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Abstract
Phosphorus (P), an irreplaceable nutrient for all living organisms, is facing scarcity via phosphate resources. In this
research, the effect of suitable additives and temperature on P and heavy metals speciation during sewage sludge
(SS) thermochemical treatment was investigated. The results demonstrated that additives (CaO and MgO) could
promote the conversion of non-apatite inorganic phosphorus (NAIP) to apatite phosphorus (AP). X-ray diffraction
measurements indicated that the phosphorus mineral phase in sewage sludge ash (SSA) mainly was AP, with
addition of MgO and CaO. Moreover, orthogonal testing revealed that the optimal molar ratio of Mg:Ca:P for P
recovery as AP was 1:3.5:1 at 750 °C. Risk index results implied that the heavy metals in the phosphorus-enriched
SSA have low potential ecological risk. Thermodynamic equilibrium calculations revealed that P reacted with the
other metal ions was in the following order: Ca2+ > Mg2+ > Al3+ > Fe3+ > Zn2+ > K+.

Keywords Sewage sludge ash . Phosphorus recovery . Conversion . Environmental assessment . Thermodynamic equilibrium
calculations

Introduction

P is a limited resource that cannot be synthesized nor
substituted in living organisms as essential nutrient.
Some researchers have predicted that phosphate rock,
which is used for phosphate fertilizer production, can
be exploited for a few generations (Childers et al.
2011; Adam et al. 2009). SS, a by-product from waste-
water treatment plants that riches in many nutrients,
could be regarded as renewable resources (Wang et al.
2018; Zhang et al. 2017). The nutritional components of
SS can be regarded as a manufactured soil conditioner

or special agricultural fertilizer if the clean products
could be obta ined by new clean technologies
(Kacprzak et al. 2017; Walter et al. 2006). However,
contaminants in SS limit i ts direct application
(Siebielska 2014; Stefaniuk and Oleszczuk 2016). SSA
is a by-product from SS incineration plant which riches
high concentration phosphate (Schwitalla et al. 2018).
Therefore, SSA has significant potential for use as a
renewable source of phosphate for production of
fertilizers.

P can be classified into five fractions: total phosphorus
(TP), organic phosphorus (OP), inorganic phosphorus (IP),
none-apatite inorganic phosphorus (NAIP), and apatite phos-
phorus (AP); the relationship of the different P fractions could
be described by the equation TP = IP + OP and IP = NAIP +
AP (Pardo et al. 2003). AP (Ca/Mg–P) has higher bioavail-
ability and NIAP (Fe/Al/Mn–P) has low bioavailability. P re-
covery from SSA is generally divided into two approaches:
wet chemical recovery and thermal chemical recovery. Wet
chemical recovery refers to the use of acid or alkalis to digest
SSA, and then P is recovered using a precipitant agent. Many
studies had focused on P recovery via acid leaching. Sulfuric
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acid (H2SO4) and hydrochloric (HCl) are widely used because
of their low cost and wide availability, and 60–80% release of
P from SSA through leaching (Donatello and Cheeseman
2013). Some researchers also reported that P could be recov-
ered by phosphate precipitation (Xu et al. 2012; Ahmad and
Idris 2014). Kong et al. (2018) also reported that Ca plays key
role in sorbing P from aqueous solution. Thermal chemical
recovery refers to the use of SS incineration processes to en-
rich P and to promote NAIP conversion to AP to improve P
bioavailability. Han et al. (2009) reported that CaO could pro-
mote heavy metals and P stabilization in the SSA and high
temperatures also could promote conversion between NAIP

and AP to form Ca–P (Li et al. 2015; Qian and Jiang 2014;
Wang et al. 2013), which has higher bioavailability.

