASP inhibition performance were also tested, and the results
revealed that PASP can still exert strong antiscaling on struvite even in a long running
time and a large range of mixing energy. Nevertheless, its inhibition potency is pH
dependant, and decreases with pH;. The presence of calcium ions slightly reduced the
inhibition potency of PASP while the dose of PASP prevented the formation of
amorphous calcium phosphate. The dissolution experiments dosed with PASP showed
that PASP can promote the dissolution of the preformed struvite and the effectiveness
increases with its concentration. It appears that PASP has a strong ability to not only
effectively inhibit the formation and growth of struvite, but also facilitate struvite
dissolution. Therefore, PASP can serve as an environmentally friendly scale inhibitor

and scale cleaning agent.
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Figure captions

Figure 1 Typical XRD patterns of the precipitates from the artificial liquor dosed with
0 (a) and 0.5 (b) mM PASP. (c) Effect of PASP concentration on mass of struvite
precipitation. All of the precipitation runs were performed at pH; 9.0 for 8 h.

Figure 2 FESEM images of the 8 h struvite crystals from the artificial liquor dosed
with 0 (a), 0.01 (b), 0.3 (c), and 0.5 (d) mM of PASP.

Figure 3 Mass of the precipitates obtained under different precipitation conditions: (a)
different time intervals; (b) different stirring speeds; (c) different pH; values; (d)
different Mg/Ca ratios.

Figure 4 XRD patterns of the precipitates at Mg/Ca ratio 2:1 (a), 1:1 (b), 1:2 (c) dosed
with 0 mM PASP, and at Mg/Ca ratio 2:1 (d), 1:1 (e), 1:2 (f) dosed with 0.5 mM
PASP.

Figure 5 FESEM images of struvite crystals before (a) and after (b) 30 min of
dissolution dosed with 0 (b), 0.1 (¢), and 0.5 (d) mM of PASP.
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