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Abstract

Phosphorus (P) is an indispensable element of living organisms and plays an irreplaceable role in the growth of crops. As a
non-renewable element, the reserves of phosphorus rock, the primary source of phosphorus in nature, are facing the danger of
exhaustion. As a phosphorus-rich solid waste, sewage sludge has gradually become a main renewable phosphorus resource.
The combination of effective recycling of phosphorus and innocuous disposal of sewage sludge can not only alleviate the
crisis of phosphate rock resources shortage but also reduce the environmental hazards of sewage sludge. This study reviewed
the application of thermal treatment in sewage sludge disposal. Besides the advantages of reducing waste volume, decom-
posing organic pollutants, generating valuable byproducts, it can also significantly promote the recycling of phosphorus.
Studies have shown that thermal treatment (incineration, pyrolysis, and hydrothermal) can enrich phosphorus in the products
and transform the speciation of phosphorus to increase the bioavailability. The physical and chemical properties of different
thermal treatment products and the speciation of phosphorus are different. The transformation and migration of phosphorus
affect the efficiency of subsequent phosphorus recovery and reuse. At the same time, this study compared several general
phosphorus recovery methods (wet extraction, thermochemical, and electrochemical methods), and further summarized the
advantages and disadvantages of various methods and application conditions. This review summarizes recent advances in
phosphorus recovery from sewage sludge, identifies challenges and knowledge gaps, and provides the foundation for future
research aimed at achieving efficient, economic, and eco-friendly reclamation of phosphorus in sewage sludge.
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Introduction
The importance of phosphorus

Phosphorus is a primary element in nature and an indispen-
sable element in the process of life activities. Phosphorus
is ubiquitous in all organisms and accounts for about 2—4%
of the dry weight of most cells [1]. Phosphorus exists in
the basic genetic structure of DNA and RNA and plays an
irreplaceable role in the inheritance and reproduction of all
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living organisms. In addition, phosphorus is an essential
component of ATP and ADP involved in energy production,
transport, and storage activities in each biological process.
Among humans, animals, fungi, and most bacteria, phospho-
rus participates in the process of respiration. Plants require
phosphorus for photosynthesis, and phosphorus is closely
related to plant metabolism.

Studies have shown that in plant tissues, phosphorus
is concentrated in the most vigorously growing parts, and
most of the phosphorus absorbed by plants is transported to
and stored in fruits and grains. Therefore, high-yield crops
require a large amount of phosphorus. Rational phospho-
rus application has a high impact on agriculture. Population
estimates for the middle of this century exceed 9 billion,
which means that food production will have to be increased
by almost 30%. Currently, about 82% of the mined phos-
phorus is used in agriculture, while the production of ani-
mal feed uses 7%. The remaining 11% of the mined phos-
phorus is used in industry and medicine for the production
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of pharmaceuticals, oils, detergents, or even textiles [2—4].
Agricultural fertilizer manufacturing accounts for 90% of
phosphorus resource use and traditional agricultural fertili-
zation almost completely dominates the use of phosphorus
resources [1]. As the world’s population continues to grow,
human demand for food crops continues to rise sharply. The
use of phosphate fertilizers and organophosphorus pesticides
has played a significant role in the production of food crops.
The supply of phosphorus resources is closely related to
the sustainable development of agriculture. As the primary
industry, agriculture provides the most fundamental guaran-
tee for other sectors of the national economy and provides
the primary industry to support the construction and devel-
opment of the national economy. Therefore, the supply of
sufficient phosphorus resources guarantees the security and
adequate supply of global food resources, which is closely
linked to the stable development of China and the rest of the
world [5-8]. However, unlike nitrogen sources, phospho-
rus is found mainly in nature, such as phosphate rock and
struvite, and phosphate ore of animal fossils. After artificial
mining or natural erosion, it eventually falls with the water to
the sedimentary layers of the deep sea. Only a small fraction
of the phosphorus that sinks into the deep sea can return to
land through shallow sea fish or seabirds. Therefore, most of
the phosphorus in the biosphere is unidirectional. Phospho-
rus has become a valuable resource that cannot be created.

10 billion metric tons

The situation of phosphorus resource

As mentioned above, phosphorus in nature mainly exists
as ore. There are about 120 naturally occurring, widely
distributed types of phosphorus-containing minerals.
However, it is possible to only exploit a few types of
phosphorus-containing minerals due to their quality and
quantity. In industrial applications, the main phosphorus-
containing mineral for extracting phosphorus is apatite,
followed by svanbergite, struvite, and bluestone. Apatite
contains about 95% of the natural phosphorus.

According to the US Geological Survey, in 2016, the
economic reserves of the world’s phosphate rock were
about 17 billion tons, and the basic reserves were nearly 50
billion tons [9]. Distribution of phosphate rocks occurs in
more than 60 countries and regions such as Africa, North
America, Asia, Middle East, and South America, and more
than 80% of them are concentrated in Morocco, the United
States, South Africa, Jordan, and China. Based on eco-
nomic reserves and basic reserves, Morocco ranks first,
China ranks second, and the United States ranks third [10].
Figure 1 shows the phosphate rock reserves of China and
some other main countries.

The annual output of world phosphate rock has
remained above 100 million tons, and it shows a growing
trend. Two-thirds of the world’s phosphate rock comes

Fig. 1 The phosphate rock reserves of China and some other main countries
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from the United States, China, and Morocco. Although the
reserves of phosphate rock in the world are abundant, the
natural phosphate rock is non-renewable, and the annual
mining volume will increase year by year as the demand
for phosphate rock increases, making natural phosphate
rock reserves increasingly exhausted. Experts predict the
annual consumption and available time of world phos-
phate rock in the coming decades [11]. If the estimated
annual consumption of phosphate rock is predicted at
an annual growth rate of 3%, the annual consumption of
phosphate rock will reach 170 million tons by 2050 and
the global phosphate rock resources will be completely
depleted by 2065. With an estimated 2% annual growth
in the consumption of phosphate rock, annual consump-
tion will reach 100 million tons by 2050, with 80% of
phosphate rock reserves consumed by 2070. Even if the
annual growth rate of phosphate ore is extremely weak,
the annual consumption of phosphate rock will reach 50
million tons by 2070, and the global phosphate resources
will only contain 40% of current reserves. Recently, with
the development of industrial and agricultural production,
the demand for and consumption of phosphate ore have
been increasing. From the end of the 1990s to the present,
the actual annual consumption growth rate of phosphate
rock is about 2.5%. Therefore, according to the proven
phosphorus reserves and mining rates in the world, global
phosphate rock resources can only last for about 100 years.