One crucial problem for SS application lies in the content
and transformation of heavy metals (Chen et al. 2014; Huang
and Yuan 2016). During SS incineration, heavy metal pollu-
tions have caused environmental and regulatory concern be-
cause of its toxicity and bioaccumulation (Lia et al. 2016).
Most researches on heavy metals in SS thermal treatment are
based on heavy metals stabilization or the removal of heavy
metals to decrease potential risks to ecosystems (He et al.
2016a, b). Cl donors were beneficial in promoting the heavy
metal vaporization during the SS thermal treatment processing

Fig. 1 Phosphorus sequential
extraction by SMT extraction
protocol

Table 1 Analyses of primary characteristics of the SS

SS Proximate analysis (wt%, as air-dried) Ultimate analysis (wt%, as air-dried)

Mad 4.2 Cad 42.49

Aad 21.6 Had 6.79

Vad 62.5 Nad 6.63

FCad 11.7 Sad 1.22

TP mg g−1 IP mg g−1 OP mg g−1 NAIP mg g−1 AP mg g−1

20.41 ± 1.12 15.24 ± 0.95 1.78 ± 0.15 10.74 ± 2.31 1.6 ± 0.35
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(Li et al. 2015), whereas CaO/MgO and incineration condi-
tions have a positive impact on heavy metal stabilization by
promoting heavy metal conversion to aluminosilicate or sili-
cate (Xu et al. 2013). Bairq et al. (2018) also reported that
chloride additives, temperature, and residence time could en-
hance heavy metal removal during SS thermal treatment.

Furthermore, most studies on P recovery are mainly
based on wet chemical P recovery from SSA and lack in-
vestigation of P fixation, transformation, and bioavailabil-
ity. The novelty of our research was to convert SSA to
phosphate fertilizer directly during SS incineration pro-
cesses and to avoid using of acids compared with wet
chemical P recovery. In addition, some researchers have
presented the heavy metal pollution problems but seldom
focused on the effect of suitable additives and temperatures
on P and heavy metal speciation during SS incineration
processes. The purpose of our research was to convert P
into a raw material for phosphate fertilizer via suitable
additives during SS incineration. An in-depth study on
the fractions of heavy metals was conducted to reveal the

potential environmental risk from heavy metals of P recov-
ery during SS incineration and the order of P reacted with
other metal ions was also investigated.

Materials and methods

Sewage sludge samples

SS samples used in this research were collected from
Wastewater Treatment Plant in the city of Dalian, China. SS
samples were dried at 105 °C for 2 days within a drum wind
drying oven, then crushed by a grinder, sieved to less than 150
μm, and stored in a desiccator.

Incineration experiments

A muffle furnace (air gas atmosphere) was used to investigate
the effect of suitable additives and temperature on P and heavy

Fig. 2 The content of phosphorus
fractions in the SSA at different
temperatures without additives
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Fig. 3 The influence of temperature and additives on the TP content in SSA. a. The addition of CaO. b. The addition of MgO
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metal speciation in the temperature range 450 to 950 °C. In
each test, CaO (3, 5, 7 wt%) andMgO (1, 2, 3 wt%) (analytical
reagent, Tianjin Kemiou Chemical Reagent Co. Ltd., China)
were added to dried SS and homogeneously mixed. Then, the
SS samples were burned at setting temperature for 120 min.
The SSAwas collected, cooled to room temperature in a des-
iccator, weighed, grinded, and then stored in zip-lock bags for
analysis. A 3 × 3 orthogonal test was used to investigate the
joint effects of temperature, Mg:P and Ca:P on the P conver-
sion to AP. SSA, with 2 wt% MgO and incinerated at 850 °C,
was extracted via alkaline dissolution to attain a residue.

Risk assessment

Potential ecological risk index (RI) and potential ecological
risk factor (Er

i ) were used to assess the ecological risks of
heavy metals in SSA (Hakanson 1980). The ecological risk of
single heavy metal was assessed by Er

i and the ecological risk
of multi heavy metals was assessed by RI. The relationship
and calculating methods of RI and Er

i are expressed in the
following equations (Hakanson 1980).

Er
i ¼ Ti

i �
Ci

D

Ci
R

ð1Þ

RI ¼ ∑
n

i¼1
Er
i ð2Þ

Er
i : the single potential ecological risk factor. Ti

i: the toxic

response factor of heavy metals. Ci
D: concentration of single

heavy metal in SSA; Ci
R: the reference value for heavy metals.

The reference values for heavy metals are in the order of Zn =
80 > Cr = 60 > Ni = 40 > Cu = 30 > As = 15 (He et al. 2016a,
b). RI: potential ecological risk index.

