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There are good prospects for phosphorus recovery from excess sludge by vivianite crys-
tallization while a large number of extracellular polymeric substances in sludge will have
impact on vivianite precipitation. In this study, as a representative of extracellular polymeric
substance, the effect of sodium alginate (SA) on phosphorus recovery by vivianite precipita-
tion under different initial SA concentrations (0-800 mg/L), pH values (6.5-9.0) and Fe/P mo-
lar ratios (1:1-2.4:1) was investigated using synthetic wastewater. The results showed that
SA in low concentrations (<400 mg/L) had little inhibitory effect on the phosphorus recovery
rate. However, when the concentration of SA was larger than 400 mg/L, the phosphorus re-
covery rate decreased significantly with increasing SA concentrations. The inhibition rate of
800 mg/L SA was about 3 times as large as that of 400 mg/L SA. It was worth noting that the
inhibitory effect of SA on vivianite precipitation decreased with increasing initial pH and
Fe/P molar ratios. Additionally, SA has no obvious influence on the composition of products,
but the morphology of harvested crystals was transformed from branches to plates or rods

in uneven sizes.

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

As a necessary element for life activities of humans, animals
and plants, phosphorus is barely renewable and has limited
reserves. With the growth of global population and the im-
provement in living standards, the demand for phosphorus is
on the increase. It was estimated that global reserve of phos-
phate rock can only be mined for 50 years (Hao et al., 2013),
magnifying the problem of phosphorus shortages. In addi-
tion, about 1.3 million tons of phosphorus discharged into the
wastewater treatment plants (WWTPs) every year (Li and Li,
2017), and finally was transferred into excess sludge after be-
ing treated (Huang et al., 2015; Park et al., 2017). If this part
of phosphorus is recovered, it can meet 15%-20% of global
phosphorus demand (Yuan et al., 2012). Therefore, the excess
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sludge is a suitable resource for phosphorus recovery, which
can well alleviate global phosphorus shortages.

In terms of the phosphorus recovery methods, the struvite
(magnesium ammonium phosphate, MAP) crystallization has
attracted much attention (Ye et al., 2014; Wang et al., 2018a).
But in fact, operating conditions of struvite crystallization are
complex and its recovery efficiency is unsatisfactory (10%-
50%) (Egle et al., 2015; Wilfert et al., 2018). In contrast, vivian-
ite (Fe3(PO4),-8H,0) is characterized by natural ubiquity, high
economic value and easy accessibility (Wu et al., 2019), thus
being favored by the international academic circles. For exam-
ple, vivianite has been detected in both septic tank sewage and
sludge anaerobic systems (Azam and Finneran, 2014; Frossard
et al., 1997; Seitz et al.,1973). Vivianite can be used as slow-
release fertilizer and raw material for lithium iron phosphate
(LiFePOg). In addition, large high-purity vivianite crystals en-
joy excellent collection value (Hao et al., 2018).

At present, a large number of studies have confirmed the
feasibility of applying vivianite precipitation to the sludge
anaerobic system to recover phosphorus (Cheng et al., 2015,
2017; Wilfert et al., 2016, 2018; Wang et al., 2019a). It has also
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been proved that it is a workable method to release phospho-
rus (P) and Fe from sludge phase into liquid phase through
sludge pretreatment and then re-precipitation to get vivian-
ite (Lin et al., 2017; Cao et al., 2019). For instance, Li et al.
(2018) regulated the pH of supernatant rich in P and Fe af-
ter anaerobic fermentation to 8, and found that 99.1% of P in
the supernatant formed vivianite. However, there are many or-
ganic compounds and metal ions in the sludge or sludge su-
pernatant (Wang et al., 2016; Moragaspitiya et al., 2019), which
will have effect on vivianite precipitation. It has been already
found that humic acids, Al>** and $2~ have adverse effects on
the vivianite precipitation and the purity of harvested vivian-
ite (Hao et al., 2018a; Lundager, 2019; Rothe et al., 2016). How-
ever, little attention has been paid to the impact of organic
substances in excess sludge, especially the impact of a consid-
erable amount (50%-90%) of extracellular polymeric substance
(EPS) on vivianite crystallization (Urbain et al., 1993). Our re-
search team has noted that EPS is generated in the anaerobic
phosphorus release process of sludge (Hu et al., 2019). More-
over, it has been found that EPS specifically interacts with the
surface of minerals, such as struvite (Huang et al., 2016; Wei
etal.,2019; Hu, et al., 2018), hydroxyapatite (Malkaj et al., 2005),
calcite (Manoli and Dalas, 2002), vaterite (Rao et al., 2016) and
brushite (Ucar et al., 2015), and thus affecting the growth of
these minerals. Therefore, it is of necessity to investigate the
influence of EPS on vivianite precipitation.