China is one of the major producing phosphorus countries
in the world. The proven reserves of phosphate ore have
been about 6.6 billion tons and the basic reserves are about
13 billion tons. The reserves of phosphate ore in China have
surpassed that of the United States, ranking second only
to Morocco. Although the total amount of phosphate ore
in China is among the highest in the world, the quality of
phosphate ore is not high. The average grade of phosphate
ore is only 16.9%. Among the proven reserves of phosphate
ore, high-grade ore in which the content of P,O5 exceeds
30% of the total mass accounts for only 8%, and the rest is
medium-grade ore in which the content of P,O5 is 12-30%,
and low-grade ore in which the content of P,Oj is less than
12%. The content of colloidal phosphate ore at the medium
and low grade is relatively high. The mineral particles are
fine and densely embedded and contain more harmful impu-
rities. Therefore, there are a series of problems in the min-
ing process, such as high mining difficulty, high depletion
rate, high loss rate, and low recovery rate. According to the

Fig.2 The process of sewage
sludge produced in the waste
water treatment plant
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current annual consumption and consumption growth rate of
China’s phosphorus resources, phosphorus-rich mines can
still supply ore for 15-20 years. The Ministry of Land and
Resources has listed phosphate rock as one of the mineral
resources that cannot meet the requirements of national eco-
nomic development after 2010. The long-term supply situa-
tion of phosphate rock at home and abroad is not optimistic,
and will gradually show a trend of decline in ore quality and
rise in processing costs.

Despite the declining reserves of phosphate rock, the
demand for phosphorus resources in China and even in the
world has not decreased due to population and food prob-
lems. Phosphorus resources are limited and increasingly
scarce, which can no longer meet the development needs
of China and the world. Therefore, it is critical to look for
an alternative and renewable resource of P. Phosphorus is
recovered from phosphorus-rich residues such as manure,
meat, bone meal, and agricultural waste, even sewage sludge
can be a part of the solution. In the process of municipal sew-
age treatment, sewage treatment plants widely use enhanced
biological phosphorus removal (EBPR), which makes acti-
vated sludge rich in a large number of phosphorus accu-
mulating organisms (PAOs) and denitrifying phosphorus
accumulating bacteria (DPAOs). These two microorganisms
accumulate much more phosphorus than their physiological
need by their special metabolism. The excess phosphorus
accumulates in the form of polyphosphates in the cells form-
ing a high-phosphorus sludge, which will be discharged at
the end of the aerobic section, thereby achieving the effect of
efficient phosphorus removal from the sewage. This process
produces a large amount of phosphorus-rich by-products,
sewage sludge. 25% of the total phosphorus in sewage is
enriched in sludge through this process. If the EBPR process
treats the raw sewage, more than 90% of the phosphorus load
in the sewage transfers to the sludge. Moreover, the phos-
phorus in the sludge mainly exists in the form of inorganic
phosphorus (IP), and the content of organic phosphorus (OP)
is relatively low, which reduces the difficulty of phosphorus
recovery from the sludge. Therefore, this is an effective way
to recover phosphorus from sludge (Fig. 2).

Apart from sewage sludge, many organic waste materials
contain significant amounts of phosphorus. Table 1 shows
the phosphorus concentrations of different typical wastes.
Sewage sludge contains the second greatest amounts of
phosphorus [12]. The only organic waste containing more
phosphorus is bone meal, but on a global scale, it is produced
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Table 1 Typical phosphorus concentrations of different wastes

Organic material P (% P by weight)

Human urine 0.02-0.07
Human feces 0.52
Human excreta 0.35
Activated sewage sludge 14
Sludge (from biogas digester) 0.48-0.77
Cow dung 0.04
Poultry manure 1.27
Farm yard manure (FYM) 0.07-0.88
Rural organic matter 0.09
Vermicompost 0.65

Crop residues 0.04-0.33
Urban composted material 0.44

Oil cake (by-product from oilseed processing) 0.39-1.27
Meat meal 1.09
Bone meal 8.73-10.91

in much smaller quantities than sludge. Therefore, sludge is
considered a very promising source of phosphorus [13].

Sewage sludge treatment

According to statistics, the sludge produced by only devel-
oped countries in the world exceeds 30 million tons per
year, and this number is still on the rise [14, 15]. There is a
large amount of sludge produced globally. In addition to its
rich organic matter and nutrient elements such as nitrogen,
phosphorus, and potassium, it also contains various patho-
gens and heavy metal elements. If not disposed properly,
it will not only waste resources but also emit odor, spread
germs, and pollute water sources, causing severe pollu-
tion to the human living environment, which will endan-
ger human health. Nowadays, the main ways of disposing
of sewage sludge can be classified into three categories:
landfill,agricultural use, and incineration [14]. Resource
utilization is the main idea for sludge treatment in devel-
oped countries. For example, Japan technically uses sludge
for building materials after incineration. In developed coun-
tries of Europe, land use is the primary disposal method for

Fig.3 The source, application

sludge, and in the United States, 60% of sludge is treated to
form bio-solids for use as farmland fertilizer.

Sludge contains an elevated amount of organic matter,
which generates a landfill gas rich in CH,, contributing even
more to the greenhouse effect than CO,. Moreover, the cost
of the land needed for a landfill is increasing because of
its decreasing availability. Besides, the disposal of a large
amount of sewage sludge to landfills would inevitably induce
some geo-environmental problems, such as compression,
differential settlement, local instability, and slope instabil-
ity of the landfill [16]. Slope stability refers to the stability
of slope rock and soil under certain slope height and slope
angle conditions.

The second disposal method of sewage sludge is agricul-
tural use because of its abundant organic matter and large
amount of nitrogen, phosphorus, and potassium, which can
be used as fertilizer for crops. However, the direct use in
agriculture is controversial because sewage sludge as a sink
for pollutants in wastewater treatment plants has the possi-
bility of contaminating the environment with heavy metals
and organic pollutants, such as pharmaceuticals, parasites,
and pathogens, which are a focus of discussion and limit
the direct application of sewage sludge in agriculture [15].

Incineration, the final disposal method, is an exother-
mic oxidation process of biosolids resulting in flue gasses
comprising of CO,, H,0, ash, and a certain amount of heat.
Incineration reduces the volume of sludge by 90% with the
simultaneous destruction of pathogens. The residual ash and
bottom slag from incineration (about 30 wt% of the original
sludge) can be disposed in landfills or utilized for building
material production [17, 18].