Transformation and interaction behaviors of P
and heavy metals

Thermodynamic equilibrium calculations were performed in
FactSage 6.4 to validate the transformation behaviors of P and
the interaction behaviors of P and heavy metals during the SS
incineration processes. The materials were input in the form of
oxide and were calculated at 750, 850, and 950 °C,
respectively.

Analytical methods

In this research, SMT protocol was applied to study the P
fractions using a visible spectrophotometer (WFJ2100,
UNICO, Shanghai, China) at 882 nm by molybdenum blue
method (Kidd et al. 2007) (Fig. 1). The fractions of heavy
metals in the SSAwas extracted by BCR sequential extraction
procedures (Gao et al. 2010). The detailed BCR operation

a. Incinerated at 750 oC

b. Incinerated at 850 oC

c. Incinerated at 950 oC
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steps could be found in our previous article (Li et al. 2015).
Suspensions from BCR sequential extraction procedures were
filtered through 0.45-μmmembrane by vacuum filter and then
stored in polyethylene bottles at 4 °C. The concentration of
heavy metals was determined via inductively coupled plasma-
atomic emission spectrometry (ICP-OES, PerkinElmer
Analyst 8300, USA). The chemical compositions and ultimate
analysis of the SS (as shown in Table 1) were examined via X-
ray fluorescence (XRF) spectrometer (ZSX100e, MINIFLEX,
Japan) and EuroVector Elemental Analyser (EURO ER300,
Italy). X-ray diffraction (XRD) was used to identify informa-
tion on the crystallized phases of the SSA via a PANalytical
X’Pert diffractometer (Netherlands). Alkaline dissolution
(1 M NaOH) was used to dissolve the non-apatite inorganic
phosphorus in SSA. The remained residue was analyzed by
XRD to identify the apatite phosphorus.

Results and discussion

A summary of primary characteristics of SS is listed in
Table 1. The basic data provided was used to understand
the SS properties. As seen in Table 1, SS had high volatile
matter content (62.5%). It indicated SS could be ignited
easily and could be treated by incinerated to decrease its
volume and quality. The TP content in SS was 20.41 ±
1.12 mg g−1. IP, the main fraction of P in SS. The per-
centage of IP in TP was 75.7%. The percentage of NAIP
in IP was 70.5%.

Phosphorus fractions in the SSA obtained at different
incineration temperatures

Figure 2 presents the contents of P fractions in the SSA at
different incineration temperatures. As shown in Fig. 2, the
IP content increased as temperature increased between 450
and 950 °C, reaching its maximum at 850 °C. TP had a similar
tendency. AP increased with decreasing NAIP, from 550 to
850 °C, and obviously increased from 25.95 ± 1.37 to 37.77 ±
1.28mg g−1, from 750 to 850 °C. This indicated the aluminum
phosphate (Al–P) belonged to NAIP reacted with the magne-
sium salt or calcium salt to form the magnesium or calcium
phosphate (Mg/Ca–P). Notably, the P fractions decreased in
the temperature range of 850 to 950 °C. This phenomenon
may be caused by the phase transformation of NAIP and un-
stable AP. Temperature played an important role in stability of
P in SSA, higher temperature led to the phase transformation
of some soluble ortho-P and pryo-P which are combined with
Al/Fe-compounds (Qian and Jiang 2014).

Phosphorus fractions in the SSA with additives
at different incineration temperatures

TP contents in the SSA with additives at different incinera-
tion temperatures are presented in Fig. 3. TP did not in-
crease with the presence of additives or with temperature
increase. In the contrary, the increasing of additives quality
promoted the release of P at the same temperature. The TP
content in SSA has the same result with no additives that is
obviously decreased at 950 °C. The distributions of P frac-
tions in the SSA are shown in Fig. 4 and indicate different
additives had different effects on P transformation. CaO
was better than MgO in promoting NAIP conversion to
AP (Fig. 4a, b, respectively), as the capacity of P to bind

Table 2 Results of the orthogonal experiment

T (°C) Mg:P Ca:P TP + AP (mg g−1)