The composition of EPS is extremely complex. Lin et al
(2012, 2013) found that a substantial amount of EPS, which
was excreted by the bacteria in the granular sludge, displayed
properties similar to alginate. Therefore, sodium alginate (SA)
was employed as EPS to identify its effect on vivianite crys-
tallization in this study. The main objective of this study is
to investigate the effect of SA on vivianite precipitation un-
der different initial SA concentrations, pH values and Fe/P mo-
lar ratios. Additionally, the composition, morphology and set-
tleability of harvested vivianite crystals were analyzed by X-
ray diffraction (XRD), scanning electron microscope (SEM) and
zeta potential, respectively. The results obtained in this study
are expected to provide a theoretical foundation for phospho-
rus recovery by vivianite precipitation in the presence of EPS.

1. Materials and methods

1.1. Preparation of wastewater

Stock solutions were prepared to form artificial wastewater
by dissolving an analytical reagent grade of NaH,PO4-2H,0
chemicals in distilled water to get an initial an initial PO43~
concentration of 10 mmol/L. 1.6 g/L SA solution was prepared
and mixed with artificial wastewater before the experiments.
Stock solution of 18 mmol/L FeCl,-4H,0 was added to the so-
lutions in the batch reactors immediately before the experi-
ments were initiated, and the FeCl, solution was acidified to
pH=5 in order to reduce Fe?* oxidation.

1.2 Crystallization experiments

Batch experiments of vivianite precipitation were imple-
mented in a serum bottle at 25 °C. The addition of FeCl, so-
lution was carried out under N, continuously adding into the
solution, and the initial pH was rapidly adjusted by 2 mol/L HCI
and 2 mol/L NaOH solution. Next, the reaction was conducted
at a stirring speed (500 r/min) for 60 min, as specified in Reac-
tion (1). After the reaction, a mixed liquor sample of 50 mL was
taken from reactors, and filtered by 0.45 um cellulose acetate
membrane for dissolved compound (P03 and Fe?*) analysis.
The precipitates were washed with distilled water and dried

at 40 °C for crystal detection.

3Fe?"+2P0; +8H,0 = Fe3(POy), - 8H,0 e

Under the reaction conditions of Fe/P=1.8 and pH=8.0, SA
concentrations as 0, 100, 200, 400, 600 and 800 mg/L were set
to explore the effect of SA concentration on vivianite precipi-
tation. Moreover, the initial pH values 6.5, 7.0, 7.5, 8.0, 8.5 and
9.0 were built to investigate the effect of pH on vivianite pre-
cipitation. The initial Fe/P molar ratio was maintained at 1.8 in
the presence of SA (800 mg/L) and absence of SA. Furthermore,
the initial Fe/P molar ratios 1:1, 1.5:1, 1.8:1, 2.1:1 and 2.4:1 were
chosen to evaluate the effect of Fe/P on vivianite precipitation
in the presence of SA (800 mg/L) and absence of SA at an initial
pH value of 8.0.

To examine the effect of SA on the settleability of vivian-
ite crystals, 50 mL aqueous suspension was put in four 50-mL
colorimetric tubes as soon as the experiments at different SA
concentrations (0, 100, 400 and 800 mg/L) were accomplished.
Then the colorimetric tubes were rapidly shaken at the same
time and kept for sedimentation.

