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This study was conducted to investigate migration and transformation of phosphorus (P) in waste activated

sludge (WAS) during sequential processes of acid and alkaline treatments. The P mass balance analysis and

the transformation of various P species from solid to liquid phase were also studied. Compared with single

acid or alkaline experiments, the migration of total solid-P to liquid-P was promoted by the acid-alkaline

sequential treatment. Acid-alkaline sequential treatment increased dissolution of non-apatite IP (NAIP)

and decreased apatite P sediments in the final alkaline from the released species, resulting in enhancing

the inorganic P (IP) transformation from solid to liquid phase. The maximal accumulation of molybdate

reactive P (MRP) in liquid was 520 mg L�1, accounting for 54.7% of total P. However, the P release was

reduced when alkaline-acid sequential treatment was used because of a low liquid P release from NAIP.

It was found that solid-P transforming to liquid-MRP was mainly regulated by pseudo-chemical reactions

regardless of a constant or changed pH. The release efficiencies of NAIP under both alkaline and acid-

alkaline conditions were more than 88.0%, whereas it was only 6.2% with alkaline-acid treatment. The

findings in this study can help to understand the phosphate release and migration rules under different

WAS treatment conditions for future P recovery.
1. Introduction

Phosphorus (P), an essential and non-renewable mineral
resource, is mostly obtained from the phosphate rock, which is
estimated to be depleted in the near future.1,2 Thus the recovery
of P from secondary waste streams is receiving great atten-
tion.3–5 Waste activated sludge (WAS) is greatly generated as the
by-product of wastewater treatment plants.6–8 It has been re-
ported that the content of P in dried sludge is around 2% in the
conventional activated sludge process and 4–10% in the
enhanced biological phosphorus removal process.9 Considering
the high production amount and P content of WAS, it can be an
alternative P resource. However, WAS is a low efficient agricul-
ture fertilizer, which cannot be directly served for food
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production because of the low P release from cells or cell
structure to soluble phosphate.10,11 Therefore, the release of P
from WAS is the most important step for P recovery.11 However,
understanding of phosphate release and migration mechanism
under different WAS treatment conditions is still lacking.

It has been reported that WAS contained various P species,
and P element connected with either organic matters or cations
can be expressed by the standards, measurements, and testing
(SMT) protocol.12,13 According to SMT protocol, P species in
solid phase of sludge could be divided into ve forms: total
solid P (TSP), organic P (OP), inorganic P (IP), apatite P (AP, P
forms associated with Ca) and non-apatite IP (NAIP, P forms
associated with oxides and hydroxides of Al, Fe, Mg and Mn).
TSP is the sum of OP and IP, and IP is the sum of NAIP and
AP.9,14 IP, existing as phosphate sediments, is the main P form
in WAS9,14 and therefore pH is a crucial factor for the migration
of P from solid to liquid phase.9,15 To date, acid or alkaline
treatment has been proven to be effective for P release from
WAS.9,15,16 However, almost all existing studies are mainly
focused on the performance of P release under different
concentrations or integrated factors.9,17,18 Few researches
pointed out that the release efficiency of main P species in WAS
was substantially dependent on the conversion and transport of
various P species, which was signicantly controlled by the pH
conditions.9,16 The mechanism is still not clear to understand
the relationship of pH and P species change, which is greatly
This journal is © The Royal Society of Chemistry 2017
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related to the method selected for P release from WAS. In addi-
tion, WAS is a type of resource containing abundant carbon,
nitrogen and P,6,7,9 and therefore, alkaline anaerobic digestion
has been selected as the main way to recover resources from
WAS.7,9 Recently, most report have mainly focused on carbon
source recovery,19–23 but some of themhave turned their attention
to P migration and transformation during the anaerobic diges-
tion process. It was earlier noticed that a simultaneous P release
may be accompanied by changes of acid-alkaline sequential
treatments, which may cause positive synergies on the release of
P, but it has not yet been well understood.

Previous study reported that acidic condition was more
favourable for P release, and alkaline conditions decreased the
dissolved P when the pHwas just adjusted at the beginning.16 As
well known, acid and alkaline treatments, particularly the latter,
can disrupt sludge ocs and further cause cell disintegra-
tion,24,25 and then the pH would change because of organic
matter accumulation. Herein, this study included experiments
under constant pH, and some different results were observed.
In addition, this study was also conducted to investigate the
combined effects of acid and alkaline conditions on the release
of different P species from solid to liquid phase, particularly,
how pH affects the dissolution of AP and NAIP and their
transport rules. The P mass balance analysis and the trans-
formation of various P species from solid to liquid phase were
employed to understand the mechanisms. Molybdate reactive P
(MRP) was used to evaluate the potentially recoverable P from
WAS aer different treatments.
2. Materials and methods
2.1 Source of WAS

