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Abstract The release rule of phosphorus from sewage sludge
during ozonation and removal by the magnesium ammonium
phosphate (MAP) method were investigated. The results
showed that the concentrations of total phosphorus in aqueous
phase (TP(A)) and orthophosphate (PO4

3−-P) in ozonized
sludge supernatant rose obviously with increasing ozone dose
when ozone dose was below 61.2mgO3/gSS then almost kept
constant. The TP(A) and PO4

3−-P contents in the ozonized
sludge supernatant were 70.9 and 63.3 mg/L when ozone dose
was 61.2 mg O3/gSS, respectively. Total phosphorus in the
sludge solid (TP(S)) was mostly distributed in inorganic phos-
phorus (IP) (more than 81.5% of TP(S)), and non-apatite inor-
ganic phosphorus (NAIP) was the major component of IP in
the sludge (more than 78.7% of IP) during ozonation. The
release contribution (RC) of IP to TP(A) accounted for over
73.9%. The optimized conditions for the removal of phospho-
rus from ozonized sludge supernatant were set at an initial
Mg2+/PO4

3−-P molar ratio of 1.8, pH 9.5, and reaction time
of 5 min, under which the removal efficiencies of TP(A) and
PO4

3−-P were 43.1 and 52.2%, respectively.

Keywords Ozonation . Sewage sludge . Phosphorus release
and recovery . SMT protocol

Introduction

Sewage sludge production has been continuously increasing,
as a result of both the growing quantity of treated wastewaters
and the application of progressively stricter standards for the
effluent quality of wastewater treatment plants (Bertanza et al.
2014). Sewage sludge derived from sewage treatment plant,
containing pathogenic bacterium, organic contaminants, and
heavy metals, would bring huge damage to the environment
and human health without appropriate treatment and disposal
(Anjum et al. 2016). Once it was generated, the treatment and
disposal of sewage sludge could occupy up to 60% of operat-
ing expenditure of sewage treatment plant (Zhang et al. 2016).
Therefore, the sewage sludge reduction during the sewage
treatment process is an ideal solution to this problem, instead
of post-treatment of sewage sludge.

Lysis-cryptic growth through ozonation is a method tomin-
imize the generation of sewage sludge during sewage treat-
ment process (Wei et al. 2003). Ozone has a strong
oxidizability, can disintegrate the sewage sludge flocs, and
destroy microorganisms in sludge, releasing extracellular
and intracellular materials into the supernatant, while a frac-
tion of materials in the supernatant released from sewage
sludge are mineralized to CO2 and H2O (Kamiya and
Hirotsui 1998; Dytczak et al. 2007). The materials that were
mineralized would lead to some degree of sewage sludge re-
duction, and this depends on ozone dose (Park et al. 2003;
Manterola et al. 2008). The residual extracellular and intracel-
lular materials in the supernatant released from sewage sludge
can be reutilized in sewage treatment process and lead to the
reduction of overall sewage sludge yield (Chu et al. 2009;
Yang et al. 2012). It was reported that sewage sludge produc-
tion could be reduced by 50–100% and no secondary pollu-
tion was released by ozonation (Zhang et al. 2016; Yan et al.
2009a).
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It is worth pointing out that extracellular and intracellular
materials released into the supernatant would increase the total
phosphorus in aqueous phase (TP(A)) content in the superna-
tant during sewage sludge ozonation (He et al. 2006). Zhang
et al. (2009) investigated the changes of the supernatant during
ozonation, and the results indicated that TP(A) content in the
supernatant increased from 2.8 to 69 mg/L after ozonation at
50 mg O3/gDS. Yang et al. (2012) also found that TP(A) con-
tent in the supernatant increased from 9.13 to 23.26 mg/L after
ozonation at 0.15 g O3/gDS. These researches mentioned
above mainly focused on the total contents of phosphorus
released during ozonation, while little is known about the
detailed phosphorus fractions in sludge solid and the release
contribution of each fraction to the phosphorus in the super-
natant during ozonation. Furthermore, the TP(A) released into
the supernatant during ozonation can cause an extra burden
for the wastewater treatment system and result in an increase
of phosphorus concentration in the effluent, when it was
returned to the wastewater biological treatment process (Chu
et al. 2009; Yan et al. 2009b). Thus, the TP(A) in the superna-
tant must be removed to some extent before it is returned into
wastewater biological treatment process. To reduce the phos-
phorus content in the supernatant, the most common methods
are biological treatment, chemical precipitation, and recovery
(Bertanza et al. 2013). The removal of supernatant TP(A) dur-
ing biological treatment process is called biological treatment.
It is obvious that only the biological phosphorus removal can-
not remove the TP(A) in the supernatant effectively (Chu et al.
2009; Yan et al. 2009b). Chemical precipitation is achieved
through adding chemical reagents to the supernatant in order
to form phosphorus-containing precipitation, which is then
removed by sedimentation and/or filtration. However, the ap-
plication of this technique is limited due to the high cost of
chemical reagents and the large production of chemical sludge
during phosphorus removal (Bertanza et al. 2013).
Phosphorus recovery is generally achieved by magnesium
ammonium phosphate (MAP) reaction (de-Bashan and
Bashan 2004; Moed et al. 2015). The MAP reaction could
remove both phosphorus and nitrogen simultaneously; mean-
while, the reaction product, namely struvite, could be recov-
ered and employed as an ideal alternative fertilizer (Bi et al.
2014; Bouropoulos and Koutsoukos 2000). Thus, the MAP
methodwas used to remove phosphorus from ozonized sludge
supernatant in this study, as it can not only recover the limited
phosphorus resource to alleviate the phosphorus resource cri-
sis, but also reduce the phosphorus content. Nevertheless, the
removal of phosphorus by MAP is complicated in relation to
many factors, such as the initial Mg2+/PO4