In addition to the three main sludge disposal methods
mentioned above, some other sludge treatment technolo-
gies are also under study, such as gasification, pyrolysis,
and hydrothermal. Figure 3 systematically demonstrates the
source and use of phosphorus and the treatment technolo-
gies by which sewage sludge is eventually disposed of after
phosphorus has been used and enriched by humans.

Gasification is the thermal process during which the
carbonaceous content of MSS converts to a combusti-
ble gas and ash in the presence of a reactive atmosphere
(generally air or steam). Gasification mainly transforms
organic materials to combustible gas or syngas, using
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between 20 and 40% of the oxygen required for total com-
bustion [19].

Pyrolysis is a thermal decomposition process under
low-oxygen or anoxic conditions at relatively high tem-
perature (300-1000 °C), which provides three basic
products such as pyrolysis gas, bio-oil, and solid product
namely char [19-21].

Hydrothermal is a wet thermochemical process in a
closed system that operates under certain pressure and
relatively lower temperature compared to incineration or
pyrolysis. Moreover, hydrothermal does not require a spe-
cific atmosphere. In addition, hydrothermal reactions are
exothermic processes [22-24]. All these features make the
hydrothermal process more energy efficient.

Figure 4 summarizes the common process for recov-
ering phosphorus from sludge and its thermal-treated
products.

Fig.4 Summary of com-

Effect of different thermal treatments
on the utilization of phosphorus resource
in sewage sludge

Sewage sludge has been used for direct agriculture applica-
tion as fertilizer for decades. Due to high contents of heavy
metals and organic pollutants [25-27], concerns about the
direct agriculture application of sewage sludge are on the
rise. Legal regulations restricting the use of sewage sludge
as fertilizers are increasingly strict all over the world, espe-
cially those defining the maximum allowable concentrations
of heavy metals in sewage sludge introduced into the soil
[28-30]. For this reason, technologies for sewage sludge
treatment and indirect recovery of phosphorus from it are
becoming increasingly arresting. Thermal treatment of sew-
age sludge can reduce waste volume, decompose organic
pollutants, reuse the energy contained in the sludge, and gen-
erate valuable byproducts [31, 32]; therefore, it is regarded
as the best way to dispose sewage sludge. Presently, the
thermal treatment of sewage mainly includes incineration,
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pyrolysis, and hydrothermal. During the thermal treatment
of sewage sludge, P was enriched in ash/char, which has
several consequences [33, 34]. Thermal processing modifies
the chemical and physical structure of the feedstock while
affecting P speciation. Different thermal processes have
a different impact on the migration and transformation of
phosphorus, resulting in different phosphorus speciation.
For any P recycling/reclamation methods, one fundamental
influencing factor is the P speciation in the sewage sludge
and treatment products, because speciation of an element
largely determines its mobility and bioavailability. This
review summarizes the speciation and migration character-
istics of P in sludge during the thermal treatment processes
of incineration, pyrolysis, and hydrothermal.

Incineration

The incineration process of sewage sludge completely neu-
tralizes the vast majority of potentially hazardous organic
compounds, as well as all parasites and pathogenic micro-
organisms [35, 36]. Ashes from sewage sludge incineration
contain a much higher content of P, mainly due to a sig-
nificant reduction (70-90%) in the volume of the inciner-
ated material [35, 37]. The content of phosphorus in ash
is 5-11% (maximum concentration is up to 20%) [37-39].
Some authors claim that the concentration of phosphorus
in ash is from 70 to 134 g/kg [40]. The fact that ash is a dry
and free-flowing powder greatly simplifies processing opera-
tions for subsequent phosphate extraction when compared to
either phosphate rock or liquid and diluted sewage sludge.

The composition and relative abundance of metals (par-
ticularly metals with strong affinities for P) affect the P spe-
ciation in both sewage sludge and treated products. The main
elements of ash fraction are: Ca, Si, Al, Fe, P, and O. Most
of them occur as oxides forming such compounds as CaO,
Si0,, Al,Oj; or Fe,0;. Incineration allows complex manage-
ment of all solid residues formed during the P recovery pro-
cesses [41]. Wang et al. [42] found the formation of calcium
phosphate (Ca;(PO,),), calcium pyrophosphate (Ca,P,0-),
and hydroxyapatite (Cas5(PO,);(OH)) at high tempera-
tures during incineration. Incineration of sewage sludge at
750-950 °C also showed the formation of apatite from Al
and Fe phosphates and amorphous Ca phosphate phases
[43]. Some evidence has suggested the partial substitution
of Ca®* in whitlockite in ash for Mg?*, Fe3* or AI’* [37,
44—47]. Phosphorus often occurs as Fe,(P,0,,);, Al(PO5);,
mainly because AICl;, Al,(SO,);, FeCl;, Fe,(SO,); com-
pounds are wildly used as phosphorus precipitating agents
[36-38]. However, a high concentration of Al compounds
may cause a greater threat to the environment than a high
concentration of Fe compounds.

Incineration of sewage sludge is often carried out
at a temperature of about 850 °C. At this temperature,
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phosphorus takes a form of volatile oxides, which then con-
dense upon cooling to a temperature of 40—600 °C to form
P,O,,, becoming a component of ash retained by the filters.
According to the results of [33], P is a typical lithophilic
element with approximately 80-90% of P remaining in the
bottom ash after incineration. The rest is transferred into
fly ash, due to mechanical carryover. However, during the
process of sewage sludge incineration, a large amount of fly
ash is produced [45], which reduces the amount of phos-
phorus in the bottom ash. Thygesen et al. [48] reported that
incineration temperatures should be kept below 700 °C to
avoid the formation of insoluble hydroxyapatite in the ash.
Some authors have also claimed that ash obtained during
sewage sludge incineration above 700 °C is unsuitable for
use as fertilizers, mainly due to the bio-unavailable form of
phosphorus compounds occurring in the mentioned materi-
als [35, 36, 38, 49, 50]. Moreover, incineration of sewage
sludge in 1250 °C results in a lower concentration of P in ash
fraction and a higher concentration of P in dust fraction [51].