1 750 0.5 1.5 112.370 ± 0.782

2 750 1 2.5 114.937 ± 1.364

3 750 1.5 3.5 119.941 ± 1.275

4 850 1 3.5 126.427 ± 0.936

5 850 1.5 1.5 109.719 ± 1.883

6 850 0.5 2.5 102.437 ± 1.273

7 950 1.5 2.5 109.063 ± 0.937

8 950 0.5 3.5 106.822 ± 1.463

9 950 1 1.5 113.476 ± 1.953

k1 38.58 35.74 37.29

k2 37.62 39.43 36.27

k3 36.60 37.64 39.24

Range 1.99 3.69 2.97

�Fig. 4 Ternary plot of the seven investigated SSAs with additives. The
values are given as the percentage composition. The prime axes are NAIP
and AP. a Incinerated at 750 °C. b Incinerated at 850 °C. c Incinerated at
950 °C
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Ca2+ is better than bind Mg2+, thus forming stable com-
pounds. Gorazda et al. (2012) also reported that calcium
could promote the formation of calcium phosphate during
SS incineration processing. Han et al. (2009) also reported

the similar results. It can be seen that AP did not increase
when the Mg:P or Ca:P ratio was greater than or equal to 1.
Figure 4 c shows that temperature was the dominant factor
for the transformation to AP. The same figure also shows

Table 3 Main crystal phase found in the ash and post-leaching residues via the X-ray method

Crystal phases Ash incinerated at 850 °C

No
additive

5%
CaO

2%
MgO

Post-leaching residue from SSAwith 2%
MgO

Na,K–P NaHPO3NH2 +

Al–P AlPO4 KAl3H14(PO4)8 Ca9Al(PO4)7 NAIP ++ + ++

Ca–P Ca(H2PO4)2 CaHPO4 Ca5(PO4)3(OH) AP ++ +++ ++

Mg–P NaMg(H2PO2)3 Mg(P4O11) Mg3(PO4)2 AP + + + +

One plus sign represents a kind of mineral

a. SSA with no additive b. SSA with 5% CaO 

c. SSA with 2% MgO d. Post-leaching residue from SSA with 2% MgO

Fig. 5 Mineral analysis of SSA byXRD after incineration at 850 °C. a SSAwith no additive. b SSAwith 5%CaO. c SSAwith 2%MgO. d Post-leaching
residue from SSAwith 2% MgO
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Fig. 6 The distributions of heavy metals in the SSA after incineration with additives at different temperatures
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that the content of AP had no direct relationship with the
additives at 950 °C. These results illustrated that the addi-
tives quality affected the AP at the same temperature and
temperature affected the AP at a certain additive quality.

P recovery was based on the formation of AP. To inves-
tigate the joint effects of the optimal parameters for P re-
covery as AP, an orthogonal experiment was conducted
(Table 2). Based on the results of the orthogonal texts,
the optimal molar ratio of Mg:Ca:P for the precipitation
of P as AP was 1:3.5:1 at 750 °C, for a large amount of
TP and possible formation of AP. The highest total content
of TP+AP reached 126.427 ± 0.936 mg g−1 under these

conditions, and it can be seen that the parameters influenc-
ing the AP formation follows in the order of Mg:P > Ca:P >
Temperature.

XRD analyses of the SSA under different conditions

XRD measurements were used to detect the mineral
phases, as shown in Fig. 5. Based on the SMT protocol,
IP is classified as NAIP and AP. AP (P was bonded with Ca
or Al) is the apatite phosphorus which has high bioavail-
ability such as hydroxyapatite, calcium phosphate, and
magnesium phosphate. NAIP (P was bonded with Al or

Fig. 6 (continued)
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Fe) is the non-apatite inorganic phosphorus which has low
bioavailability such as aluminum phosphate and iron phos-
phate. Al–P was detected (Fig. 5a), and Al-P dissipated
with emerging Mg–P and Ca–P with MgO and CaO addi-
tion, respectively (Fig. 5a–c). The results demonstrated
that MgO and CaO promoted NAIP conversion to AP dur-
ing SS incineration processes. In addition, the kinds of
additives influenced AP formation.