3−-P, initial pH of
reaction system, and reaction time (Wang et al. 2010; Bi et al.
2014). Therefore, it is necessary to study the removal perfor-
mance of phosphorus from the ozonized supernatant byMAP.

Thus, the aim of this research was to study (1) the release of
phosphorus from sewage sludge and the phosphorus fractions

in sludge solid during ozonation, (2) the release contribution
of each fraction of the phosphorus in sludge solid to the phos-
phorus in the supernatant during ozonation, (3) the optimal
conditions for phosphorus removal from the ozonized sludge
supernatant using MAP method, and (4) the characteristics of
the ozonized sludge supernatant after MAP treatment. It is
anticipated that this study would be meaningful not only for
providing an insight into the release behavior of phosphorus
from sludge during ozonation but also for offering a feasible
method to remove phosphorus from ozonized sludge superna-
tant, which will be beneficial to the development of sludge
reduction technology by ozonation.

Material and methods

Sewage sludge

Sewage sludge samples were obtained from a sewage disposal
plant in Harbin, China. It was transported to the lab within 1 h
after sampling. The sludge was subsequently screened
through a sieve to remove big impurities then stored at 4 °C
and used within 48 h. The basic characteristics of the sludge
were shown in Table 1.

Experimental apparatus and sludge ozonation

The apparatus used for sludge ozonation in this research was
the same as that employed by Zhang et al. (2016), as shown in
Fig. 1. The detailed experimental operations for ozonation of
sludge and the corresponding calculation method of ozone
consumption were also given by Zhang et al. (2016). The
ozonized sludge mixtures were obtained from the reactor ev-
ery 10 min then centrifuged at 5000 rpm for 5 min. The liquid
phase was employed to measure TP(A) and total nitrogen
(TN(A)) directly. The filtrate obtained by screening through a
0.45-μm membrane was employed to measure the PO4

3−-P,
NH4

+-N, NO3
−-N, soluble chemical oxygen demand (SCOD),

proteins, and polysaccharide contents. The sludge pellets were
dried at ambient temperature, ground to stive, and sieved
through a 100-mesh sieve. Then, it was stored in polyethylene
tubes in a desiccator before use for phosphorus fraction
analysis.