Various innovative incineration process parameters are
proposed to increase the available and soluble phospho-
rus in ash (e.g., additives and temperature). Zhao et al.
[52] claimed that cotton stalk (CS) was added into sewage
sludge to improve the bioavailability of phosphorus in the
fly ash during incineration. The addition of CS was advan-
tageous for the conversion of non-apatite inorganic phos-
phorus (NAIP) to apatite phosphorus (AP). The Ca and Mg
compounds in CS can provide reactive chemical sites for
phosphorus to form Ca,;sMg,H,(PO,),, and Ca,P,0,. Ren
et al. [53] also found that sewage sludge co-combustion with
wheat straw leads to the formation of alkali-rich phosphate
silicate that restrains the reaction between the alkali and
quartz. Reactions between the P-rich additive and alkali
metal lead to the formation of K—Ca—P compounds. Beck
and Unterberger [54] reported that phosphorus preferred to
combine with calcium and was enriched in the fly ash during
co-combustion of sewage sludge with coal. Han et al. [55]
showed that CaO additives could increase the phosphorous
and heavy metals during incineration of sewage sludge,
while with HCI additives, the amounts of phosphorous and
heavy metals decreased in the bottom ash. At the same time,
the removal efficiency of heavy metals in sewage sludge or
ash exhibited an increasing tendency with the addition of
chloride, especially in the cases of Cu, Zn, and Pb. MgCl, is
more effective than KClI in improving the removal efficiency
of heavy metals in sewage sludge [56].

Pyrolysis

Among various treatment techniques for sewage sludge,
pyrolysis has been recognized as an effective alterna-
tive to primarily reduce the volume, destroy pathogens,
and convert the sludge into high-valued carbonaceous



Waste Disposal & Sustainable Energy (2019) 1:99-115

105

materials (biochar) for multiple applications like soil
amendment, carbon sequestration, and contaminants
mitigation [57-60]. P remains mostly in the solid phase,
and its partitioning in liquid and gas phases is limited.
The relative fractions of P in solid, liquid, and gas phases
are related to P speciation and treatment conditions (pri-
marily temperature). Pyrolysis (or carbonization, for dry
thermochemical processes) occurs at low heating temper-
atures with slow heating rate, where the mass predomi-
nantly remains in the solid products. For example, when
pyrolyzed at 250-600 °C, P recovery in the solid phase is
nearly 100% for sewage sludge [23, 61, 62]. Liquefaction
and hydrothermal liquefaction are the processes occurring
at medium temperature range, with a fast heating rate and
short residence time, where liquid products account for a
large fraction of the mass [63]. Gasification and hydrother-
mal gasification occur at higher temperatures [64].

The composition of sewage sludge depends strongly on
the sewage source, wastewater treatment techniques, and
subsequent handling processes. The organic matter in sew-
age sludge is primarily microbial biomass; thus, the main
organic components in sludge are organic compounds con-
stituting cellular structures, such as polysaccharides, pro-
teins, lipids, and DNA. The amounts of organic P in raw
sewage sludge are more sensitive to pyrolysis so that they
are more likely to convert into the gas phase. Among them,
organophosphates in sewage sludge can undergo dramatic
transformations during pyrolysis, such as dehydration,
decarboxylation, and polymerization [65]. These reac-
tions can lead to the decomposition of organophosphates
and formation of orthophosphates, pyrophosphates, and/or
organophosphates with more condensed functional groups.
Polyphosphates in sewage sludge were found to degrade
into shorter chain lengths (including pyrophosphate) dur-
ing slow pyrolysis, with the chain length decreasing with
increasing pyrolysis temperature. In general, pyrolysis
of sewage sludge can convert organic P into inorganic P,
decrease the organophosphates and polyphosphate, and
increase the total P content by 2—3-fold.

Regarding the transformation of P in sewage sludge dur-
ing pyrolysis, several consistent trends have been observed
on the effect of treatment temperature. Pyrophosphate
forms during pyrolysis and is most abundant at medium
temperature ranges (300-600 °C) [66, 67]. Almost all P
exists as orthophosphate in chars produced at high tem-
peratures (mostly > 700 °C) [67-69]. Higher heating tem-
peratures promote P migration into the gaseous phase. For
example, P can be volatilized during gasification [70, 71],
and the main gaseous P species was PO,* during gasifica-
tion (900-1400 °C), whereas hydrogen phosphate and two
organophosphates were also identified in the volatiles of
pyrolyzed Tris (2-butoxyethyl) phosphate [70, 72].

Pyrolysis affects both quantity and speciation of P in the
biochar, and studies show that the mobility and bioavail-
ability of P are closely related to its speciation [23, 73-76].
Decreases of soluble and Olsen P (sodium bicarbonate
extractable) was observed during the pyrolysis of sewage
sludge [62, 77]. In these cases, the fractions of HCI extract-
able P increased, consistent with the decrease of organo-
phosphates and the increase of crystalline Ca phosphates.
Such immobilization effect generally increases with increas-
ing pyrolysis temperature. Meng et al. [68], Nakakubo et al.
[49], and Xu et al. [67] also reported that the increase of
pyrolysis temperature would lead NAIP to transform into
AP. The content of calcium phosphate and orthophosphate
in the sludge sample increased with the increase of tem-
perature. As for the parameters of heating rate and soak-
ing duration, they have minimal effects on P transforma-
tion. For example, no obvious differences were observed for
the liquefaction (500 °C) and flash carbonization of sludge
[69]. Pyrolysis under different inert atmospheres has little
influence. For sewage sludge pyrolyzed under N, and CO,,
similar P speciation and relative abundance were observed
in chars [75].

Kleemann et al. [78] compare the physical and chemical
characteristics of incinerated sewage sludge ash (ISSA) and
pyrolyzed sewage sludge char (PSSC) to recover phospho-
rus. Both PSSC and ISSA contain whitlockite with PSSC
containing more whitlockite than ISSA. Heavy metals are
less solution from PSSC because they are more strongly
incorporated in the particles. Moreover, the application
of biochar to soil can increase soil C sequestration, reduce
atmospheric CO, concentrations, the bioavailability of some
heavy metals, improve physicochemical soil quality, and
alter the content and availability of nutrients [79-81].