Comparing Fig. 5 b and a, a significant peak corre-
sponding to Ca–P (2θ = 45°) appeared. From the XRD
analyses shown in Fig. 5a, c, the peak of Ca–P (2θ = 35°)
decreased with addition of MgO. With MgO addition, the
peaks of Al–P, Na–P, and Mg–P appeared. These changes
indicated that MgO destroyed the construction of Ca–P and
formed a newly crystalline phosphate. Adding additives
during SS thermal processing was found to be more advan-
tageous for P transformation, it was more possible to ob-
tain more Ca–P or Mg–P which has higher bioavailability
that was significantly more than SS without CaO or MgO.
Comparing Fig. 5 c and d, the Al–P disappeared complete-
ly after leaching through alkaline dissolution, and then Ca–
P and Mg–P existed in the post-leaching residue. This

contradictory finding could be interpreted by assuming that
Al–P, a kind of NAIP, was dissolved by the aqueous alkali.
The chemical equation for such may be as follows:

AlPO4 þ 3OH−→Al OHð Þ3 þ PO4
3− ð3Þ

Table 3 shows the main P-containing crystal phases in the
ash and post-leaching residues via XRD measurements. It can
be found that the newly formed Ca–P is amorphous. Based on
these results, CaO or MgO could promote the transformation
of aluminum phosphate or iron phosphate to calcium phos-
phate hydroxide, calcium phosphate, calcium hydrogen phos-
phate, and finally existed in the SSA in the form of apatite
phosphorus. The results presented in this section could pro-
vide a basis for P recovery from SSA.

Heavy metal speciation

Figure 5 shows the heavy metal speciation fractions under dif-
ferent incineration conditions obtained via BCR sequential ex-
traction. Based onBCR, heavymetals can be divided into an acid
soluble (ACE) fraction, a reducible (RED) fraction, an oxidizable

Table 4 Values and corresponding contamination degrees of Ei
r and RI in the SSA

Sample As Cr Cu Ni Zn RI
Ei
r Ei

r Ei
r Ei

r Ei
r

1 750 °C 59.9 4.9 76.4 7.9 12.9 162.1 MR

2 850 °C 46.4 5.2 64.7 9.7 15.2 141.2 LR

3 950 °C 37.5 4.7 61.1 199.0 9.1 311.2 CR

4 750 °C + 1%MgO 64.5 6.9 82.5 12.0 18.1 183.9 MR

5 750 °C + 2%MgO 40.4 4.9 65.9 10.1 14.1 135.4 LR

6 750 °C + 3%MgO 26.9 4.5 47.6 8.4 12.1 99.5 LR

7 850 °C + 1%MgO 39.3 3.4 47.7 7.0 10.1 107.4 LR

8 850 °C + 2%MgO 39.4 3.0 50.7 7.4 9.6 110.0 LR

9 850 °C + 3%MgO 45.1 4.1 59.9 9.1 12.9 131.1 LR

10 950 °C + 1%MgO 35.4 4.2 54.4 8.0 8.2 110.1 LR

11 950 °C + 2%MgO 43.8 3.6 56.1 8.7 6.4 118.5 LR

12 950 °C + 3%MgO 45.3 4.6 52.8 8.7 5.8 117.3 LR

13 750 °C + 3%CaO 29.1 6.4 69.0 10.8 18.1 133.2 LR

14 750 °C + 5%CaO 26.5 5.9 63.2 10.1 17.1 122.8 LR

15 750 °C + 7%CaO 25.4 4.7 61.6 9.9 16.4 117.9 LR

16 850 °C + 3%CaO 30.9 5.0 55.8 9.6 14.7 116.0 LR

17 850 °C + 5%CaO 27.4 4.2 49.6 7.4 12.1 100.7 LR

18 850 °C + 7%CaO 20.8 3.8 51.4 8.9 13.8 98.6 LR

19 950 °C + 3%CaO 29.4 5.0 50.8 8.7 4.2 98.2 LR

20 950 °C + 5%CaO 28.0 3.7 36.8 5.9 3.6 77.9 LR

21 950 °C + 7%CaO 26.4 5.2 47.1 8.4 7.3 94.3 LR

Ei
r < 40 low risk, 40 ≤ Ei

r < 80 moderate risk, 80 ≤ Ei
r < 160 considerable risk, 160 ≤ Ei

r < 320 high risk, Ei
r ≥ 320 very high risk (Chen et al. 2014)