Phosphorus fractions in liquid phase and sludge solid

The supernatant of sludge mixtures under different doses of
ozonation treatment was employed to analyze the phosphorus
fractions in aqueous phase. There were three types of phos-
phorus in aqueous phase, including the TP(A), PO4

3−-P, and
OP(A) (organic phosphorus in aqueous phase). TP(A) was ac-
quired based on the method used by Xu et al. (2015). The
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content of OP(A) was calculated by the difference of TP(A) and
PO4

3−-P.
The extraction protocol of the Standards in Measurements

and Testing (SMT) program was used to study the phosphorus
fractions in sludge solid. Details of the extraction process of
the SMT protocol were described by Xie et al. (2011).
According to the SMT protocol, there were five fractions of
phosphorus in sludge solid: non-apatite inorganic phosphorus
(NAIP), apatite phosphorus (AP), inorganic phosphorus (IP),
organic phosphorus (OP), and total phosphorus (TP(S)), where
TP(S) = OP + IP, IP =NAIP +AP (He et al. 2016). Generally, it
was reasonable when the recovery rate of TP was in the range
of 97.2 ~ 103.2% and the recovery rate of IP was within
95.5 ~ 104.7% (Pardo et al. 2004). The recovery rate (RR)
of phosphorus during the SMT process was calculated by the
following equations:

RR IPð Þ %ð Þ ¼ NAIP Xð Þ þ AP Xð Þ
IP Xð Þ

� 100 ð1Þ

RR TPSð Þ %ð Þ ¼ IP Xð Þ þ OP Xð Þ
TP Sð Þ

� 100 ð2Þ

where RR(IP)(%) and RR(TPS)(%) are the recovery rates of IP
and TP(S) during SMT process, respectively, and NAIP(X),
AP(X), IP(X), OP(X), and TP(S) are the contents of certain phos-
phorus fraction in sludge solid after ozonation (mg/g).

RC analysis of different phosphorus fractions in sludge
solid

The release of certain phosphorus fraction from sludge into
the supernatant can be characterized by release contribution
(RC). RC was calculated as follows:

RC %ð Þ ¼ P Sð Þ rawð Þ �MLSS rawð Þ � V � 1000‐P Xð Þ �MLSS Xð Þ � V � 1000

TP Xð Þ � V ‐TP Að Þ rawð Þ � V
� 100

ð3Þ

where P(S)(raw) is a certain phosphorus fraction content in the
raw sludge without ozonation (mg/g), P(X) is the content of
certain phosphorus fraction in sludge solid after ozonation
(mg/g), TP(A)(raw) is the TP content in the raw sludge super-
natant (mg/L), TP(X) is the TP content in the ozonized sludge
supernatant (mg/L), X is one kind of sludge, V is the volume of
the sludge mixture (L), MLSS(X) is the mixed liquor
suspended solid (MLSS) concentration in ozonized sludge
(mg/L), and MLSS(raw) is the MLSS concentration in the
raw sludge (mg/L).
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Fig. 1 Apparatus for sludge
ozonation

Table 1 Basic characteristics of sewage sludge

Item Value

pH 6.88

TSS (mg/L) 14,018 ± 363

VSS/TSS 0.58 ± 0.041

SCOD (mg/L) 62 ± 4.3

Water content (%) 98.53 ± 0.03

Data are exhibited as the mean ± standard deviations
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Phosphorus removal by MAP method

The supernatant obtained from the ozonized sludge mixture
was centrifuged at 5000 rpm for 5 min. The pH of the super-
natant was adjusted with 1 mol/L sodium hydroxide (Huang
et al. 2014). Magnesium chloride hexahydrate (MgCl2·6H2O)
was employed as the source of Mg2+ in this study. Fifty mil-
liliters of ozonized sludge supernatant was placed in a 150-mL
conical flask. A certain amount of magnesium dichloride
hexahydrate was added in the flask containing the ozonized
sludge supernatant, and then, the mixture was agitated at
200 rpm. The mixture was sampled at a designed time interval
and centrifuged at 5000 rpm for 5 min (Bi et al. 2014). After
that, the liquid phase without filtration was used to measured
TP(A) and TN(A) directly, and the supernatant screened
through a 0.45-μm membrane was used to measured PO4

3−-
P, NO3

−-N, SCOD, proteins, and polysaccharides contents.

Analysis methods

NH4
+-N, PO4

3−-P, SCOD, MLSS, and mixed liquor volatile
suspended solid (MLVSS) were measured based on the
Chinese NEPA standard methods (CEPB 2002). TP(A) was
measured according to He et al. (2016). The pH of the sludge
mixture was determined by a pH meter (FE20, INESA,
China). The methods for TCOD, protein, and polysaccharide
concentrations of extracellular polymeric substances (EPS) in
the supernatant used in this study were described by Zhang
et al. (2016). TN(A) was measured by a TN analyzer (OC-
5000A, Shimadzu, Japan).