Hydrothermal

In general, hydrothermal techniques can be divided into two
main categories: thermal treatments (operating under inert
atmosphere and dry conditions) and hydrothermal treatments
operating in a closed pressurized system and under wet con-
ditions. Each category can be further divided into carboniza-
tion, liquefaction, and gasification treatments, based on the
operating temperature and phase partitioning of the prod-
ucts [65, 82]. The application of hydrothermal techniques
for biowaste managements can accommodate a broad range
of wastes with different properties (dry vs. wet, uniform vs.
heterogeneous) [83, 84]. They are highly tunable techniques
that can convert solid biowastes into products with broad
applications (for example, chars, fuel, and organic products)
[85, 86], thus achieving effective resource recovery.
Hydrothermal treatment of sewage sludge has certain
advantages. Sewage sludge has high water contents, with
a significant fraction present in the form of intracellular or

@ Springer



106

Waste Disposal & Sustainable Energy (2019) 1:99-115

bound water that cannot be efficiently pre-dried for ther-
mal treatments. The treatment can be used for converting
high moisture content of sewage sludge at mild reaction
temperature into valuable self-separating products, such
as biochar with aqueous products and gasses [87]. In these
cases, hydrothermal treatments can be used to avoid drying
processes [84, 88]. Hydrothermal treatments generally oper-
ate in closed systems and at lower temperatures, compared to
the higher operating temperatures required by other thermal
treatments and are also exothermic processes [89]. Similar to
thermal treatments, hydrothermal treatments can also serve
as sanitation methods to degrade pathogens and organic con-
taminants. Studies have shown that organic contaminants in
sewage sludge can be degraded after HTC treatment, with
more than 90% of common pharmaceuticals degraded fol-
lowing HTC treatment at 210 °C [90, 91].

Hydrothermal treatment can be proposed to release phos-
phate from sewage sludge. P recovery in HTC-produced
hydrochars from sludge is commonly above 80% [92-94].
Moreover, metal-complexed and mineral-associated P spe-
cies in the sewage sludge can also be transformed into
more stable species under hydrothermal conditions. Huang
and Tang [77] claimed that hydrothermal treatment could
achieve the transformation of all kinds of P species like
phosphonate, organic phosphates, and polyphosphate mainly
into inorganic orthophosphate. In general, hydrothermal
treatments impose more extensive alterations to P specia-
tion than thermal treatments. Orthophosphates dissociated
from organophosphates are available for forming phosphate
precipitates or adsorption to minerals. Unstable inorganic
P species may also undergo dissolution and reorganiza-
tion/recrystallization. These two processes will lead to the
formation of more stable and insoluble species. Sequential
extraction of sewage sludge hydrochars showed significant
decreases of soluble and Olsen P fractions, and increases of
both NaOH and HCl fractions [77, 95]. Thus, P speciation in
the treatment products is primarily governed by the presence

Fig.5 Migration and trans-
formation of P speciation in
sewage sludge during thermal
treatment

Phosphonate/
Organophosphate

g[8 1%
0-P—-0--P—0-—F—0
o Lo Ino

Polyphosphate

@ Springer

HYDROTHERMAL
PYROLYSIS

1
. l . R (
Y h !
W

Orthophosphate

D '’
D é

Pyrophosphate
REDUCED MOBILITY / INCREASED STABILITY

of P-binding metals (which determines the complexation and
mineralogy state of phosphate species) and the hydrother-
mal conditions (which determines the stability of different
P species). For example, HTC treatment of sewage sludge at
225 °C induced the increasing association of phosphate with
Fe (as Fe oxide adsorbed species) and Ca (as Ca phosphate
minerals), because both cations are abundant in sludge and
have high affinities for P to form precipitates and/or sur-
face complexes [77]. The transformation of Ca phosphate
phases is, thus, an important reaction during hydrothermal
processes. AP can be a primary form of P species in hydro-
chars produced from sewage sludge containing abundant Ca.
The majority of heavy metals can be immobilized into a
solid phase during the hydrothermal reaction [96]. Moreo-
ver, hydrothermal treatment is considered as an appropriate
pretreatment method of sludge for magnesium ammonium
phosphate (MgNH,PO;-6H,0) crystallization. Figure 5 sum-
marizes the transformation characteristics of phosphorus in
the sewage sludge during thermal treatments.

Phosphorus recovery from sewage sludge
and thermal products

Direct extraction and reclamation of P from sewage sludge
and its by-products are generally not practical or efficient due
to the physicochemical properties. Today, there are numer-
ous (> 30) kinds of technologies of P recovery from sewage
sludge and new ones are continually being developed [12,
13, 97-100], varying on type of matrix (e.g., wastewater,
sewage sludge, and its ashes/chars) and the type of process
(e.g., precipitation, wet chemical extraction, and thermal
treatment). The methods for P recovery from sewage sludge
generally involve a step that solubilized P via precipitation
in the form of struvite, monoammonium phosphate, or other
phosphate phases, adsorption, or ion exchange [101, 102].
For P recovery, the speciation of P in sewage sludge and
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Fig.6 Simplified process scheme of the SESAL-Phos process

the by-products controls its extractability and speciation in
the liquid extracts [12, 98, 103], and ultimately its recovery
efficiency. The optimal scenario is to achieve maximum P
recovery with the least operational steps and low costs. The
section below introduces the main methods of P recovery
and recycling from sewage sludge and its by-products.

Wet chemical

Chemical washing is the most pervasive method for P extrac-
tion from sewage sludge ash (SSA) due to the simple pro-
cess and low expenditure [104]. Several research articles
have been published on the recovery of phosphate from SSA
using the leaching process. Phosphorus can be recovered
from SSA by leaching with acidic, alkaline solutions, and,
sequentially, with acidic and alkaline solutions [15, 37, 46,
47, 105-110]. Both acidic and alkaline washing processes
have the benefit of potentially lower energy consumption
and the production of phosphoric acid and phosphate prod-
ucts that could be tailored to products, such as struvites,
hydroxyapatites, or calcium phosphates with potentially
higher market prices.

The extractants substantially comprise of inorganic acids
(H,SO,4, HCI, and HNO3), organic acids (citric, oxalic acids),
alkali (NaOH, Ca0), inorganic chemicals (e.g., ferric chlo-
ride), and a chelating agent [111]. Fang et al. [107] showed
that organic acids leach more trace elements, particularly
Cu, Zn, Pb, and As. Normally, inorganic acids can accom-
plish a higher P extraction efficiency (> 90%) [37, 105,
108, 111, 112], where H,SO, has been widely used from
an economic point of view [37]. Also, it can easily remove
unwanted Ca®>* from mixtures by the controlled precipita-
tion of gypsum (CaSO,-2H,0). The acid concentration and
liquid to solid (L/S) ratio are critical factors that are affecting
the leaching efficiency. Pettersson et al. [36] claimed that
sulphuric acid was the most efficient for P recovery from
SSA and achieved 94% of total extraction under the optimal
conditions, which were a 2 h reaction with 0.2 mol/L H,SO,
at a liquid to solid ratio of 20. Donatello et al. [105] used
a sulfuric acid washing procedure to produce a technical-
grade phosphoric acid. The optimized conditions were the
minimum stoichiometric acid requirement, a reaction time of

LEACHED
ASH

Al-
PRECIPITANT
NaOH CaCl,
— —_ — —
Ca-P

120 min, and a liquid to solid ratio of 20. These conditions
obtained average recoveries of 72-91% of total phosphorus.
Franz [108] showed that 66-99% of total phosphate could
be dissolved by washing ISSA with 14% H,SO, for 10 min
at L/S ratio of 2. Stark et al. [113] reported the extraction of
up to 87% of total phosphate in ISSA with 1 mol/L HCI at
L/S ratio of 50 for 2 h.