The WAS was taken from the secondary sedimentation tank of
a local wastewater treatment plant (Harbin, China), running
with anaerobic-anoxic-aerobic process. The WAS was thickened
by gravitational sedimentation for 24 h at 4 �C and was then
screened with a 1 mm sieve to remove the impurities. It was
stored at 4 �C for subsequent tests. The main characteristics are
listed in Table 1.
2.2 Experimental set-up and operation

To investigate migration performance of solid-P to liquid-P
during the different changes occurring in the sequential acid
Table 1 The main characteristics of WAS

Parameters Contents

TSS 31.18 � 0.51 g L�1
VSS 15.70 � 0.37 g L�1
TCOD 30.51 � 0.96 g L�1
SCOD 194 � 10 mg L�1
NH4

+ 12.24 � 0.75 mg L�1
TP 30.49 � 0.36 mg per g TSS
TDP 44.53 � 1.46 mg L�1
PO4

3� 42.53 � 1.47 mg L�1
pH 6.72 � 0.01

This journal is © The Royal Society of Chemistry 2017
and alkaline treatments, ve groups of experiments were set up
(Fig. 1). There were 21 batch laboratory-scale anaerobic
fermentation reactors contained in 500 mL serum bottles, each
of which was lled with 350 mLWAS. The reactors were capped,
sealed, and stirred in an air-bath shaker (100 rpm) at 35 � 1 �C.
All the experiments were carried out in triplicate. The pH was
controlled at 4.0 for acid treatment and 12.0 for alkaline treat-
ment in the entire span of 14 days,9 while the pH of acid-
alkaline sequential treatment and alkaline-acid sequential
treatments was changed at 4 day fermentation time. The
constant pH demand was achieved by adding 4 M NaOH or 4 M
HCl.
2.3 Analytical methods

Sludge samples collected from the reactors were centrifuged at
10 000 rpm for 10 min. Then, the supernatant samples were
ltered by 0.45 mm cellulose nitrate membrane lters, and l-
trated samples were nally stored at 4 �C, prior to analysis. The
liquid-P was divided into three forms: total dissolved P (TDP),
MRP and OP, where the MRP is dened as PO4

3�, and OP is
calculated as the difference between TDP and MRP (i.e., OP ¼
TDP � MRP).13,26 The measurements of total suspended solid
(TSS), volatile suspended solid (VSS), total chemical oxygen
demand (TCOD), soluble chemical oxygen demand (SCOD),
NH4

+, TDP, MRP and pH were consistent with the previous
studies.9,27 The solid-P was analyzed according to the SMT
protocol, and the detailed extraction procedures and analysis
methods for each P form were the same as in the previous
publications.9
2.4 Kinetic modeling for MRP accumulation in liquid phase

Two kinetic models, pseudo-rst-order (eqn (1)) and pseudo-
second-order (eqn (2)) models are employed to interpret the
kinetics of MRP accumulation process.26

ln(qe � qt) ¼ ln qe � k1t (1)

t

qt
¼ 1

k2qe2
þ t

qe
(2)

where qe and qt (mg L�1) are the increased MRP concentration
compared with q0 at equilibrium and any time t (h), respectively.
k1 (h

�1) is the rst-order rate constant, and k2 ((L mg�1) h�1) is
the second-order rate constant.
Fig. 1 Schematic of the conducted experiments.

RSC Adv., 2017, 7, 35340–35345 | 35341

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03696e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
25

 5
:4

6:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.5 Contribution identication of different solid-P to liquid-P

A transformation contribution equation is applied to identify
the contributions of different solid-P fractions to the increased
TDP. It can be expressed by the following calculation:9

Transformation contribution ð%Þ ¼
Px
ðsolid;rawÞ � Px

ðsolid;experimentÞ
TDPðliquid;experimentÞ � TDPðliquid;rawÞ

� 100 (3)

where Px(solid,raw) and Px(solid,experiment) (mg P per g TSS) are the
contents of given solid-P species (x ¼ IP and OP, respectively) of
raw and treated sludge, respectively. Furthermore,
TDP(liquid,experiment) and TDP(liquid,raw) (mg P per g TSS) are the
contents of TDP of the treated and raw sludge, respectively.