Results and discussion

Effect of ozone dose on TP(A), PO4
3−-P, and OP(A)

in supernatant during ozonation

The TP(A) concentration rose from 9.0 to 70.9 mg/L with the
dosage of ozone increased from 0 to 61.2 mg O3/gSS (Fig. 2).
The reason for the TP(A) increase was that the cell wall and cell
membrane of the microorganism in the sludge flocs were
destroyed during ozonation, contributing to the release of
phosphorus from sludge solid into the supernatant, such as
phosphorus in EPS, lipid bilayer, polyphosphates, and nucleic
acid. Meanwhile, the increasing tendency of TP(A) concentra-
tion became small as the dosage of ozone dose was over
61.2 mg O3/gSS. The reason for this phenomenon could be
that as the dosage of ozone was higher than 61.2 mg O3/gSS,
the materials in the supernatant released from sludge cells
could react with ozone and expend a portion of ozone. As a
consequence, the amount of ozone applied to destroy sludge
flocs was reduced (Cesbron et al. 2003; Cui and Jahng 2004).

Consequently, the TP(A) concentration stayed invariable when
ozone dose was excessive.

The increasing tendency of PO4
3−-P in ozonized sludge

supernatant was similar to that of TP(A), and the PO4
3−-P in

ozonized sludge supernatant accounted for above 84.4% of
TP(A) during ozonation. This meant that the vast majority of
TP(A) in the supernatant was PO4

3−-P. During sludge ozona-
tion, the intracellular and extracellular matters containing
phosphorus were released into the supernatant, including or-
ganic phosphorus and inorganic phosphorus, while the inor-
ganic phosphorus released accounted for a vast majority of the
total phosphorus released (Latif et al. 2015). This would be
verified in the BRC of different phosphorus fractions in sludge
solid to TP(A) during ozonationS13^ section. Meanwhile,
ozone has a strong oxidation ability and can oxidize portions
of organic phosphorus in the supernatant into phosphate (He
et al. 2006). Therefore, the increased PO4

3−-P accounted for
more than 84.4% of the increased TP(A) in the ozonized sludge
supernatant during ozonation.

The OP(A) concentration in the supernatant increased first.
As mentioned above, ozone could oxidize and destroy sludge
cell, resulting to the release of organic phosphorus from the
sludge solid into the supernatant. While the ozone dose in-
creased from 40.8 to 61.2 mg O3/gSS (Fig. 2), the OP(A)
concentration in the supernatant was nearly kept constant.
This was because the quantity of organic phosphorus released
from the sludge was approximately equal to that of the organic
phosphorus oxidized into inorganic phosphorus. The OP(A)
concentration in the supernatant decreased finally. This was
mostly ascribed to the fact that part of OP(A) in supernatant
was oxidized to PO4

3−-P.
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Effect of ozone dose on TP(S) and phosphorus fractions
in sludge during ozonation

The TP(S) and phosphorus fractions in the sludge during ozon-
ation are presented in Table 2. It can be calculated that the
recovery rates of TP and IP were 97.2 ~ 99.4% and
97.9 ~ 99.8%, respectively. This indicated that the SMT pro-
tocol is suitable for analyzing the phosphorus fractions in
sludge solid in this study. It can be observed that TP(S) was
mostly distributed in IP (more than 81.5% of TP(S)) and NAIP
was the major component of IP in the sludge (more than
78.7% of IP) during ozonation. The contents of all kinds of
phosphorus increasing with the ozone dose increase from 0 to
20.4mgO3/gSS. This was attributed to the decrease ofMLSS.
As we know, the total amount of phosphorus in the sludge
would not increase since there was no input of phosphorus,
while the MLSSwas decreased during ozonation (Zhang et al.
2016). Therefore, when the decreasing rate of MLSS
exceeded the decreasing rate of phosphorus, there would be
a pseudo-increase of phosphorus contents. All kinds of phos-
phorus contents decreased with the ozone dose increasing
from 20.4 to 61.2 mg O3/gSS. During this stage, the MLSS

was almost stable, while the phosphorus in sludge solid would
be released into the supernatant due to ozonation. When the
ozone dose increased from 61.2 to 81.6 mg O3/gSS, all kinds
of phosphorus contents in sludge solid were nearly stable.

