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Abstract. An excessive discharge of phosphorus from wastewater to water bodies may potentially contribute to eu-
trophication. On the other hand, mineral phosphorus resources will be depleted in the near future, because of diffi-
culty to automatically recycle from water to land, unlike nitrogen. A new process for nutrients removal coupled with
phosphorus recovery was proposed in this study by combining biological nutrients removal (BNR) with induced
crystallization (IC), BNR-IC for short later, differently from conventional phosphorus recovery process. Our results
showed that the BNR-IC system can maintain not only high and stable carbon, nitrogen and phosphorus removal ef-
ficiencies, all presenting above 90%, but also good phosphorus recovery performance from synthetic domestic waste-
water, displaying about 70.2% of phosphorus recovery rate. When the COD, TN, NH N and P concentrations of
250 mg L™, 42 mg L', 40 mg L', and 10 mg L', respectively were given in the influent, a stable removal efficiencies
of 92.5% COD, 78.6% TN, 85.9% NH N and 95.2% P were obtained for the BNR-IC process and correspondingly
the COD, TN, NH N and P concentrations of 18.75 mg L™, 8.99 mg L, 5.64 mg L, 0.42 mg L' were monitored in
the effluent, meeting the Chinese National Class I (grade A) Sewage Discharge Standard. Analyses of SEM and EDS,
moreover, also demonstrated that the surface of seed crystal (calcite used here) was completely covered by hydroxyl
calcium phosphate (HAP) produced during the induced crystallization process to recover phosphorus. Although our
study involved only a small-scale trial, the proposed BNR-IC process here may be a promising technology, and can
potentially aid in improvement of the effluent quality from WWTP and in recycle of mineral phosphorus resources
when applied to practice.

Keywords: wastewater treatment, nutrients removal, phosphorus recovery, denitrifying phosphorus removal, induced

crystallization, hydroxyl calcium phosphate.

Introduction

Phosphorus (P) is an essential element for the develo-
pment of biomass constituting one of the key nutrients
necessary for growth. However, an excessive discharge
of P from wastewater to water bodies may adversely affect
water resources in some ways, especially potential contri-
butions to eutrophication, which usually occurs in Taihu
Lake, Chaohu Lake and Dianchi Lake, China. Removal
of P from domestic sewage is one of the major strategies
for preventing eutrophication. Therefore, legislation on P
disposal into the water environment is becoming stricter
worldwide. In Europe and North America, TP concentra-
tion of 0.1 mg L™ or lower in the effluent from wastewater

treatment plants (WWTP) is being required to achieve
(Boltz et al. 2012). Similarly, 0.5 mg L™ or lower P of efflu-
ent from WWTP is also imposed by Chinese government,
compulsively meeting the National Class I (grade A) Se-
wage Discharge Standard (GB 18918-2002 published by
State Environmental Protection Administration of China).

Moreover, the quantities of mineral phosphorus re-
sources are rapidly decreasing in the world, presenting
a global concern that P resources will be depleted in the
near future, probably next 50-100 years (Chen et al. 2009;
Takeda et al. 2010). Unlike nitrogen, P is not widely circu-
lated on the globe due to the fact that flux of P from land
to water is substantial but the reverse flux is extremely
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limited, only via fishery or collection of guano (Childers
et al. 2011). On the other hand, there has been an increa-
se in the global demand for P with the world population
growing, approximately 80% of which is mostly used to
produce fertilizer for agricultural activities (De-Bashan,
Bashan 2004; Kroger et al. 2013). Consequently, the reco-
very of P from wastewater is highly essential for enhan-
cing the quality of water environment and for recycling of
mineral phosphorus resources.