Taking into account that in most SSAs, the P compo-
nent is mainly present in the form of calcium phosphates
(Ca-P), aluminum phosphates (Al-P), and iron phosphates
(Fe—P), the chemical demand for such a ‘complete acidic
dissolution of P’ can be estimated as follows [114]:

Cag(AD)(PO,), + 21H* — 9Ca** + AP* + 7H,PO,
AIPO, + 3H" - AP’* + H;PO,
Fe;(PO,), + 6H" — 3Fe** + 2H;PO,

FePO, + 3H" — Fe’* + H,PO,

During the leaching process, major elements (predomi-
nantly Ca, Al, Fe) and heavy metals are co-dissolved with
P [104, 115]. P recovery from the heavy metal-containing
leachate is the pivotal issue. So, the leaching process fol-
lowed further steps to separate P from the leached impuri-
ties like heavy metals by means of sequential precipitation
[41], sulfide precipitation [108], liquid-liquid extraction
(PASCH-process) [114], solvent extraction, ion exchange
columns [105, 108], as well as through the chemical pre-
cipitation of P as Ca—phosphates.

In the case of sequential precipitation, in a first step,
acid is added, dissolving P and metals, and separating the
remaining solids from the P-containing acidic leachate. The
separation of dissolved P from heavy metals is achieved by
raising the pH value in the acidic leachate to induce the pre-
cipitation of AI-P while most heavy metals remain in solu-
tion [41]. Precipitating heavy metals with sulfide can further
decrease the heavy metal content of the AI-P product.

The SESAL-Phos process (sequential elution of sew-
age sludge ash for aluminum and phosphorus recovery)
(Fig. 6) presented by [46] is an interesting alternative to
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the process used by [41], as this ultimately produces a solid
Ca—phosphate precipitate and soluble AICl; solution. A pH
of 3 is maintained with HCI, under which conditions Ca—P
compounds dissolve and AI-P compounds simultaneously
precipitate. Al-phosphates and acid insoluble SSA residues
are retained on the filter, while soluble heavy metals and
Ca”* pass to the filtrate. The solid fraction is then treated
with NaOH at pH 13, where the Al-phosphate is dissolved
and separated from the insoluble components of residues.
Finally, the Al-phosphate filtrate is treated with CaCl, to
precipitate P as Ca—phosphate.

Chemical precipitation has been extensively used to
recover phosphate in the liquid phase, and calcium or mag-
nesium is the pervasive precipitator, which can react with
phosphate to form hydroxyapatite or struvite correspond-
ingly [42, 116]. Compared with the struvite, hydroxyapatite
requires additional treatments before its utilization, while
struvite can be used directly as a fertilizer, which exhibits
comparable agronomic performance to commercial fertiliz-
ers [116-120]. Furthermore, struvite is considered poorly
soluble, which means that even applying a vast amount of
such fertilizer to the ground, the possibility of polluting the
environment with a high load of phosphorus and enhanc-
ing the eutrophication process is low [121, 122]. Another
advantage of such a technology is the spontaneous struvite
precipitation phenomenon. In some specific conditions,
especially if a sewage sludge treatment plant runs the pro-
cess of biogas recovery, struvite may cause clogging of the
pipes. This problem occurs in most of such facilities when
the Mg?*, NH,*, and PO,** concentrations are high and the
pH is in the range 7.0 < pH < 10.7. However, the solution pH
always is over 8.0 to facilitate the formation of struvite. Dur-
ing the adjustment of the solution pH, the co-dissolved metal
ions can inhibit/contaminate P reclamation process. Al and
Fe ions have strong affinities to P under pH 4.0 [112, 123].
Another major element Ca, along with other heavy metals
such as Zn and Cu, can co-precipitate with P at elevated pH
values and contaminate the struvite [124, 125]. The separa-
tion of metals from P in the leachate is the prerequisite for
struvite crystallization. As Fig. 7 shows, Wang et al. [42]
and Xu et al. [126] utilized a cation exchange resin (CER) to
purify the leachate by HCI leaching of the ISSA followed by

HCl1 —_

SEWAGE
SLUDGE ASH
ACID
EXTRACTION

PRECIPITATION

performing a struvite crystallization experiment. Wang et al.
[42] transform P in the ISSA to amorphous iron phosphate
(Fe—P) and aluminum phosphate (Al-P) by acid washing fol-
lowed by alkali precipitation, re-dissolve Fe—P and Al-P via
acid washing, and adsorption of Fe and Al ions by a CER,
and struvite crystallization. Some authors claim that struvite
may be recovered up to 97% if the Mg concentration in sew-
age sludge is sufficiently high. The best P:Mg ratio is 1:1.05,
but on a technical scale, it should generally be maintained at
a level of 1:1.3. Generally, sewage sludge does not contain
sufficient amounts of Mg, resulting in only 72% efficiency of
the recovery process. In such cases, MgCl,, or another Mg
source (wood ashes, magnesite, magnesia, bittern, seawater,
or by-products of MgO production) is often added during the
thermal treatment or the extraction process [3, 121, 127].

An alternative to the acidic dissolution of P followed
by a separation of dissolved P from the dissolved metals
is a direct alkaline dissolution of P. Direct extraction using
NaOH is possible, but the efficiency of such a P recovery
process reaches only 40% [37, 49]. In this case, only the
amphoteric AlI-P compounds dissolve while most (heavy)
metals remain in the SSA. The dissolved P can be precipi-
tated from the alkaline solution (pH > 13) as Ca—P with a
very low impurity level, via the addition CaCl,. The amount
of Al-P directly leachable via alkaline treatment depends on
both the Al content and the Ca content of the SSA. In the
case of SSA with very low Ca contents, direct alkaline elu-
tion can dissolve a significant amount of P. The wastewater
treatment plant of Gifu, Japan, recovers 75% of P, in a
full-scale wet chemical P-recovery plant by direct alkaline
elution from Ca-poor and Al-rich SSA. The mean value of
the P/Ca ratio calculated from the composition of six Japa-
nese SSAs published by [128] is 2.00 (+0.23). In Germany,
the Ca content of raw SSA is generally high due to the geo-
logical conditions (hard drinking water). Consequently,
merely 0-35% of the P, can be recovered by direct alkaline
elution, even with the addition of Al for chemical P removal.
However, for one German Al-rich SSA [112] showed that
the amount of P that could be dissolved and recovered by
alkaline leaching increased from 25 to 67% with the applica-
tion of an acidic pre-treatment step that removes Ca.