In addition, the contributions of transformed AP and NAIP
to IP was also evaluated, and it can be calculated by the eqn (6),
listed as follows:

Transformation contribution ð%Þ ¼
Px
ðsolid;rawÞ � Px

ðsolid;experimentÞ
IPðsolid;rawÞ � IPðsolid;experimentÞ

� 100 (4)

where Px(solid,raw) and Px(solid,experiment) (mg P per g TSS) are the
contents of given solid-P species (x ¼ NAIP and AP, respectively)
of raw and treated sludge, respectively. IP(solid,raw) and
IP(solid,experiment) (mg P per g TSS) are the contents of IP of the
raw and treated sludge, respectively.
Fig. 2 P mass balance analysis. (A) TSP, (B) TDP, and (C) TP.
3. Results and discussion
3.1 P mass balance analysis

The migration and transformation of different P species from
solid to liquid phases were evaluated by the P balance analysis
(Fig. 2). In WAS components, IP, consisting of AP and NAIP, was
the main fraction of TSP under all conditions, in the range of
73.1–86.6%. The release efficiency of various solid components
was substantially determined by the different chemical prop-
erties of NAIP and AP under different pHs. Liquid-P was mainly
released from AP and it contributed to the TSP reduction in acid
or alkaline-acid sequential treatment processes. Liquid-P from
NAIP was efficiently released in the alkaline treatment or the
acid-alkaline sequential treatment, and this part of released P
accounted for more than 80.0% of solid-IP and 60.0% of TSP. In
the control test, liquid-P was also released primarily from NAIP
because of the decrease in pH due to the production of volatile
acids during fermentation. Therefore, compared to the raw
sludge decomposition, a nal acid condition mainly led to AP
dissolution, whereas most NAIP was dissolved in the nal
alkaline condition. Jin et al. studied the P release performance
in lake sediments under different pH and obtained a similar
conclusion.9,14 Most of the reduced TSP was converted to liquid-
MRP, rather than liquid-OP (Fig. 2(B)), particularly in acid
treatment, where the percentage of MRP content was more than
98.0%.

Fig. 2(C) shows that both alkaline and acid treatments were
effective for the migration of solid-P to liquid-P, but inorganic P
release was much more efficient under alkaline conditions. It is
noteworthy that a slight increase of TSP dissolution was
35342 | RSC Adv., 2017, 7, 35340–35345
obtained using the acid-alkaline sequential treatment, and the
increased part was 7.7% higher than that in the alkaline treat-
ment and 19.7% higher than that in the acid treatment.
However, a signicant decrease of P migration from solid to
liquid phase happened on using alkaline-acid sequential
treatment, which was 17.5% less than that of the acid treatment
and 32.0% less than that of the alkaline treatment. The alkaline-
acid sequential treatment further led to the reduction of dis-
solved P, which transformed to sediments by the reformation of
NAIP when pH was changed from alkaline to acid. Thus it can
be concluded that for NAIP-based WAS, alkaline treatment and
acid-alkaline treatment were more competitive in case of solid-P
dissolution than acid treatment or alkaline-acid treatments.

3.2 Transformation and release efficiency of various P
species from solid to liquid phase

The dissolved IP was the main source of liquid-P under any
conditions, accounting for 66.3–96.9% of TDP (Fig. 3(A)).
Moreover, the liquid-P from NAIP mainly contributed to IP
dissolution under control at alkaline and acid-alkaline condi-
tions; in contrast, dissolved IP mainly came from AP dissolution
under alkaline-acid conditions (Fig. 3(B)). Fig. 3(C) depicts the
This journal is © The Royal Society of Chemistry 2017
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release efficiencies of different P fractions in solid phase. NAIP
can dissolve under wide pH conditions due to its extremely
unstable property, but alkaline environment exhibited the most
positive effects on NAIP dissolution. More than 88.0% NAIP was
transformed to other P fractions under alkaline treatments.

Acid-alkaline sequential treatment resulted in a slightly
higher release than the alkaline treatment alone. In acid-
alkaline treatment, AP species was formed less than that of
sole alkaline conditions (Fig. 3(C)) and made an extra contri-
bution for P release from solid to liquid phase. When treatment
method was changed from acid to alkaline conditions, the MRP
from AP dissolution may have combined with metal ions to
form NAIP,28,29 and the newly formed NAIP increased the
amount of the total released P in the alkaline phase that fol-
lowed.9,14 Herein, alkaline treatment transformed a part of
liquid P to AP, which was approximately 2 times higher than
that in the acid-alkaline sequential treatment (Fig. 3(C)). This
ion-exchange and dissolution–precipitation process not only
led to less AP formation in the acid-alkaline sequential
Fig. 3 Transformation of various P species from solid to liquid phase.
(A) Contributions of transformed IP and OP to TDP, (B) contributions of
transformed AP and NAIP to IP, and (C) release efficiency of different
solid-P.