In recent years, studies focusing increasingly on com-
bined processes, removing P from domestic wastewater
and recovering it simultaneously in the form of a valuable
product, such as struvite (MAP) or hydroxyl calcium phos-
phate (HAP), have been performed in lab-scale or full-scale
reactors (Antonini et al. 2012; Cao et al. 2007; Cusick, Lo-
gan 2012; Daniels et al. 2013; Hug, Udert 2012). Most of
studies have mainly focused on the combination of biolo-
gical nutrients removal (BNR) with chemical precipitation
process. In these processes, phosphorus in the P-rich solu-
tion generated by anaerobic sludge digestion was recovered
via precipitation of MAP or HAP (Maas et al. 2011). The
disadvantages of this approach are obvious by the following
two points: (a) operation of anaerobic sludge digestion per-
formed out of biological nutrient removal process can suffer
from high costs; (b) the precipitation product containing P
with high moisture content is not easy to use directly in
agricultural or industrial activities.

For this, a new process for P removal and recovery
was proposed in this study by combining BNR with indu-
ced crystallization, BNR-IC for short here, expecting an
achievement of stable and efficient carbon, nitrogen and
phosphorus removal and maximum P recovery simulta-
neously. Compared with the conventional process linking
BNR with chemical precipitation, the advantages of the
new process may display: (a) a P-rich supernatant genera-
ted by denitrifying polyphosphate accumulating organisms
(DPAO) in the anaerobic tank, included the BNR-IC sys-
tem, omitting the procedure of anaerobic sludge digestion;
(b) the crystallization product can be dewatered easily and
could be potentially used directly as phosphorus fertili-
zer or industrial raw materials; (c) moreover, the induced
HAP crystallization section can greatly reduce the P loa-
ding in the anoxic environment (presenting the excessive
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P uptake by DPAO), thus resulting in a minimize sludge
production. Several studies have demonstrated that P can
be removed from solution by crystallization of HAP in the
presence of appropriate concentration of Ca** (Jang, Kang
2002; Kim et al. 2006).

Therefore, it was a hypothesized that the new process,
proposed in this study, for nutrients removal and phosp-
horus recovery from domestic sewage by combining BNR
with IC may be an effective strategy and could achieve the
stable removal efficiencies of carbon, nitrogen and phosp-
horus, and successfully recover P from domestic wastewa-
ter. The aim of this study was to demonstrate the effective-
ness of the novel process by monitoring carbon, nitrogen
and phosphorus removal performances using chemical
analysis and investigating the crystallization product using
scanning electron micrograph (SEM) and energy disper-
sive spectrometry (EDS). The results obtained from here
may serve as a new suggestion for linking the nutrients
removal with P recovery from domestic wastewater.

1. Materials and methods
1.1. Experimental set-up and operation

The BNR-IC (Fig. 1) consisted of biological nutrients re-
moval system adopting a double-sludge process running
in anaerobic-anoxic/aerobic described by (Peng et al.
2004) and induced crystallization column, as shown in
Figure 2, was designed by us, which has been applied for
a parent (No. 201110431802.4) in China. The IC column
with the total working volume of 2.5 L consisted of re-
action zone for the induced crystallization, buffer zone
and settling zone for turning of seed crystal (calcite used
in this study) back to reaction zone again. In addition, a
calcium chloride solution was given to provide Ca?* for
the induced HAP crystallization process and air was pum-
ped for fluidization of seed crystal in reactor zone and
stripping of carbon dioxide from P-rich solution, which
can increase the pH value, for the better of induced HAP
crystallization.

In the BNR-IC system, domestic wastewater is in-
troduced into anaerobic tank, with a working volume
of 3.3 L, where P is released from cells of DPAO res-
ponsible for phosphorus removal and most of readily
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Fig. 1. Schematic diagram of combining BNR with IC process
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Fig. 2. Configuration of IC column

biodegradable COD is taken up and stored as poly-p-
hydroxybutyrate (PHB). After settling, the P-rich super-
natant is partly led into the IC column to recover P and
the rest of that with effluent of the IC column altogether
flow into aerobic tank (3.3 L) for nitrification. Sequen-
tially, the clarified supernatant from nitrification tank
is introduced into anoxic tank (3.3 L) for denitrifying
nitrogen and phosphorus simultaneously, completed by
DPAO, here presenting the excessive P uptake using the
nitrate as electron acceptor. Lastly, a post aeration tank
(3.3 L) is adopted for nitrogen gas stripping and the re-
sidual nutrients removal in order to ensure or enhance
the quality of effluent.