RC of different phosphorus fractions in sludge solid
to TP(A) during ozonation

The RC of different phosphorus fractions in sludge solid to TP

(A) were given in Fig. 3. It was clear that the RC of IP to TP(A)
went up with increasing ozone dose. In terms of IP, the con-
tribution of NAIP rose with increasing ozone dose and con-
tributed more than 64.2% of RC to the IP. The contribution of
AP increased when ozone dose increased from 20.4 to
40.8 mg O3/gSS and then was almost stable with the increase
of ozone dose. This may be owing to the fact that AP was a
relatively stable fraction (Xu et al. 2015). The RC of OP to
TP(A) decreased when ozone dose increased from 20.4 to
40.8 mg O3/gSS and then stayed stable as ozone dose
increased.

Table 2 Concentrations of TP(S) and phosphorus fractions in sludge solid (mg/g)

Sample NAIP AP IP OP TP(S)

SS 13.89 ± 0.32 3.59 ± 0.09 17.65 ± 0.45 3.47 ± 0.08 21.43 ± 0.53

OS1 15.41 ± 0.35 3.86 ± 0.12 19.31 ± 0.53 3.57 ± 0.11 23.55 ± 0.61

OS2 14.59 ± 0.29 3.36 ± 0.08 18.08 ± 0.49 3.40 ± 0.06 21.63 ± 0.48

OS3 13.19 ± 0.38 2.96 ± 0.10 16.50 ± 0.34 3.44 ± 0.09 20.25 ± 0.51

OS4 13.16 ± 0.27 2.89 ± 0.08 16.36 ± 0.37 3.41 ± 0.08 19.89 ± 0.39

Data are exhibited as the mean ± standard deviations

SS sewage sludge, OS1 sludge ozonized with a dose of 20.4 mg/g SS, OS2 sludge ozonized with a dose of 40.8 mg/g SS, OS3 sludge ozonized with a
dose of 61.2 mg/g SS, OS4: sludge ozonized with dose of 81.6 mg/g SS
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Removal of TP(A) and PO4
3−-P from ozonized sludge

supernatant

It was known that PO4
3−-P in aqueous phase could react with

Mg2+ and NH4
+-N to form struvite (MgNH4PO4·6H2O). The

reaction formula was given as follows (Wang et al. 2010):

Mg2þ þ NH4
þ þ PO4

3− þ 6H2O⇋MgNH4PO4 � 6H2O↓ ð4Þ

From the reaction formula, the phosphorus participat-
ing in the reaction was PO4

3−-P and the PO4
3−-P con-

centration was 65.4 ± 4.8 mg/L accounting for 92.8% of
TP(A) in the ozonized sludge supernatant at the dose of
81.6 mg O3/gSS. Therefore, the ozonized sludge super-
natant was in favor of MAP formation considering the
phosphorus resource (Demirer and Othman 2009). The
theoretical molar ratio of NH4

+, PO4
3−-P, and Mg2+ for

struvite production is 1:1:1(Zhang et al. 2015), while
the initial molar concentrations of Mg2+, NH4

+, and
PO4

3−-P in the ozonized sludge supernatant were 0.76,
4.27, and 2.11 mmol/L, respectively. The results sug-
gested that Mg2+ was the limiting factor and NH4

+

was sufficient in terms of the ozonized sludge superna-
tant for struvite formation. The aim of this research was
to remove TP(A) and PO4

3−-P from the ozonized sludge
supernatant. Thus, Mg2+ should be added to the ozon-
ized sludge supernatant to start the MAP reaction. The
initial Mg2+/PO4

3−-P in reaction system, initial pH of
reaction system, and reaction time were key factors
influencing the removal efficiency of TP(A) and PO4

3−-
P from reaction system (Wang et al. 2010; Bi et al.
2014). Thus, the effects of initial Mg2+/PO4

3−-P in the
ozonized sludge supernatant, initial pH of the ozonized
sludge supernatant, and reaction time on the removal
efficiency of TP(A) and PO4

3−-P from the ozonized
sludge supernatant were investigated in this study.

