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Abstract

With the implementation of the “carbon neutrality” strategy, waste resource-utilization technologies have become the focus
of future research. P recovery from excess sludge (ES) is of great significance. In this paper, P recovery in excess sludge
ash (ESA) of different incineration temperatures was studied. The experiment results showed that the optimal incineration
temperature of ESA was 750 °C, and its total phosphorus content was 90.7 mg/g, which were three times heavier than
the original sludge. As the incineration temperature increased from 650 °C to 850 °C, the more crystals appeared to be
agglomerated and there was melting phenomenon on the surface of ESA. Higher temperatures were conducive to the AIP
formation. The new minerals such as Ca,(Mg.Fe);(PO4), and (Ca.Mg);(PO4), were produced in ESA of 800 °C and 850 °C.
Under the optimal acid-leaching conditions that were leaching time of 90 min, liquid—solid ratio of 50:1 (mL/g), and sulfuric
acid (H,SO,) concentration of 1 M, P leaching efficiencies could reach 100% in ESA of 700 °C and 750 °C, where P leaching
contents were the most abundant and more suitable for P recovery. The research results provided theoretical basis and

operational conditions for P recovery of excess sludge.
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Introduction

Phosphorus (P) is an essential element for all living organ-
isms and human beings [1]. It is a component of key bio-
molecules such as deoxyribonucleic acid (DNA), ribonucleic
acid (RNA), and adenosine triphosphate (ATP), etc. At the
cellular level, phosphate bounds biosynthesis and hydrolysis
are universal mechanisms for energy exchanges in all liv-
ing beings’ metabolism [2]. At a more macroscopic level,
P availability is often a limiting factor for plants growth in
natural ecosystems [3]. It plays a significant role in indus-
trial and agricultural development. However, phosphorus is a
limited non-renewable resource that usually exists in nature
in the form of organophosphorus compounds and phos-
phate [4]. Phosphate ore resources in the worldwide will be
exhausted within 50—-100 years, and the grade of phosphate
ore is increasingly becoming low [5, 6]. Therefore, P has
been listed as one of the 20 minerals that cannot meet the
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demand of Chinese economic growth [7]. The phosphate
ore is mainly processed into fertilizers and subsequently
flows through the food production and consumption system.
However, more than 80% of the P-bearing fertilizers are not
utilized and enter into wastewater [8].

Nowadays, most of the wastewater treatment plants
(WWTPs) apply enhanced biologic phosphorus removal
(EBPR) or chemical precipitation process to treat P-con-
taining wastewater. More than 90% of P in raw wastewater
will finally end up with excess sludge (ES). Therefore, it
is of great significance to recover P from ES [9]. Gener-
ally, most of P in ES is compounds of phosphorus and Ca*",
Mg?*, Fe>*, Fe**, AI* or other ions. Because it is rich in
some toxic heavy metals, such as copper (Cu), lead (Pb),
manganese (Mn), zinc (Zn), cadmium (Cd) and chromium
(Cr), ES rich in P cannot be directly applied for agricultural
use [10, 11].

Incineration is the most effective method of sludge dis-
posal, which has many advantages including significant
volume reduction (up to 80-90%), destruction of organic
micro-pollutants and pathogens, and energy recovery [12,
13]. ES incineration has been widely used in the Nether-
lands, Switzerland, Japan and other countries [14, 15]. Due
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to the dramatic reduction of sludge volume, most of P is
concentrated in excess sludge ash (ESA) and its content can
vary from 10.0 to 25.7% (wt) as P,Os, which is comparable
to the P content in phosphate ore (5-40%) [16]. Therefore,
the recovery effect of phosphorus is better from ESA than
ES. However, in addition to P, various metals are also con-
centrated in ESA, which not only contains Si, Al, Fe, P, and
Ca elements, but also includes small amounts of heavy met-
als, such as Cu, Zn, Pb, Ni, As, Cr, etc. [17, 18].

Yang et al. [19] found when incinerated temperatures
were between 600 °C and 800 °C, metal ions (Ca2+,
Fe3*, etc.) in the sludge combine with phosphate to form
orthophosphate. Qian et al. [20] also showed that various
P species (orthophosphate monoesters, orthophosphate
diesters, and pyrophosphate) in municipal sludge were all
transformed into orthophosphate in incineration ash when
combustion temperature was over 600 °C. Nanzer et al. [21]
investigated four types of sludge-derived ash samples from
mono-combustion plants and only observed the presence of
orthophosphate. At present, there were few reports on the
existing forms and leaching efficiencies of P in ESA under
different incineration temperatures.