The whole experiment was divided into three main
phases according to the operational conditions, as des-
cribed below:

Phase 1 (0~55 days): Seed sludge (collected from
an aerobic basin of the Chengdong Municipal Wastewa-
ter Treatment Plant, Nanjing, China with AA-aerobic
(A?0) configuration) were introduced into aerobic tank
and anoxic tank respectively for enrichments of nitri-
fication bacteria and DPAO in their respective tanks.
These were preformed according to the method (Peng
et al. 2004) with slight modification, in which no waste
sludge was discharged from tanks in this phase to main-
tain a lager amount of biomass. During the enrichment
of DPAO, influent concentrations of COD and P were
250 mg L7, and 10 mg L, respectively in anaerobic
and addition of 45 NO,-N mg L™ was conducted in
anoxic, and for nitrification bacteria cultivation, that of
COD, NH,-N and alkalinity (CaCO,) were 80 mg L',
40 mg L' and 120 mg L}, respectively.

Phase 2 (56~85 days): The BNR-IC system proposed
in this study was connected and operated continuously
until the combined process reach steady nutrients removal
efficiencies and P recovery rate, where the influent con-
centrations of COD, TN, NH,-N and P were 250 mg L™,
42 mg L', 40 mg L', and 10 mg L, respectively. In this
phase, the flow rates of influent, bypass sludge, return

sludge, controlled by variable speed peristaltic pumps, were
maintained at 18 L d™!, 72 L d* and 7.2 L d!, respectively.
In addition, the lateral flow ratio was set at 35.0%, represen-
ting that 35.0% of supernatant from anaerobic tank flowed
into IC column and 65.0% of that directly into aerobic tank.
Air was supplied at a flow rate of 1.5 L min' to meet the
dissolved oxygen (DO) concentration higher than 2 mg L™
at the aerobic and post-aeration tank. The mixed liquid
suspended solid (MLSS) in the anaerobic tank, anoxic tank
and post aeration tank were maintained at 3.4~3.6 g L™
while that in aerobic tank was controlled at 3.0~3.2 g L™,
resulting in the SRT of nitrifying bacteria and DPAO were
approximately 16 days and 12 day, respectively. Moreover,
the amount of Ca** (calcium chloride used here) was provi-
ded into IC column following the molar ratio 2.5 of Ca to P
to enable HAP crystallization.

Phase 3 (86~115 days): After the BNR-IC process
reached the stable steady, the concentrations of carbon,
nitrogen and phosphorus were investigated along the flow
and induced crystallization product was recovered and
analyzed by using SEM coupled with EDS, where the pro-
cess parameters were given similar to the phase 2.

1.2. Assessment of phosphorus release and uptake
capacities by DPAO

After completing the cultivation of microorganisms, the
capacities of anaerobic phosphorus release and anoxic
phosphorus uptake by DPAO were assessed through a
batch test under anaerobic/anoxic environments, which
was conducted according to the following procedures:
a) 0.5 L of activated sludge was taken from anoxic tank,
immediately washed twice with the nutrients solution (Ta-
ble 1) not containing the basic medium, and then, filled
into one 1 L test device (transformed triangular flask);
b) 0.5 L of synthetic wastewater was added to achieve an
initial concentration of COD 250 mg L™, P 10 mg L for
anaerobic phosphorus release; ¢) after a 2 h anaerobic pe-
riod, nitrogen gas was supplied in the anoxic condition
for 4 h, with the addition of 45 NO,-N mg L' as well for
providing the electron acceptor to denitrify nitrogen and
phosphorus removal.