Effect of initial Mg2+/PO4
3−-P on removal of TP(A) and PO4

3

−-P

The suitable pH for MAP reaction was about 9.5 (Bi et al.
2014). The pH of the ozonized sludge supernatant in this
research was 5.63, which did not satisfy the pH condition
for struvite formation reaction. So it was adjusted to 9.5 with
1 mol/L sodium hydroxide (Lee et al. 2003). The mixture was
centrifuged at 5000 rpm for 5 min after the struvite formation
reaction for 5 min with different initial molar ratios of Mg2+/
PO4

3−-P in the ozonized sludge supernatant (Bi et al. 2014).
The removal efficiency of TP(A) and PO4

3−-P at different ini-
tial molar ratios of Mg2+/ PO4

3−-P is shown in Fig. 4. The
removal efficiency of TP(A) and PO4

3−-P rose with increasing
initial molar ratio of Mg2+/PO4

3−-P in the ozonized sludge
supernatant. It was demonstrated that the increase of Mg2+/
PO4

3−-P initial molar ratio in the ozonized sludge supernatant
was a feasible way to enhance the removal efficiency of TP(A)
and PO4

3−-P especially as the initial molar ratio of Mg2+/PO4
3

−-P was lower than 1.8. When the initial molar ratio of Mg2+/
PO4

3−-P rose from 1.2 to 1.8, the removal efficiency of TP(A)
and PO4

3−-P enhanced from 14.8 to 39.9 and 20.3 to 48.2%,
respectively. When the initial molar ratio of Mg2+/PO4

3−-P
was above 1.8, the removal efficiencies of PO4

3−-P stayed
constant, while the removal efficiencies of TP(A) were in-
creased slightly. Therefore, the optimal initial molar ratio of
Mg2+/ PO4

3−-P for TP(A) and PO4
3−-P removal was 1.8:1 in

this research. This was different from the theoretical initial
molar ratio of Mg2+/ PO4

3−-P of 1:1 for struvite formation.
The reasons for the discrepancy might be that a fraction of the
Mg2+ added could be consumed by SCOD (for example pro-
teins and lipids) in the ozonized sludge supernatant. Tong and
Chen (2007) obtained similar results with this study. In addi-
tion, as for the slight increase of removal efficiency of TP(A) at
a Mg2+/ PO4

3−-P ratio above 1.8, the reason could be that a
few kinds of phosphorus except PO4

3−-P, for example, organic
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phosphorus, reacted with magnesium as well which was then
removed from the supernatant fluid. Thus, the different re-
moval efficiency of TP(A) and PO4

3−-P was observed when
the initial molar ratio of Mg2+/PO4

3−-P was higher than 1.8.

Effect of initial pH on removal of TP(A) and PO4
3−-P

For the struvite formation, the ion forms and activities of
Mg2+, NH4

+, and PO4
3−-P were influenced by the initial pH

of liquid phase. For example, NH4
+ may transform into NH3

when the initial pH of liquid phase was high. Then, the NH3

would be released from the liquid into the air, no longer par-
ticipating in struvite formation reaction (Nelson et al. 2003;
Song et al. 2007). Thus, the initial pH of the ozonized sludge
supernatant is a significant parameter influencing the removal
efficiency of TP(A) and PO4

3−-P. The struvite formation reac-
tion happened in the pH range of 7.5–10 (Hao et al. 2008).
Therefore, the initial pH of ozonized sludge supernatant was
adjusted to 7.5, 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0 with
1 mol/L sodium hydroxide according to previous report (Jorge
et al. 2017). Meanwhile, the initial molar ratio of Mg2+/ PO4

3

−-P was kept at 1.8:1. The removal efficiency of TP(A) and
PO4

3−-P at different initial pH was shown in Fig. 5. When the
initial pH of the ozonized sludge supernatant increased from
7.5 to 9.5, the removal efficiencies of TP(A) and PO4

3−-P were
enhanced from 4.0 to 39.1 and from 4.3 to 48.1%, respective-
ly. Then, the removal efficiency of TP(A) and PO4

3−-P in-
creased negligibly with the increasing initial pH of ozonized
sludge supernatant. In addition, at a high pH, the free OH−

could be reacted with Mg2+ and generated Mg(OH)2 precipi-
tation, resulting in the decrease of Mg2+ concentration in the
reaction system. From this perspective, the high initial pH of
the reaction system would influence the removal efficiency of
TP(A) and PO4

3−-P. For the cost reduction consideration, the
optimal initial pH of ozonized sludge supernatant for TP(A)
and PO4

3−-P removal was selected at 9.5 in this research.