This paper aims to study the conversion mechanism and
mineral components of P in ESA of different incineration
temperatures, and further to compare their leaching
efficiencies when sulfuric acid is used as the leaching
agent. The research results provided theoretical basis and
operational conditions for P recovery of excess sludge.

Materials and methods
ES samples preparation

ES used in this study were the dewatered sludge cake with
80% water content, which was obtained from Xi’an fifth
wastewater treatment plant with A%/O activated sludge
process in Xi’an, China. The collected sludge cake samples
were first air-dried for 24 h and then dried to a constant
weight in a constant temperature blast oven at 105 °C.
Subsequently, after it was crushed and sifted through a 100
mesh (0.15 mm) screen mesh, the required sample (marked
as 80ES) was obtained and stored in a self-sealing bag for
later use.

ESA samples preparation

The 80ES samples were burned in a muffle furnace for 2 h
at the temperatures of 650 °C, 700 °C, 750 °C, 800 °C, and
850 °C, respectively, to prepared five ESA samples. It was
heated at a rate of 15 °C/min and was naturally cooled to
room temperature in the furnace.

Experimental methods
Acid leaching methods of P in ESA

The different parameters of P leaching were set as the
following: H,SO, concentrations of 0.2 M, 0.5 M, 1 M,
2 M; liquid—solid ratios of 25:1, 50:1, 100:1, 150:1; and
acid-leaching time of 30 min, 60 min, 90 min, 120 min,
150 min, respectively. The reaction process was in a
constant temperature shaker at 220 rpm and 25 + 1 °C. At
the end of leaching, the mixture was separated by 0.45 pm
filter membrane. P in the filtrate was determined by
ammonium molybdate spectrophotometry, and the metal
ion in the filtrate was determined by inductively coupled
plasma mass spectrometry (ICP-MS).

The chemical equation formula of acid-leaching
reaction was following [22]:

Ca, (PO,), + 6H" — 3Ca’* + 2H,PO, (1)
AIPO, + 3H" — AP’* + H,;PO, Q)
FePO, + 3H" — Fe’* + H,PO, 3)

Calculation on leaching contents and leaching efficiencies
of P

CeV
P=
- )

where P: P leaching contents (mg/g);

C: P leaching concentration (mg/L);

V: Sulfuric acid volume (L);

m: ESA (g),set0.2 g

. p

Pi(%) = — x 100 5)

PEsa

where P;: P leaching recovery efficiency (%);
P: P leaching contents (mg/g);
Pgsa: Excess sludge ash contents (mg/g).

Characterization analysis of 80ES and ESA samples

The element contents of 80ES were determined by X-ray
fluorescence spectrometer (XRF, AITM, USA). The stand-
ard procedure (SMT) [23] was used to analyze and deter-
mine the P morphology in 80ES and ESA samples. The
surface properties of ESA as well as the elemental dis-
tribution were tested by SEM—EDS (ZEISS Sigma 300,
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Table 1 Contents and types of

- Element Content (wt%) Element Content (wWt%) Element Content (wt%)
elements in 80ES
Si 19.3 Mg 2.72 Na 0.52
P 16.24 Al 11.31 Mn 0.34
S 4.74 Fe 23.38 Zr 0.03
K 7.35 Cu 0.16 Ti 1.17
Ca 10.77 Zn 0.78 Cr 0.17
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Fig. 1 Contents and forms of phosphorus in 80RS

Germany). The mineral phases of ESA were identified by
X-ray diffractometer (XRD, XRD-7000, Shimadzu, Japan).

Results and discussion
Contents and components of elements in ES

The elements and their contents in the 8OES were shown
in Table 1. The main components were Si, P, Ca, Al, Fe,
Mg, and other elements in 80ES. It could be seen that P
was abundant in 80ES. The top three elements in terms of
contents were Fe, Si, P, whose contents were 23.38, 19.30,
16.24%, respectively. The highest content of Fe was because
PFS was used as a coagulant in the sewage treatment process
of the WWTP. In addition, some heavy metals such as Zn,
Cu, and Cr existed in the sludge with relatively low contents.