1.3. Synthetic domestic sewage

The synthetic domestic wastewater, composition detailed
in Table 1, was fed to the BNR-IC system in this study. In
phase 1, the influent concentrations of COD, P and NO,-N
were 250 mg L™, 10 mg L™ and 45 mg L, respectively and
in the phase 2 and 3, the influent concentrations of COD,
PO,-P, NH-N, TN were 250 mg L', 10 mg L™, 40 mg L™
and 42 mg L, respectively, and correspondingly the ratios
of COD/P, COD/TN were 25:1, 6:1, respectively, belonging
to the lower C/N ratio wastewater similar to real domestic
sewage.
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Table 1. Composition of wastewater used for experiment

Co(r)r;[;;):ciitsion Content g/L ncljl(zfile}:?[ssi:)ilou I;gfl Content g/L

CH,COONa 0322 FeCl-6H,0 1.50
KH,PO, 0.044  H,BO, 0.15
(NH,),80, 0.047  CuSO,5H,0 0.03
CaCl2 0.005 KI 0.18
MgSO,-7H,0 0.05 MnCl,-4H,0 0.12
srent 0.30 mL/L Na,MoO,2H,0 0.06

ZnSO,-7H,0 0.12

CoCl,-6H,0 0.15

EDTA 10.00

1.4. Analytical methods

Samples of activated sludge and effluent from different
tanks were taken regularly from the BNR-IC system.
COD and MLSS were determined according to the stan-
dard methods for the examination of water and wastewa-
ter (APHA 2005). PO,-P, NH-N and TN were analyzed
by segmented flow analysis (AutoAnalyzer3, SEAL, UK).
DO, pH and Oxidation-reduction potential (ORP) were
measured by a DO meter analyzer (YSI DO200, USA) and
a pH and ORP meter analyzer (YSI pH100, USA).

For analysis of crystallization product, used calci-
te, probably covered by HAP crystal onto the surfaces of
those, was collected at the end of running 30 days in the
phase 3 (described above) and dried at 60 °C. The treat-
ed samples were observed after spray-gold treatment, by
using SEM (JSM-6360LYV, Japan) coupled with EDS (GE-
NESIS 2000 XMS, USA). For comparison purposes, raw
seed crystal was also observed according to the same met-
hods.

2. Results and discussion
2.1. The performance of BNR-IC process

Nitrifying bacteria and DPAO were successfully enriched
in their respective tanks during the 55 days cultivation
process. At the steady state, in the BNR-IC system, when
the COD, TN, NH,-N and P concentrations of 250 mg L™,
42 mg L, 40 mg L™, and 10 mg L-, respectively were
given in the influent, a stable removal efliciencies of
92.5% COD, 78.6% TN, 85.9% NH,-N and 95.2% P were
obtained for the BNR process and correspondingly the
COD, TN, NH-N and P concentrations of 18.75 mg L',
8.99 mg L', 5.64 mg L™, 0.42 mg L' were monitored in

the effluent, meeting the Chinese National Class I (gra-
de A) Sewage Discharge Standard.

A typical key phosphorus biochemical transforma-
tion, namely anaerobic P release and anoxic P uptake, was
observed through a cycle batch test (2 h of anaerobic and
4 h anoxic) performed at the end of 55 days, as shown in
Figure 3. The variations of carbon, nitrogen and phospho-
rus concentrations during a whole anaerobic-anoxic cycle
were similar to what is typically observed in EBPR systems
(Podedworna, Zubrowska-Sudot 2012), strongly suggesti-
ng that DPAO was predominant in the BNR-IC process.
In this process, the anaerobic P release rate and anoxic P
uptake rate were 8.47 mg P (g MLSS)™ and 11.13 mg P
(g MLSS)™, presenting a good P biochemical transfer
performance indicated by the ratio of anoxic P uptake
to anaerobic P release (1.3), thereby creating a preferable
condition that could support the growth of DPAO in the
BNR-IC system (Guerrero et al. 2012a). Figure 3 shows
that throughout the 6h-long batch test, there were a gra-
dual decrease in COD concentration during the anaerobic
phase with the increase of P concentration and a rapidly
decline in nitrate concentration under the anoxic condi-
tion with the P removal simultaneously. Moreover, the
significantly positive correlations between COD consump-
tion and P release under anaerobic condition with 0.9972
of R%, and between nitrate removal and P uptake in the
anoxic mode (R? of 0.9874) also demonstrated that DPAO
was dominant in the tanks included the BNR-IC system.
These results are consistent with previous reports (Wang
et al. 2010; Guerrero et al. 2012b; Lanham et al. 2013)
which suggested the existence of significantly positive
correlations between anaerobic COD consumption and P
release, anoxic nitrate removal and P uptake.