Effect of reaction time on removal of TP(A) and PO4
3−-P

Under the initial pH of 9.5 and the initial Mg2+/ PO4
3−-P ratio

of 1.8, the effect of reaction time on the removal efficiency of
TP(A) and PO4

3−-P in the ozonized sludge supernatant at dif-
ferent reaction times was shown in Fig. 6. The maximal re-
moval efficiency of TP(A) and PO4

3−-P was obtained at 5 min;
after that, the removal efficiency of TP(A) and PO4

3−-P stayed

almost constant until 50 min. It could be perceived that the
reaction was finished in 5 min based on the above results. This
result was consistent with the reports of Demirer and Othman
(2009). Therefore, the optimal reaction time for TP(A) and
PO4

3−-P removal was 5 min in this research.

The effects of TP(A) and PO4
3−-P removal on the ozonized

sludge supernatant

A conclusion could be drawn that the optimum conditions for
TP(A) and PO4

3−-P removal were at initial Mg2+/PO4
3−-P mo-

lar ratio of 1.8, pH of 9.5, and reaction time of 5 min from the
single-factor experiment. The changes of sludge supernatant
properties during TP(A) and PO4

3−-P removal are shown in
Table 3. The removal efficiencies of NH4

+, PO4
3−-P, and

TP(A) were 20.6, 52.2, and 43.1%, respectively. The molar
ratio of NH4

+/PO4
3−-P removal was 0.76:1, while the theoret-

ical molar ratio of NH4
+/PO4

3−-P for struvite formation was
1:1. The reason for excess PO4

3−-P consumption might be that
PO4

3−-P could be adsorped and/or coprecipitated with
struvite. It was found that the TN and NO3

−-N decreased after
the MAP reaction, which was mostly due to the absorption of
the precipitate. The SCOD, proteins, and polysaccharides in
the ozonized sludge supernatant decreased from 2784.8 to
2059.3, from 696.3 to 556.7, and from 387.3 to 312.4 mg/L
after reaction, respectively. The decrease of SCOD was main-
ly caused by the reduction of proteins and polysaccharides, as
protein and polysaccharide could be coprecipitated with
struvite. Meanwhile, several kinds of heavy metals (Al, Ca,
and Fe) could also be precipitated with proteins and polysac-
charides. This phenomenon was in accordance with that from
Bi et al. (2014). The pH was decreased after the MAP reac-
tion, which is attributed to the consumption of NH4

+ during
reaction. All in all, the vast majority of SCOD was still in the
ozonized sludge supernatant after the MAP reaction, indicat-
ing it could be reused as a carbon resource in sewage treatment
process.

Conclusions

Phosphorus was released from the sludge solid into the super-
natant during ozonation, and the quantity of phosphorus re-
leased depended on ozone dose. In this study, TP(A) and PO4

3

−-P reached a platformwhen ozone dose was 61.2 mgO3/gSS,

Table 3 The change of sludge supernatant during TP(A) and PO4
3−-P removal

PO4
3−-P TP NH4

+-N TN NO3
−-N SCOD Proteins Polysaccharides pH

Before reaction 68.9 75.2 59.8 157.8 37.0 2784.8 696.3 387.3 9.50

After reaction 32.9 42.8 47.5 122.1 28.2 2059.3 556.7 312.4 8.66

Unit is mg/L, except pH
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at which the TP(A) and PO4
3−-P contents were 70.9 and

63.3 mg/L, respectively. The phosphorus in the supernatant
was mainly derived from IP, in which NAIP was the major
constituent in the sludge during ozonation. More than 81.5%
of TP(S) was distributed in IP, and NAIP occupied over 78.7%
of IP in the sludge during ozonation. The RC of IP to TP(A)
accounted for over 73.9% and went up with increasing ozone
dose. The phosphorus in the ozonized sludge supernatant
could be removed effectively by the MAP reaction. The opti-
mized conditions for removing phosphorus from ozonized
sludge supernatant were at the initial Mg2+/ PO4

3−-P molar
ratio of 1.8, pH 9.5, and reaction time of 5 min. Under the
optimal condition, the removal efficiencies of TP(A) and PO4

3

−-P were 43.1 and 52.2%, respectively.
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