The contents of P components in 80ES were shown
in Fig. 1. The contents of total phosphorus (TP), inor-
ganic phosphorus (IP) and organic phosphorus (OP) were
30.29 mg/g, 19.99 mg/g and 8.73 mg/g, respectively. The
contents of Non-apatite Phosphorus (NAIP, Al/Fe/Mn-P)

@ Springer

Fig.2 Types and contents of phosphorus in ESA of different incin-
eration temperatures

and Apatite Phosphorus (AIP, Ca/Mg-P) were 9.09 and
4.41 mg/g. IP is the main form of phosphorus in ES. But
IP mainly existed in the form of NAIP, and the proportion
of AIP was relatively low, indicating that the bioavailability
of the sludge was low, because AIP was more favorable to
plant growth [24].

Existing forms and contents of P in ESA of different
incineration temperatures

The existing forms and contents of P in ESA of different
incineration temperatures were shown in Fig. 2. It could be
seen that when the incineration temperature was 650, 700,
750, 800, 850 °C, the TP contents were 84.8, 89.7, 90.7,
89.7, 85.8 mg/g, respectively. Variation trend of IP contents
was similar to TP. When the incineration temperature rose
from 650 °C to 750 °C, the contents of TP and IP increased.
However, When the incineration temperature was further
elevated from750 °C to 850 °C, the contents of TP and IP
tended to decrease. The optimal incineration temperature
was 750 °C, under the condition, the contents of TP and
IP were 90.7 and 84.5 mg/g, respectively. TP enrichment
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«Fig. 3 SEM-EDS analysis of ESA samples. a 10KX-650 °C (ESA),
b 30KX-650 °C (ESA), ¢ 5KX-650 °C (ESA -EDS), d 10KX-850 °C
(ESA), e 30KX-850 °C (ESA), f 5KX-850 °C (ESA-EDS)

content in ESA was up to three times heavier than it in 80ES.
IP content in ESA was four times more than it in 80ES.
It could be seen that sludge incineration not only reduced
excess sludge weight but also promoted phosphorus enrich-
ment, which was in favor of phosphorus recovery.

The contents of TP and IP tended to decrease between
750 °C and 850 °C, which was possibly due to partial
volatilization of NAIP under the higher incineration
temperatures [25]. When the incineration temperature was
650 °C, the content of OP was 3.4 mg/g, which decreased by
61.05% compared with 80ES. As the temperature rose from
650 °C to 850 °C, the contents of OP gradually declined
from 3.4 mg/g to 0.8 mg/g because incineration destroyed
the cell structure of biologic sludge and converted OP to IP.
The content of NAIP was 41.6 mg/g when the temperature
is 650 °C, which was more than three times heavier than it
in 80ES. However, When the temperature rose to 850 °C,
NAIP content dropped to 36.9 mg/g. With the elevation of
incineration temperature, NAIP content gradually decreased,
which was due to a part of NAIP converting to AIP. Because
the ability of Ca and Mg ion binding P was better than that
of Fe and Al ion, the stability of AIP was better than that
of NAIP at higher temperature based on thermodynamic
reaction [26]. Therefore, with the increase of the incineration
temperature, the content of NAIP decreased, but the opposite
content of AIP. The content of AIP was 21 and 37.7 mg/g at
the temperature of 650 °C and 850 °C, respectively.

Physicochemical properties of ESA of different
incineration temperatures

Surface characterization and element distribution in ESA
samples

Through SEM-EDS analysis, the surface morphology
and element distribution for ESA of different incineration
temperatures were shown in Fig. 3. It could be seen from
Fig. 3(a, b) that there were micropores on the surface of
ESA of 650 °C with looser structure. Some crystals were
attached to the surface of the ESA particles. Figure 3(d, e)
showed that the more and smaller crystals aggregated on
the surface for ESA of 850 °C, and there existed the silicate
melting phenomenon, which led to micropores blockage and
less micropores. It was due to the fact that under higher
temperature alkaline earth metal oxide formed silicate with
Si0, with low melting point [27].

Figure 3(c) showed that at the incineration temperature of
650 °C, the contents of P, Fe, Al, Ca, Mg in ESA accounted
for 12.61%, 10.64%, 13.28%, 5.92%, 2.66%, respectively.

@ Springer

However, As the incineration temperature was 850 °C, the
contents of P, Fe, Al, Ca, Mg in ESA were 16%, 6.47%,
13.11%, 8.08%, 2.94%, respectively (Fig. 3f). Compared
with ISSA of 650 °C, the contents of Fe and Al in ESA of
850 °C decreased by 4.17% and 0.11%, while the Ca and Mg
content in ESA of 850 °C increased by 2.16% and 0.28%.
It indicated that an amount of NAIP turned into AIP with
the increase of incineration temperature. In summary, when
the incineration temperature was increased from 650 °C
to 850 °C, the more crystals appeared to be agglomerated
and there was melting phenomenon on the surface of ESA.
Higher temperatures were conducive to the AIP formation.