1.3. Calculation method

The phosphorus recovery rate (PRE, %) was calculated as fol-
lows:

(Po—Py)
0

PRE = x 100% ©)

where, Py (mg/L) and P, (mg/L) are the PO43~-P concentrations
before and after precipitation reaction, respectively.

The inhibition rate (IR, %) of SA on phosphorus recovery
was defined as follows:

Ro —R))

R = « 100% (3)

0
where, Ry and R; are the phosphorus recovery rate without and
with SA respectively.

The supersaturation index (SI) of vivianite crystals was cal-
culated by Eq. (4):

{Fe2+}3 : {POE;}Z

SI=lg Ko

“)
where, Ksp representes the solubility constant of vivianite at
25 °C, fixed at 10~3¢ (Al-Borno and Tomson, 1994; Nriagu, 1972)
in this study; {Fe?*} and {PO,43"} represent the ionic activity
of Fe?* and PO,43 respectively; SI was calculated by software
PHREEQC (Parkhurst and Appelo, 1999).

1.4.  Analysis method

PO43" -P and Fe?* were determined by ammonium molybdate
spectrophotometric method and 10-phenanthroline spec-
trophotometric method (MEP, 2002). The zeta potential on the
surface of vivianite crystals was measured by means of a po-
tential instrument (Malvern / ZS, Malvern, England). The char-
acteristics of recovered crystals were analyzed by a scanning
electron microscope (VEGA3 XMU, TESCAN Brno, Czechia) and
X-ray diffraction (Smart Lab, Rigaku, Japan).

2. Results and discussion

2.1.  Effect of SA concentration on phosphorus recovery

The influence of SA concentration on vivianite precipitation
at pH 8.0 and Fe/P ratio 1.8 is shown in Fig. 1. The SA at low
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Fig. 1 - Effect of sodium alginate (SA) concentration on
phosphorus recovery. pH=8.0, Fe/P=1.8, 25 °C,PRE:
phosphorus recovery rate; IR: inhibition rate.

concentrations only exerted a relatively small effect on vi-
vianite precipitation. The PRE value decreased from 99.91% to
95.09% as the concentration of SA ranged from 0 to 400 mg/L.
When the concentration of SA increased to over 400 mg/L, the
PRE value dropped considerably while the inhibition rate rose
rapidly. To be specific, the PRE value decreased to 93.77% and
88.51% respectively at the SA concentration of 600 mg/L and
800 mg/L, while the IR value was 1.5 and 3 times respectively
as large as that when the SA concentration was 400 mg/L. The
results suggested that the high concentration of SA had an
obvious inhibitory effect on phosphorus recovery by vivianite
precipitation. The carboxyl groups (COOH) in SA could form
a complex with divalent metal ions (Karthik and Meenakshi,
2015; Haug et al., 1967). Therefore, when SA was present in
aqueous solution, on the one hand, carboxyl groups (COOH)
could combine with Fe?* to form a complex similar to gelatum
(Liu et al., 2012), which consumed the amount of Fe?* ready for
the crystallization of vivianite; on the other hand, SA could
adsorb and mask the growth activity points on the surface of
vivianite crystals, which inhibited the growth of crystals (Wei
et al., 2019).

2.2.
values

Effect of sa on phosphorus recovery at different pH

The PRE and IR as a function of pH (6.5-9.0) at Fe/P ratio of 1.8
in the absence and presence of SA (800 mg/L) are illustrated
in Fig. 2a. In the absence of SA, PRE increased from 71.5% at
initial pH of 6.5 to 96.8% at initial pH of 7.0, then increased
slowly at initial pH of 7.0-8.0, and finally decreased slightly
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with further increase in initial pH. The observed PRE results
were in agreement with previous works concerning vivianite
precipitation of the fermentation supernatant of the sludge,
where the optimum pH 8.0 was reported (Li et al., 2018; Li and
Li, 2017). The PRE with and without the addition of 800 mg/L
SA showed similar trend, but the PRE value with 800 mg/L SA
was 2%-12% lower than that in the absence of SA.