RI < 150 low risk, 150 ≤ RI moderate risk, 300,150 ≤ RI < 600 considerable risk, RI ≥ 600 very high risk (Huang and Yuan 2016)
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(OXI) fraction, and a residue (RES) fraction. As shown in Fig. 6,
temperature obviously influenced heavy metal fractions, induc-
ing strong migration behavior of the metals. The percentage of
the RED fraction was low enough to be considered negligible,
except for that of As. At 850 °C, the main fraction of Cr, Cu, Ni,
and Zn is the RES fraction, which respectively accounted for
97.3%, 81.2%, 93.5%, and 97.6%, exhibiting low biotoxicity.
At 950 °C, for Cu, Ni, and Zn, the percentage of the RES fraction
obviously decreased with the percentage of its ACE and RED
fractions increased, especially for Ni, whose percentage of RED
fraction increased by 90.6%. Thismay be due toNi being at non-
volatile heavy metal, as higher temperature increased its activity
for easy reaction with other ions. As keeps its unique mobility
characteristic, higher temperature cannot increase RES fraction
of As, the sum of ACE and RED fractions is over 92.9%. Due to
ACE and RED, fractions have a high mobility and high
biotoxicity (Shi et al. 2013; Li et al. 2015), it directly limits the
SSA application as phosphate fertilizer.

As shown in Fig. 6, the results show that CaO and MgO
positively affected the mobility behavior of heavy metals.
Additives are helpful for heavy metal migration to stable frac-
tions, especially for As. The percentage of RES fractions of As
and Cu increased with MgO addition, reaching to 51.5% and
80.1%, respectively, at 950 °C with 3% MgO. The sum per-
centage of the ACE and RED fractions of As, Cr, Cu, Ni, and
Zn showed decreasing tendencies as additives increased,

decreasing to 48.5%, 2.2%, 20.9%, 13.5%, and 5.8%, respec-
tively, at 950 °C with 3%MgO. For Cu, Ni, and Zn, CaO also
had similar effects on the migration characteristics of the
heavy metals as MgO did; most of heavy metal fractions
were changed to stable fractions by adding CaO. Han et al.
(2009) also reported that CaO could stabilize heavy metals
and the percentage of heavy metals in SSA increased with
increasing CaO ratio. These results indicate that MgO/CaO
could increase the stable fractions of heavy metals.

Potential ecological risk index assessment analyses

The values and corresponding contamination degrees of risk
indices and potential ecological risk index of heavy metals in
the SSA are listed in Table 4. The Er

i of the heavy metals in the
SSAwere in the order of Cu > As>Zn > Ni > Cr. The Er

i value
for Ni without additives at 950 °C was 199.0, indicating con-
siderable risk. TheEr

i values for Aswith 0, 1%, and 2%MgO at
750 °C; 0 and 3%MgO at 850 °C; and 2% and 3%MgO at 950
°C were 59.9, 64.5, 40.4, 46.4, 45.1, 43.8, and 45.3 respective-
ly. The Er

i values for Cu under all conditions, except at 950 °C
with 5% CaO, were over 40, revealing moderate risk. These
results mean high risk to ecosystems, which should be paid
more attention, to evaluate the overall potential ecological risk
of the heavy metals in the SSA under different incineration
conditions. The RI of heavy metals in the SSA at 950 °C was
as high as 311.2, revealing considerable risk. The RI values of
heavy metals in the SSA under other incineration conditions
were lower than 150, except for the conditions for 0 and 1%
MgO at 750 °C (moderate risk), meaning low risk. Similarly,
the RI values were also analyzed via clustering methods using
R Software and organized in a dendrogram to identify groups
that were similar. The results are shown in Fig. 7. The RI values
could be grouped into five clusters, with considerable risk clus-
ter with 1 sample, moderate risk cluster with 2 samples, and low
risk cluster with 6, 4, and 8 samples. Base on hierarchical clus-
tering analyses of RI values, the SSA obtained with 0% and 1%
MgO at 750 °C or at 950 °C with no addition should be paid
more attention and heavy metals in the SSA should be further
removed if the SSAs were used as phosphate fertilizer. These
results are helpful for applications of SSA as phosphate fertil-
izer. However, high concentrations of heavy metals are over the
use limits for agricultural application. Therefore, new methods
to decrease heavy metal concentrations should be developed.