Mineral speciation in 80ES and ESA samples

The mineral fractions in 80ES as well as ESA of different
temperatures were shown in Fig. 4. The mineral compo-
nents in 8OES were mainly quartz (SiO,). The main mineral
components in ESA of 650-750 °C were quartz (SiO,) and
aluminum phosphate (AIPO,). For ESA of 700 °C, there
also existing ferrous phosphorite (FePO,) in addition to SiO,
and AIPO,. In ESA of 800 °C, the contents of AIPO, and
FePO, decreased and a new mineral Ca,(Mg.Fe);(PO,)¢
appeared which was similar to the intermediate compound
of Mg;(PO,),-Ca;(PO,), [28]. As for ESA of 850 °C, the
new characteristic peaks showed that the newly-produced
compound was (Ca.Mg);(PO,),, called phosphor-calcite.
In conclusion, with the increase of sludge incineration
temperature, FePO, in ES was substituted by calcium— and
magnesium—phosphorus compounds, which indicated that
NAIP could be converted to AIP with the increase of sludge
incineration temperature. Moreover, calcium ions in calcium
phosphates (Ca;(PO4),) could be also partially replaced by
magnesium ions at higher incineration temperature [29].

Influencing factors of P leaching performance in ESA
of different incineration temperatures

Acid leaching time

Under the acid-leaching conditions which was liquid—solid
ratio of 50:1 (mL/g), and acid (H,SO,) concentration of 1 M,
when the acid-leaching time was 30 min, 60 min, 90 min,
120 min, 150 min, respectively, the leaching efficiencies and
leaching contents of P in ESA of different incineration tem-
peratures were shown in Figs. 5 and 6.

For ESA of 650 °C, the P leaching content and leach-
ing efficiency was 74.7 mg/g and 97.4% within 30 min,
respectively, and leaching efficiency was almost 100%
within 60 min. As for ESA of 700 °C and 750 °C, all
the phosphorus in ESA could be released when the acid-
leaching time was 90 min. However, as for ESA of 800 °C
and 850 °C, the leaching efficiency was about 100% when
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Fig.5 Effect of acid-leaching time on P leaching efficiencies

the acid-leaching time was 150 min. Liang et al. [30] also
found the same phenomenon that the leaching speed is
decreased in the ash produced at higher incineration tem-
perature even though the amount of acid-soluble Ca-phos-
phates in the ash increased. They thought it was the denser
surface structure of ESA particles formed at higher incin-
eration temperatures that inhibited acid penetration toward
the core of the particles, thus decreasing the efficiency of
P extraction. Luyckx et al. [31] also found the efficiency of
P extraction with acids decreased in the temperature range
850-1100 °C, which is attributed to the incorporation of
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Fig. 6 Effect of acid-leaching time on P leaching contents

P into a poorly soluble silicate melt (agglomerate forma-
tion). It was consistent with our conclusions.

It could be seen from Fig. 6 that the contents of P leaching
were almost equal in ESA of 700 °C and 750 °C at the time
of 90 min, 120 min and 150 min. Moreover, under the same
acid-leaching time, the P leaching contents were more in
ESA of 700 °C and 750 °C than ones of other incineration
temperatures. Therefore, the optimal leaching time for
phosphorus release was 90 min.
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liquid-solid ratio

When the acid-leaching time was 90 min and acid (H,SO,)
concentration of 1 M, for different liquid-solid ratios, the
P leaching efficiencies and leaching contents in ESA of
different incineration temperatures were shown in Figs. 7
and 8.

Figure 7 showed all P could be leached in ESA of
700 °C and 750 °C with leaching efficiencies near to
100% when liquid—solid ratio was 50:1 (mL/g). When the
liquid—solid ratio was 100:1, the P leaching efficiencies
in ESA of 650 °C, 700 °C and 750 °C are 97%, 97.7%
and 97%, respectively. When the liquid—-solid ratio was
further increased to 150:1, the P leaching efficiencies in
ESA of 650 °C, 700 °C and 750 °C were 91.8%, 88.1% and
91.7%, respectively. That is, with regard to ESA of 650 °C,
700 °C and 750 °C, the leaching efficiency of P tended to
decrease when the liquid—solid ratios increased from 50:1
to 150:1. For ESA of 800 °C, the leaching efficiency of P
also went up and down with the increase of liquid—solid
ratio. However, the phosphorus leaching efficiency in ESA
of 850 °C kept increasing with the increase of liquid—solid
ratio. It might be because there were the more and smaller
crystals aggregated on the surface in ESA of 850 °C,
which contained acid-soluble compounds such as CaO,
MgO and CaCOj; consuming excessive acid [32]. It could
be seen from Fig. 8§ that the P leaching contents in ESA of
700 °C and 750 °C were the most under the liquid—solid
ratio of 50:1.
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Fig. 7 Effect of liquid—solid ratio on P leaching efficiencies
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Acid concentration