Mg2+ NH4+ l

STRUVITE

—

ACID WASH WITH CRYSTALLIZATION
CER ADSPRPTION

Fig. 7 Phosphorus recovery procedure as struvite from sewage sludge ash
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Thermochemical

One of the alternatives for P recovery from SSA is via ther-
mal methods. As with acid leaching, one issue is how to
separate the valuable P from problematic heavy metals. To
enhance the P bioavailability and remove heavy metals of
SSC/A, several thermochemical treatment has been investi-
gated with promising outcomes [44, 129—133]. Subjects of
these investigations were the influence of different param-
eters of thermal processing (temperature, oxidative or reduc-
tive conductions, and additives) on the P compounds and P
bioavailability of the products.

Regarding temperature, with an increase in the ISSA
treatment temperature, the bio-available P content increased.
Treatment at 800 °C resulted in similar available P levels
to a commercial fertilizer. The thermal removal of heavy
metals at high temperatures (above 1400 °C) [134] also
allows the separation of the primary metals like Fe, which
at the same time increases the bioavailability of P in the
ash. These process intend to increase the P bioavailabil-
ity via the formation of soluble P-bearing mineral phases,
specifically, which include the conversion of whitlockite
(Ca;(PO,),) to chlorapatite (Cas(PO,);Cl,_,(OH),) via an
intermediary chlorspodiosite (Ca,PO,Cl) species, with the
formation of new Mg—phosphates (farringtonite Mg;(PO,),)
or Mg—Ca—phosphates.

Chlorine donor is the most widely used additive in ther-
mochemical treatment processes. Figure 8 shows the process
of the thermochemical treatment method using chloride as
an additive. Thermochemical treatment with 5-15% of KCI
or MgCl, and heating at 900-1000 °C resulted in high per-
centage removals of Pb, Cd, Cu, and Zn [133]. MgCl, was
used under oxidative conditions at different temperatures
(450-1000 °C) to eliminate heavy metals and to increase
the P bioavailability due to the formation of farringtonite
(Mg;(PO,),) and stanfieldite (Ca,Mg5(PO,)s) [44, 135].
Vogel et al. [136] used HCI to remove heavy metals from
sewage sludge during thermochemical treatment. Adding
MgCO; increased the bioavailability of P. Using a gas-
eous chlorine donor has the advantage of not needing to
be mixed with ash before treatment. Fraissler et al. [131]
used CaCl, as a Cl donor and found that Cd and Pb were
readily volatile, while Cu and Zn were semi-volatile and
Cr and Ni were not very volatile. They also concluded that
the material bed temperature of 1000 °C leads to better
removal results. The result of [44] showed that Hg could be
removed by thermochemical treatment to meet the limits of

Fig.8 Procedure of thermo-
chemical process of sewage
sludge ash
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fertilizer ordinances. Treatment with 15% MgCl, at 1000 °C
for 60 min was shown to remove over 90% of Cu and Zn by
volatilization as CuCl, or ZnCl,.

Furthermore, the use of sodium salts under reductive con-
ditions reduces heavy metals and increases the P bioavail-
ability of the product. SSA blended with Na,CO; or Na,SO,
using dried sewage sludge as a reducing agent was carried
out at 1000 °C. Thus, the Ca;(PO,), or whitlockite compo-
nent of raw sewage sludge ash, which is not readily plant
available, was converted to CaNaPO, (buchwaldite), which
has a much higher P bioavailability than chlorapatite or whit-
lockite [15, 137, 138]. Sludge can adequately be treated at
high temperatures under reductive conditions with sodium
additives to form highly bioavailable calcium—sodium—phos-
phate. Highly heavy-metal contaminated sludge can be ther-
mochemically treated at high temperatures to achieve the
legal requirements for fertilizers [139].

Under the above conditions, metal or its chlorides are
volatilized, and P is converted to a more bio-available form
so that products can be used directly as a fertilizer. However,
thermochemical treatment processes have often been associ-
ated with high specific energy demands. There are concerns
over the operating costs of thermochemical treatment and
with equipment lifetime due to the highly corrosive condi-
tions generated.

Electrokinetic (electrodialytic)

Electrokinetically based technologies can be effective and
viable options for P recovery from sewage sludge. The
electrokinetic (EK) process is based on the application of
a low-level current (direct or alternate; DC or AC) density
and low potential gradient [140], between suitably located
electrodes. The contaminants are moved out of the matrix
towards one of the electrode compartments by three main
transport processes: electromigration, electroosmosis, and
electrophoresis [141].

The electrodialytic (ED) process is based on the combi-
nation of the electrokinetic movement of ions and electro-
dialysis. The general principle is very similar to EK, but
instead of using passive membranes, it uses ion exchange
membranes (anion exchange membrane and cation exchange
membrane). The ion exchange membranes prevent the spare
of inefficient use of the current in transporting ions from
one electrode compartment through the matrix into the sec-
ond electrode compartment. Furthermore, the ion exchange
membranes make the conditions in the central compartment

FUEL/AIR/DRY SLUDGE OFF-GAS

]

P-RICH

GRANULATION PRODUCTION
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less dependent on the choice of electrolyte solution than the
use of passive membranes. Figure 9 shows the schematic
diagram of ED and EK processes in a three-cell.

Many reported electrodialytic remediation (EDR)
experiments for stirred suspensions consist of a three (or
more) compartments experimental setup [142—144]. The
ash suspension in a three-compartment setup can be acidi-
fied through water splitting at the anion membrane, proton
leakage from the anode compartment, or the ion exchange
from the cathode compartment [145]. Recently, the new
development in ED is the two-compartment (2C) electro-
dialytic setup, in which the anode is placed directly in the
compartment where the contaminated matrix is suspended
and stirred simultaneously. In this setup, the anode compart-
ment contains SSA suspended in water. The major objective
with this setup is a simultaneous extraction of P and removal
of heavy metals from the liquid with P. With the applica-
tion of electrical DC to the electrodes, the SSA suspension
will gradually be acidified due to electrolysis at the anode
(H,0 —2e~ —2H* + 1/20,(g)). During the acidification,
heavy metals and P are extracted from the ash. The heavy
metals are transported by electromigration over the cation
exchange membrane (CEM) and concentrated in the cath-
ode compartment. The extracted P remains in the filtrate of
the ash suspension. With this, simultaneous extraction and
separation are obtained.