Compared with DPAO, nitrification bacteria can ea-
sily be cultivated in the aerobic tank due to the fact that
seed sludge collected from an aeration pond of A*O pro-
cess had a high capacity for nitrification, displaying the
78.5% of NH,-N removal efficiency. At the 25th days from
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Fig. 3. Variations of carbon, nitrogen and phosphorus
concentrations during a whole anaerobic-anoxic cycle
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the beginning of cultivation, the NH,-N removal efficien-
cy reached above 95%, suggesting that enrichment of ae-
robic microorganisms may be easier than that of anaerobic
microbe in WWTP.

2.2. Performance of BNR-IC process in each stage

In the phase 3, as described section 1.1, 30 days conti-
nuous operation was performed for investigating nutrients
removal efficiencies and P recovery rate in each tank along
the flow. A stable and good performance of nutrients re-
moval and P recovery was obtained in this phase, and the
variations of COD, TN, NH -N, NO,-N and P concentra-
tions in the effluent of different tanks along the flow in the
BNR-IC process were shown Figure 4 and Table 2, res-
pectively, and carbon, nitrogen and phosphorus removal
efficiencies in each stage contributions to that in the total
BNR-IC system were illustrated in Figure 5, where the ne-
gative values indicated that nutrients in this stage were not
removed but produced by microbes.

As shown in Figure 5, the COD removal efficiency in
anaerobic tank was significantly higher than that in other
tanks, accounting for 85.9% of total COD removal rate
(92.5%) in the BNR-IC system, which is agreement well
with the characteristic of DPAO (Acevedo et al. 2012). In
anaerobic condition, carbon source, especially VFA, was
taken up by DPAO and stored them as PHB, resulting in
the P release from the cells of DPAO. So there was a linear
relationship between COD consumption and P release in
the anaerobic condition, demonstrated by the results (des-
cribed in Section 2.1) obtained in this study and (Chuang
et al. 2011).

It should be noted that the COD concentration in
the effluent from anoxic tank was more than that from
aerobic tank, presenting 41.00 mg L' and 14.25 mg L'
(Fig. 4 and Table 2), respectively. Consistently, the remo-
val efficiencies of COD in anoxic tank and aerobic tank
were — 11.6% and 16.0%, respectively (Fig. 5). It may be
explained that a portion of COD in anaerobic tank was
introduced into anoxic tank via the bypass sludge return
from anaerobic tank to anoxic tank, thus leading to the
increase of COD concentration in anoxic tank. There is
a growth competition between DPAO and denitrifying

bacteria when carbon sources provided in anoxic con-
dition (Guerrero et al. 2011). Thereby creating a lower
ratio of bypass sludge may support the growth of DPAO
in anoxic tank. Although the COD concentration in the
effluent from anoxic tank in the BNR-IC process propo-
sed in this study increased slightly, the residual COD can
mostly be biodegraded in the post-aeration tank (contri-
buting to 9.6% of total COD removal efficiency found
here). Generally, the post-aeration tank was often used
as the key equipment for further nutrients removal and
discharge to meet standard (Kapagiannidis et al. 2011;
Smidt, Parravicini 2009; Zafiriadis et al. 2012), thus re-
sulting in enhancement of water quality of effluent before
discharge to water bodies.

In this BNR-IC system proposed here, NH -N re-
moval mainly occurred in the aerobic tank, accounting
for 95.4% of total NH,-N removal efficiency, while TN
and NO,-N were mostly removed in the anoxic phase, as
shown in Table 2, Figure 4 and Figure 5, respectively, in-
dicating that good nitrification and denitrifying nitrogen
and phosphorus removal simultaneously performances
were present in their respective tanks.