To be specific, the IR value dropped sharply when pH was
larger than 8.0. The IR value at pH 9.0 was 80% lower than that
at pH 8.0. PO43~ concentration increased with the increase in
pH due to the deprotonation of HPO42~, H,PO,~ and H3PO4
(Crutchik and Garrido, 2016, Lundager and Bruun, 2014), re-
sulting in an increase in SI. As Fig. 2b depicted, SI of vivianite
crystals increased from 10.22 to 15.68 with growing pH values,
leading to a higher rate of crystallization. This was the reason
for a decrease in inhibition rate with growing pH values. In ad-
dition, at a lower pH value, the phosphate protonation and hy-
drated Fe groups on the surface of vivianite crystals was high,
which was conducive to the formation of a hydrogen bonding
and surface complexation between vivianite crystals and SA
(Wei et al., 2018), thereby intensifying its inhibitory effect due
to its favorable adsorption.

2.3.
ratios

Effect of SA on phosphorus recovery at different Fe/P

Fig. 3a indicates the effect of initial Fe/P molar ratio on PRE at
PH 8.0 in the presence and the absence of 800 mg/L SA. In ei-
ther case, the PRE in the reaction solution increased first and
then became stable with increasing Fe/P values. When Fe/P
molar ratio exceeded 1.8, the PRE was basically unchanged,
which was consistent with the optimal Fe/P range of 1.5-2.0
obtained by Wu et al. (2019). The PRE value in the presence
of SA was always about 10% lower than that in the absence
of SA. Meanwhile, the IR value decreased steadily with in-
creasing Fe/P molar ratio, dropping from 16.0% to 6.8% when
the Fe/P molar ration raised from 1:1 to 2.4:1. When Fe/P mo-
lar ratio was low, the complexation of SA with Fe?t led to a
strong inhibitory effect on vivianite precipitation; when Fe/P
molar ratio was high, sufficient Fe?* reacted with PO,3, re-
ducing the IR value. Besides, when the initial Fe/P molar ratio
increased from 1:1 to 2.4:1, the SI of vivianite crystals also in-
creased from 13.0 to 13.9 (Fig. 3b). There was a continuous fast
growth at surface growth active sites at high supersaturation,
while SA did not have enough time to be adsorbed onto these
sites (Ilevbare, 2012). As a consequence, the inhibitory effect
of SA on vivianite precipitation was weakened.

2.4.  Effect of SA on recovered crystals

2.4.1. Effect of SA on settleability of harvested crystals

The settleability and zeta potential of harvested vivianite crys-
tals at different concentrations of SA were exhibited in Fig. 4.
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Fig. 2 - Effect of SA on phosphorus recovery at different pH values. Fe/P = 1.8, 25 °C, SI: supersaturation index.
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Fig. 3 - Effect of SA on vivianite precipitation at different Fe/P ratios. pH = 8.0,25 °C.
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Fig. 4 - The suspension of vivianite crystal after 10 min sedimentation (a) and the variation of zeta potential of vivianite (b)

under different SA concentrations. pH = 8.0, Fe/P = 1.8, 25 °C.

In the absence of SA, there appeared notable stratification af-
ter 10 min of settlement. As to the SA addition of 100 mg/L,
obvious stratification was also observed and the supernatant
was quite clear. This was because a small amount of SA and
Fe?t formed gelatum and played a role as flocculant, which
was conducive to the formation of crystal settlement (Wu
et al,, 2019a). However, the settlement of recovered vivianite
crystals was not enough and the zeta potential of the crys-
tal surface decreased in the presence of 400 mg/L SA. When
800 mg/L SA was added into the reaction solution, the tur-
bidity of the supernatant was extremely high after settling
for 10 min and the zeta potential of the crystal surface de-
creased to -43.3 mV, which was 60% lower than that without
SA. It was indicated by the results that the existence of high
concentration SA reduced the settleability of vivianite crys-
tals. This was possibly owing to the adsorption of SA on the
surface of vivianite crystals, which decreased the zeta poten-
tial of the surface of vivianite crystals and enhanced the elec-
trostatic repulsive force between vivianite crystals in solution
(Wei et al., 2017). In addition, SA might adsorb and mask the
growth points on the surface of the vivianite crystal to hinder
the crystal growth, resulting in smaller crystal particles. Ac-
cording to the previous publication (Prot et al., 2019), when the
vivianite crystallization method was applied to the phospho-
rus recovery in sludge, the smaller crystal tended to be bound
to sludge flocs. Therefore, measures needed to be taken to re-
alize the separation and recovery of crystal.