Dissolution of phosphorus and heavy metals is faster in
the 2C experiments than for the 3C experiments where their
dissolution depends on acidification through water split-
ting and migration of H* to the suspension compartment
or addition of mineral acid. Protons are concurrently pro-
duced from water electrolysis at a node, which increases the
solubilization of the different elements present in the SSA
[146, 147]. Acidic leaching, combined with cation migration
into the cathode compartment achieved a high recovery of
P (> 80%) for SSA. In addition, P was effectively separated
from Al, Ca, Fe, Mg, and most heavy metals. This is due to
the alkaline pH of the ash suspension in one of the steps of
ED treatment, where P bound to Fe and Al was extracted,
and most metals were insoluble.

Anolyte 4 4 Catholyte
: 2,0
0, +4H"+de-
H-
PM PM
Anolyte 4 4 Catholyte
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Guedes et al. [148] recovered P from sewage sludge
through electrodialytic treatment. They assessed simultane-
ous P recovery and removal of emerging organic contami-
nants (caffeine, bisphenol A, 17a-ethinylestradiol, and oxy-
benzone) from sewage sludge (SS). 70% of P was recovered
in the anolyte, and between 79 and 96% of organic com-
pounds were degraded. Still, the obtained anolyte enriched
in P was not completely free of organic contaminants.

Summary

In general, P recovery from sewage sludge can be achieved
via two different strategies: reclamation of P as pure P com-
pounds, or direct application of the P-rich products as P fer-
tilizers. The comparison of different methods for recovering
phosphorus from sewage sludge and its thermal products is
shown in Table 2. There is no doubt that the recovery of P
from sewage sludge is more environmental friendly than the
direct use of sludge as a fertilizer. Studies demonstrate the
potentials of thermal treatments in improving P recovery
from sewage sludge. They can facilitate more effective P
recovery via waste volume reduction and P speciation modu-
lation. They can also accommodate sewage sludge with high
contaminant contents that are technically or environmentally
unfavorable for P recovery via conventional practices.

Technologies based on phosphorus recovery from sew-
age sludge and thermal products, such as struvite and
hydroxyapatite recovery, gained popularity more than 10
years ago. However, the migration and transformation of
P in thermal treatment processes and the specific influence
of the speciation of P in the thermally treated products on
subsequent leaching, extraction or direct utilization are still
problems to be solved urgently. In addition, based on these
conversion mechanisms and the influence of P morphology
on the product’s availability, the comprehensive evaluation
of phosphorus resource utilization in sludge and the selec-
tion of the most appropriate treatment method according to
the specific situation will be the future research trend.
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Fig.9 Schematic diagram of the the EK (a) and ED (b) processes in a three-compartment cell
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Table 2 Comparison of different methods for recovering phosphorus from sewage sludge and its thermal products

Main products

Disadvantages of the method

Advantages of the method

Methods of P recovery Possible unit processes

Hydroxyapatite, struvite, Ca—P

Complicated processes, high investment

Acidic or alkaline extraction, precipitation High recovery rate of P, slow P release,

Wet chemical

cost, high magnesium and nitrogen

sources demand
Cost efficient only with large amounts of

wide range of application, low heavy

metals content, No organic pollutant,

energy recovery, low odors

excess sludge

New mineral composed by

No organic pollutants, high P bioavail- High energy consumption, relies heavily

High-temperature combustion with addi-

Thermochemical

chlorapatite, farringtonite, and

stanfieldite

on additive, P loss with the flue gas,
halogenated (Cl) organic pollutants

ability, heavy metal removed, relatively

simple process

tive

produced, complex composition of the

product
Difficult to dispose by-products

P-acid solution, DAP

Low P recovery rate, high associated

Sample processes and device, mild reac-

Electrodialytic or electrokinetic

Electrochemical

costs, long time needed, high arsenic

content in the product
Hard to be implemented on a large scale

tion conditions, effective separation of

heavy metals

Specifically, previous studies have demonstrated the
potentials of thermal treatments and chemical recovery
methods in facilitating P reclamation and recycling, and
the critical role of P speciation in these processes. Further
studies are needed to technically improve the application of
these techniques for P reclamation and recovery. Regarding
the application for P reclamation, the thermal treatment and
P recovery processes need to be integrated and optimized
to recover P at a low cost efficiently. For example, whether
precipitation or adsorption is a better P reclamation option
for the extracts from different thermal conditions needs to
be tested. For the Fe-rich sludge and Al-rich sludge obtained
by using different flocculants, what kind of extraction and
precipitation methods should be adopted for each? The
thermal treatment and reclamation methods need to be opti-
mized to minimize metal contents and/or bioavailability in
the reclaimed P products. Moreover, the effects of thermal
treatment, recovery methods, and their interactions on the
morphology of heavy metals in the products need further
comparison and analysis.

Regarding agriculture application of purified P-rich prod-
ucts from thermal-treated sewage sludge as a P recycling
strategy, further research efforts are needed to gather rel-
evant information to evaluate the environmental and eco-
nomic benefits and provide guidance for regulations and
usages. A systematic comparison of products from different
treatment conditions and their correlations to P speciation is
needed. Particularly, technologies based on P recovery from
ashes are gaining popularity for socioeconomic reasons,
whereas very few focused on products from the treatment
of pyrolysis, hydrothermal, and co-combustion/incineration
with biomass or other additions. Also, P speciation in the
sewage sludge and its thermal products was rarely character-
ized and related to the product performance. This informa-
tion is necessary for providing feedbacks for wastewater and
thermal treatment processes to select the optimal treatment
technique and condition. For example, the incineration in
fluidized bed furnaces method and separate collection of
ashes seems to be the most environmental friendly methods.
Howeyver, it is essential to select the most suitable method of
P recovery for every single facility.

To evaluate the overall benefits of agriculture applica-
tion of the treated products, measurements on the recycling
of P and crop productivity should also be conducted and
compared to those of conventional fertilization strategies.
The effects of P speciation and impurities in the products on
P absorption of crops need to be specifically analyzed. For
another, there is a need for the development of standardized
test procedures to generate quantitative parameters that will
allow the comparison among different studies. For example,
in the existing literature, different leaching protocols (e.g.,
different leaching solutions and soil mixing ratios) were used
for the assessment of P mobility and bioavailability.
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