Similar to COD concentration variation in the each
stage of the BNR-IC process, there was a significant incre-
ase in NH-N concentration in the anoxic tank compared
to that in the aerobic tank, 10.03 mg L™ and 0.92 mg L™,
respectively, probably also resulting from the sludge
bypass return. The residual NH,-N can be mostly removed
in the post-aeration tank, thus ensuring that the NH N
concentration in the final effluent was about or less than
5 mg L' throughout the running period. The design of
a post-aeration tank placed after a wastewater treatment
process can effectively remove residue organic substances,
nitrogen and phosphorus compound, thereby may further
enhancing effluent quality (Zhang et al. 2013).

Considerable NO,-N or TN was removed in anoxic
tank, as given in Table 2 and Figure 5, respectively. At
the same time, the previously stored PHB was used as
the carbon resources, namely electron donor, utilized by
DPAO for denitrifying nitrogen and phosphorus removal
simultaneously (Coats et al. 2011). Also, post-aeration
contributed to low concentrations of NO,-N and TN in
the effluent.

Table 2. Concentrations of carbon, nitrogen and phosphorus along the flow in BNR-IC

Influent Anaerobic Aerobic Anoxic Post-aeration
COD / mg L 250.00 51.25 14.25 41.00 18.75
TN / mg L™ 42.00 32.17 28.77 9.95 8.99
NH,-N/ mg L 40.00 31.70 0.92 10.03 5.64
NO,-N / mg L! 0.58 0.51 22.70 1.95 4.82

Influent Anaerobic IC Aerobic (in)  Aerobic (out) Anoxic Post-aeration
P/ mgL™ 10.00 28.31 8.25 21.29 20.37 0.84 0.42
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Figure 4 shows the variation of P concentration in
each stage of BNR-IC system. In anaerobic tank, a good
P release performance conducted by DPAO was found,
in which the P concentration in the mixed liquor rapidly
increased. However, there was a significant difference in
amount of anaerobic P release between BNR-IC and BNR,
ranging from 10.00 mg L to 28.31 mg L™ in BNR-IC
lower than that in BNR (from 10.00 mg L™ to 40.95 mg

L, as illustrated in Fig. 3). This was due to the fact that
Poly-p stored in the DPAO decreased when IC column
was coupled with BNR process. A part of P released by
DPAO in anaerobic condition was recovered via induced
HAP crystallization in IC column, thus leading to the re-
duction of P uptake (stored as Poly-p) in anoxic environ-
ment and subsequently P release (hydrolysis of Poly-p) in
anaerobic condition. After 30 days running, a new balance
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Fig. 4. Variation of carbon, nitrogen and phosphorus concentrations in each phase of BNR-IC process
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Fig. 5. Contributions to removal of carbon, nitrogen and
phosphorus in each phase of BNR-IC process

among anaerobic P release, P recovery and anoxic P upta-
ke was found in the new BNR-IC system proposed in this
study. Although the IC column was introduced into the
BNR leaded to the reduction of Poly-p stored in cells, the
BNR-IC system still displayed a good characteristic of de-
nitrifying nitrogen and phosphorus simultaneously when
the lateral flow ratio was 35.0%. It was noteworthy that
determination of the maximum lateral flow ratio should
follow the principle that normal biological performance
of denitrifying nitrogen and phosphorus simultaneously
in BNR-IC system cannot be damaged when maximizing
the P recovery efliciency.

In the IC column, 70.9% of P recovery rate was cal-
culated according to the P concentration of in the influent
(28.31 mg L) and effluent (8.25 mg L") of the reactor
when the lateral flow ratio was 35.0%, namely that 35.0%
of supernatant from anaerobic tank flowed into IC column
and the rest 65.0% of that directly into aerobic tank, thus
leading to 21.29 mg L™ of P concentration in the influent
of aerobic tank.

Based on the content of P in mixed liquor after
anaerobic P release, about 69.7% of total P removal in
BNR-IC system occurred in anoxic tank with 66.1% TN
consumption (Table 2 and Fig. 5), obviously completed
by DPAO performing denitrifying nitrogen and phosp-
horus removal simultaneously, which is agreement with
the appearance in various EBPR systems (Fang et al.
2012; Marcelino et al. 2009; Slater et al. 2010), indica-
ting that a good P uptake performance was also existent
in the BNR-IC system. This result further demonstrated
that combing BNR with IC proposed in this study was
feasible for nutrients removal and P recovery simultane-
ously from domestic wastewater.