Transformation and interaction behaviors of P
and heavy metals

Thermodynamic equilibrium calculations were performed
with FactSage 6.4 to reveal the transformation and interaction
behaviors of P and heavy metals during SS incineration pro-
cessing. As shown in Fig. 8, when the P content is 0, Cu was

Fig. 7 Dendrogram obtained by hierarchical clustering analyses of the RI
values
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in the form of oxide with Fe2O3, Zn was mainly in the form
of ZnFe2O4 and FeZn2O4, and Pb was in the form of
Pb2Fe2Si2O9 and PbO(g), the percentage of PbO(g) increased
with temperature increasing and was more than 90% at 950
°C; this is due to Zn was greatly influenced by temperature.
When the P content increased to 5%, compared to 0% P
content, the forms of Zn and Pb changed obviously. Zn
was in the form of ZnAl2O4, with the percentage of
ZnFe2O4 increasing as temperature increased. Pb was in
the form of oxide with Al2O3. These results indicated that
Ca2+ and Mg2+ firstly combined with P, Fe3+ need to com-
bine with Si4+, so heavy metals had to react with Al3+ to
form heavy metal aluminum compounds. When the P con-
tent increased to 10%, Cu was in the form of CuO and
(CuO)(Fe2O3), Zn reacted with P to form Zn3(PO4)3, and
Pb was mainly in gaseous form, indicating that excessive
amounts of P could promote Pb volatilization.

Figure 9 shows the transformation of P for different per-
centages of P in the SSA at different temperatures. At 750 °C
and 850 °C, first Ca5HP3O13 was generated, then when phos-
phorus content increased, the percentage of Ca5HP3O13 de-
creased, Mg3P2O8 and Ca3(PO4)2 were generated. When P
content was greater than 5%, AlPO4 was generated and
Ca5HP3O13 disappeared. With P content further increasing,
FePO4 and Zn3(PO4)2 emerged, and K2HPO4 and CaP2O6

emerged lastly. At 950 °C, the percentage of Ca–P increased
asMg–P decreased. These results indicated that, at 750 °C and
850 °C, P reacting with other metal ions was in the following
order: Ca2+ > Mg2+ > Al3+ > Fe3+ > Zn2+ > K+. In the actual
experiments, NAIP in the SSAwas transformed to AP during
incineration at higher temperature. This demonstrated that the
capacity of combining P and Ca2+/Mg2+ is stronger than that
of combining P and Al3+/Fe3+, which is similar to the results
obtained via thermodynamic equilibrium calculations.

Cu 0% P Cu 5% P Cu 10% P

Zn 0% P Zn 5% P Zn 10% P

Pb 0% P Pb 5% P Pb 10% P

Fig. 8 Results of the thermodynamic equilibrium calculations regarding the influence the different P contents on the forms of heavy metals
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Conclusions

In this research, P potential recovery with different additives
during SS incineration was studied to provide a new method
for P recovery. MgO and CaO could positively promote the
conversion of NAIP to AP. The optimal condition for P recov-
ery as APwas aMg:Ca:P molar ratio of 1:3.5:1 at 750 °C. The
main AP mineral phases in the SSA were Ca5(PO4)3OH,
Ca4P2O5, Mg3(PO4)2, Mg3Ca3(PO4)4, and CaHPO4. The ad-
ditives had a positive influence on heavy metal migration to

stable fractions, which had lower biotoxicity. The RI results
suggested heavy metals should be removed before sewage
sludge incineration, though it showed low risk for the most
part. P reacting with other metal ions was in the order: Ca2+ >
Mg2+ > Al3+ > Fe3+ > Zn2+ > K+ during SS incineration
processing.
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Abbreviations SS, sewage sludge; SSA, sewage sludge ash; TP, total
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acid soluble fraction; RED, reducible fraction; OXI, oxidizable fraction;
RES, residue fraction
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