2.4.2. Effect of SA on characteristics of vivianite crystals

The XRD patterns of vivianite crystals at different SA concen-
trations at pH 8.0 and Fe/P 1.8 are shown in Fig. 5. No sig-
nificant differences were seen on the position of peaks be-
tween the four harvested vivianite crystals. All the XRD pat-
terns of the harvested vivianite crystals showed a series of

800 mg/L SA

n I l 400 mg/L SA
o A H ' N " 100 mg/L SA

h 0 mg/L SA

PDF#83-2453 Vivianite

.'| I E NTET A

10 20 30 40 50 60
2-Theta (°)

Intensity

Fig. 5 - XRD spectra of recovered products at different SA
concentrations.

diffraction peaks at 11.051°, 13.051°, 18.052°, 23.143°, 27.857°,
30.063° and 33.026° corresponding to Miller indices (110), (020),
(200), (-201), (-131), (201) and (041) according to the analysis by
software Jade 6.0. The result agrees with the standard spectra
of vivianite crystals (PDF#83-2453). However, the presence of
SA changed the relative intensity of crystal diffraction peaks.
The lattice plane relative strength of vivianite crystals (110)
and (020) decreased by degrees when the concentration of SA
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Fig. 6 - SEM images of recovered crystals at different SA concentrations.

increased gradually. It was implied that sodium alginate could
change the morphology of vivianite crystals.

This phenomenon was further confirmed by SEM images of
vivianite crystal at different SA concentrations (Fig. 6). Specifi-
cally, in the absence of SA, the shape of harvested crystals was
branched, consistent with those reported in previous stud-
ies (Liu et al., 2018; Wang et al., 2018). The shape of the ob-
tained vivianite crystals did not change at SA of 100 mg/L.
When the concentration of SA increased to 400 mg/L, some
vivianite crystals became smooth plates in shape. The vivian-
ite crystals were rod-shaped or lump-shaped in uneven sizes
in the absence of 800 mg/L. According to previous studies,
the vivianite crystal morphology could be rod-shaped, strip-
shaped, butterfly-shaped, branched and plate-shaped, which
was closely related to reaction conditions (Tian et al., 2019;
Wang et al., 2019; Zhou 2018; Lundager and Bruun, 2014). Spec-
ulatively, the reason for the change in vivianite crystal mor-
phology could be that SA was adsorbed onto the surface of
vivianite through static electricity, hydrogen bonding, chemi-
cal bonding and hydrophobicity (Dalase et al., 2007; Wei et al.,
2019). Additionally, the change of vivianite crystal morphology
would affect the utilization of vivianite, which is worth further
study.

It was worth mentioning that the EPS content from ac-
tivated sludge was in a range of 57-544 mg/g-MLVSS (Terna
et al., 2019, Liu and Fang, 2002, Wilén et al., 2003, Adav and
Lee, 2008, Pellicer-Nacher et al., 2013). According to the simu-
lation test of SA, EPS had a negative effect on the phosphorus
recovery from sludge by vivianite crystallization. Neverthe-
less, the mitigation strategies of adjusting pH and supersat-
uration could help to improve vivianite crystallization and re-
duce the influence of EPS. For example, according to the study
of Weietal. (2017), constant composition technique might pre-
vent the supersaturation of struvite from dropping during the

crystallization process. Therefore, this method probably can
be used to attenuate the inhibitory effect of EPS on the vivian-
ite crystallization.

3. Conclusions

This study explored the effect of SA on vivianite precipitation
under different conditions. The results showed that SA had an
inhibitory effect on vivianite precipitation, which was weak at
low SA concentration (<400 mg/L), but enhanced as the con-
centration increased. The inhibitory effect of SA on vivianite
precipitation weakened with growing initial pH and Fe/P mo-
lar ratios. The morphology of harvested crystals changed from
branches to plates and rods.
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