According to the P removal performance in the IC
column described above, about 70.2% of P in the domes-
tic wastewater (10 mg L' given in this study) was recove-
red depending on the induced HAP crystallization in the
BNR-IC system, namely about 7 g P per ton wastewater

recovered. Compared with well known P recovery process
of PhoStrip (Bertanza et al. 2013), where the P-rich solution
is generated by anaerobic treatment of only a part of return
activated sludge through the addition of external carbon
source such as acetic acid and then P is recovered with
chemical precipitation via the adding of lime, the BNR-IC
process was designed to recovery P from the supernatants
(including influent and total return sludge anaerobic
treatment) by induced crystallization, where directly used
the carbon sources in the influent as the electron donor for
DPAO anaerobic P release, thereby exhibiting a better signi-
ficant economic and environmental benefits.

2.3. Crystallization product investigation

To investigate the physicochemical changes of surfaces of
seed crystal (calcite used in this study) before and after
induced HAP crystallization, microscopic analyses were
conducted by using SEM and EDS, as illustrated in Fig. 6.
There was a significant difference in the surface of calcite
between before (Fig. 6a) and after (Fig. 6¢) induced HAP
crystallization, where the surface of used calcite was coar-
se greater than that in raw calcite. The SEM micrograph
in Figure 6¢ revealed that the surface of calcite was cove-
red with a finely distributed crystallization product layer,
which was regarded as HAP according to the EDS analy-
sis. The EDS analyses demonstrated that the crystallization
layer consisted predominantly of O, P and Ca, as depicted
in Figure 6d, with a Ca/P molar ratio of 1.79 slightly higher
than that of 1.67 in theoretical value for HAP, which might
be affected by the CaCO, formation. Figure 6d shows that
carbon content obviously increased in the crystallization
layer compared with the raw seed crystal, suggesting the
formation of HAP crystallization with the CaCO, pro-
duction, which are in accordance with the reported studies
(Barca et al. 2012; Jang, Kang 2002; Johansson, Gustafsson
2000). The formation of CaCO, involved the consumption
of Ca%, thus leading to molar ratios of Ca reduction to P
reduction higher than 1.67 (Barca et al. 2012).

To investigate the growth of HAP in the surface calci-
te during the induced crystallization process, the amount
of calcite before and after this process in IC column was
measured in a long-term test of 120 days. The initial cal-
cite at a dosage of 60 mg L' occupied about 6.5% of the
IC volume. At the end of 120 days running, the volume of
calcite increased significantly, accounting for 12% of the
total IC volume due to the HAP production during the
induced crystallization process.

Conclusions

1. This study showed that the new BNR-IC system combi-
ning biological nutrients removal with induced crystal-
lization proposed here was an effective strategy for car-
bon, nitrogen and phosphorus removal and P recovery
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Fig. 6. SEM observation and EDS analyses of seed crystal before and after induced P crystallization: a) surface of seed crystal before
P recovery; b) chemical analysis of seed crystal before P recovery; c) surface of seed crystal after P recovery at the 30th days;
d) chemical analysis of seed crystal after P recovery at the 30th days

from domestic wastewater, exhibiting a good perfor-
mance of denitrifying nitrogen and phosphorus remo-
val simultaneously coupled with HAP crystallization.

2. In the BNR-IC system, the removal efficiencies of COD,
TN, NH,-N and P were maintained at about 90%, 78%,
85% and 95%, respectively and P recovery rate achieved
70.2% via induced HAP crystallization.

3. From these results, the proposed BNR-IC system, pro-
bably being a promising technology, can potentially aid
in improvement of the effluent quality from WWTP
and in recycle of mineral phosphorus resources. Ho-
wever, future research is necessary to focus on the op-
timization of operation parameters and practical appli-
cations of crystallization product.
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