This journal is © The Royal Society of Chemistry 2017
treatment compared to sole alkaline conditions, but also
contributed to the migration of solid-P to liquid-P. In alkaline-
acid treatment, though most of NAIP (more than 88.0%) was
dissolved during the 96 h-alkaline phase (Fig. 3(C)), the MRP in
liquid phase could combine with metal ions to form NAIP again
when the pH was changed from alkaline to acid conditions.28,30

The AP, which formed at the rst 96 h-alkaline treatment phase
(Fig. 3(C)), was negative to AP dissolution in the acid treatment
that followed. As a result, the release efficiency of NAIP was
lowest (6.21%) under the alkaline-acid treatment, and AP
release efficiency was lower than that of the acid treatment. It
was notable that the OP release efficiency under alkaline-acid
treatment was lower than that in the alkaline treatment at
96 h fermentation time (Fig. 3(C)). The reason was that the
released OP at the rst 96 h alkaline phase might be adsorbed
by the chemical-precipitation process occurring under the
sequential acid treatment. Based on the above results and
Fig. 4 Migration performance and kinetics of solid-P to liquid-P. (A)
Migration performance, (B) pseudo-first-ordermodel, and (C) pseudo-
second-order model.

RSC Adv., 2017, 7, 35340–35345 | 35343
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Table 2 Kinetic parameters for liquid-MRP accumulation during WAS treatment

pH qe,exp (mg L�1)

Pseudo-rst-order kinetic model Pseudo-second-order kinetic model

k1 (h
�1) qe,cal (mg L�1) R2 k2 (L (mg�1 h�1)) qe,cal (mg L�1) R2

Control (336 h) 207.98 0.0149 188.21 0.925 7.69 � 10�4 214.94 0.998
Acid (336 h) 397.70 0.0106 166.30 0.685 8.80 � 10�4 399.67 0.999
Alkaline (336 h) 442.21 0.0162 178.18 0.818 1.64 � 10�3 442.53 0.999
Acid-alkaline (96 h) 374.48 0.0469 225.57 0.884 1.61 � 10�3 375.86 0.998
Acid-alkaline (336 h) 520.00 0.021 718.41 0.905 5.60 � 10�3 522.58 0.999
Alkaline-acid (96 h) 444.74 0.0337 235.73 0.833 1.60 � 10�3 442.53 0.998
Alkaline-acid (336 h) 203.01 0.0095 389.52 0.415 �0.369 202.09 0.999
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discussion, the order of the treatment methods by descending
TSP release efficiencies is as follows: acid-alkaline (60.5%) >
alkaline (53.6%) > acid (39.2%) > alkaline-acid (20.3%) z
control (16.5%) treatments.
3.3 Recoverable P evaluation aer different treatments

Currently, hydroxyapatite or struvite precipitation is the main
way to recover P from sludge supernatant,31,32 and then the
supernatant aer P extraction can be used as the carbon source
for the enhanced biological nutrients removal process.33,34

Therefore MRP accumulation was used to evaluate the poten-
tially recoverable P from WAS aer the different treatments. As
shown in Fig. 4(A), it is clear that the acid-alkaline treatment
showed a further increase on liquid-MRP accumulation
compared with acid treatment or alkaline treatment, but
a signicant decrease occurred in the alkaline-acid treatment.
The maximal liquid-MRP accumulation, 520 mg L�1,
accounting for 54.7% of total P, was 1.44, 1.19 and 2.57 times
higher than that of acid, alkaline and alkaline-acid treatments,
respectively.

It can be seen that the plots of the experimental data in the
form of t/qt versus t is nearly a straight line compared to ln(qe �
qt) versus t under any conditions in both phases 1 and 2
(Fig. 4(B) and (C)). In addition, the model data tted well to the
measured data (Table 2 and Fig. S1†). These results indicated
that the pseudo-chemical reactions mainly occurred during the
accumulation of liquid-MRP regardless of a constant or
a change in pH. The reason might be that IP was the major P
fraction in raw sludge, and the acid or alkaline treatment might
have affected the migration of solid-P to liquid-MRP mainly by
the precipitation-dissolution effects.9,16
4. Conclusion

The present study investigated the release performance of
different P species from waste activated sludge (WAS) during
the different change in sequential acid and alkaline treatments.
For NAIP-based WAS, alkaline treatment and acid-alkaline
treatment were more competitive for solid-P dissolution
compared to both acid treatment and alkaline-acid treatment.
Furthermore, alkaline-acid treatment led the dissolved P under
alkaline treatment to be transformed to sediments by reforming
NAIP. Order of the treatment methods by descending TSP
35344 | RSC Adv., 2017, 7, 35340–35345
release efficiencies is as follows: acid-alkaline > alkaline > acid >
alkaline-acid z control treatments. In addition, the maximal
potentially recoverable P accumulation, 520 mg L�1, accounting
for 54.7% of total P, was also obtained under acid-alkaline
conditions. Moreover, it was also found that the MRP accu-
mulation process was mainly regulated by pseudo-chemical
reactions, regardless of a constant or changed pH. This study
may provide some solutions for P release fromWAS and further
P recovery.
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