When the acid-leaching time was 90 min and liquid—solid
ratio of 50:1 (mL/g), The P leaching efficiencies and P leach-
ing contents of ESA under the different acid concentrations
were shown in Figs. 9 and 10.

Figure 9 showed when acid concentration was 1 M, the
leaching efficiencies were the highest in ESA of 650 °C,
700 °C, 750 °C and 850 °C. When the acid concentration
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Fig.9 Effect of acid concentration on P leaching efficiency
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increased from 0.02 M to 2 M, the recovery efficiencies of
phosphorus in ESA gradually increased. As all kinds of ESA
in this study contained high phosphorus content, low acid
concentration has low phosphorus recovery efficiency for
ESA. As for ESA of 800 °C, the leaching efficiencies were
the best when acid concentration was 0.5 M. However, it
could be seen from Fig. 10 that when acid concentration was
1 M, the P leaching contents in ESA of 700 °C and 750 °C
were the most. Although when the concentration of sulfuric
acid is 0.5 M, the P leaching content in ESA of 800 °C was
the best. But its leaching content was less than that in ESA
of 700 °C and 750 °C. Therefore, the optimal acid concentra-
tion for phosphorus release is 1 M.

Phosphorous recovery effect in ESA of different
incineration temperatures under the optimal
leaching conditions

Under the optimal acid-leaching conditions which was
leaching time of 90 min, liquid—solid ratio of 50:1 (mL/g),
and acid (H,SO,) concentration of 1 M. P leaching efficien-
cies and leaching contents in ESA of different incineration
temperatures were shown in Figs. 11, and 12, respectively.

Under the optimal leaching conditions, P leaching
efficiencies were 99.3%, 100%, 100%, 91.4% and 96.3%, and
P leaching contents were 76.2 mg/g, 84 mg/g, 84.5 mg/g,
74.7 mg/g, 77.6 mg/g, respectively in ESA of 650 °C,
700 °C, 750 °C, 800 °C and 850 °C. Therefore, P in ESA of
700 °C and 750 °C was the most abundant, whose resource-
utilization value was better. ESA of this temperature was
more suitable for P release and recovery.
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Fig. 11 Leaching efficiency of P in ESA of different incineration tem-
peratures

P leaching was often accompanied by metal leaching
from ESA solid phase. Under the optimal acid-leaching
conditions, metal elements in the filtrate were shown in
Fig. 13. Acid leaching of P in ESA of different incineration
temperatures was often accompanied by dissolution of metal
elements. With the increase of incineration temperature, Al,
Ca and Mg elements all showed an increasing trend, while

100
Phosphorus content
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20
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Fig. 12 Leaching contents of P in ESA of different incineration tem-
peratures
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Fe element continued to decrease. This might be due to the
formation of more complex iron compounds in higher tem-
perature which were difficult to be dissolved by acid [33,
34].

Conclusions

In this study, dewatered excess sludge with 80% moisture
from a WWTP was used to prepare ESA of different
incineration temperatures for P recovery. The mineral
speciation and leaching performance of P in various ESAs
were studied. The experiment results showed that the
optimal incineration temperature of ESA was 750 °C, and its
total phosphorus content was 90.7 mg/g, which were three
times heavier than the original sludge. As the incineration
temperature increased from 650 °C to 850 °C, the more
crystals appeared to be agglomerated and there was melting
phenomenon on the surface of ESA. Higher temperatures
were conducive to the AIP formation. The new minerals
such as Cay(Mg.Fe);(PO,)¢ and (Ca.Mg);(PO,), were
produced in ESA of 800 °C and 850 °C.

@ Springer

The optimal acid-leaching conditions were leaching time
of 90 min, liquid-solid ratio of 50:1 (mL/g), and sulfuric
acid (H,SO,) concentration of 1 M. Under the operational
condition, the P leaching efficiencies could reach 100% in
ESA of 700 °C and 750 °C, where P leaching contents were
the most abundant and more suitable for P release and recov-
ery with better resource-utilization value.
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