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SUMMARY

Phosphorus (P) is extracted from its natural mineral phosphate rock,
which is finite and has a skewed geographical distribution. It is critical for the
survival of life on earth and is mainly used for fertilizer production. P recovery
from sewage sludge (SS) is critical for addressing the dual challenges of
unsustainable fertilizer production and increasing eutrophication. However, the
most prominent approach to P recovery from SS, i.e., acidic extraction of P from
thermally treated SS residues (such as ash and char) is complicated by toxic trace
element (TE) contamination. This PhD thesis investigates a novel approach
combining integrated thermochemical treatment and sequential wet extraction to
enhance P recovery from SS without TE contamination. The research is
structured around three core studies, each addressing specific aspects of the
process, collectively offering a comprehensive understanding of this novel
method for P recovery.

The first study assessed the feasibility of the novel process and explored
the underlying mechanisms for high P recovery efficiency. In this process, dry
powdered SS was mixed with dry powdered alum sludge (AS) and subjected to
acidic extraction in the pH range of 3 — 4. The amendment with AS under acidic
conditions aimed to convert apatite phosphorus (AP) (mainly calcium phosphate
(Ca-P)) to non-apatite inorganic phosphorus (NAIP) (mainly aluminum
phosphate (Al-P)). Subsequently, the solid residue was extracted with an alkali
at high pH (>12). Amending SS with AS reduced orthophosphate loss during
acidic pretreatment by 59% compared to unamended SS. The highest
orthophosphate alkaline recovery achieved was 74% for the amended SS.
Various analytical techniques, including, solid-state NMR, and XPS; and
modelling tools such as Visual MINTEQ and central composite design were
employed to elucidate the mechanisms underlying the improved recovery. The
findings demonstrated that the conversion of Ca-P to AI-P during acid
pretreatment through Ca-P dissociation and adsorption of released
orthophosphate onto Al(OH)s, significantly boosted alkaline P recovery, making

this method applicable to diverse sludge compositions globally.

Building on these findings, the second study explored an integrated
approach combining sequential wet extraction and pyrolysis for P recovery from

SS. SS+AS mixture underwent acid pretreatment, pyrolysis at varying
Xix



temperatures, and subsequent alkaline extraction from char. The highest alkaline
P recovery efficiency, 88%, was achieved from the amended SS char prepared at
400°C. Pyrolysis at high temperatures (> 600°C) led to the conversion of NAIP
to AP and immobilization of P in the char matrix, resulting in lower alkaline P
recovery (< 60%). Most TEs were encapsulated in the char matrix, except for Zn,
which partially volatilized above 600°C. This study highlighted that AP to NAIP
conversion during acidic pretreatment and optimal pyrolysis conditions were
crucial for maximizing P recovery. Advanced characterization techniques,
including solid and liquid-state NMR, XPS, XRD, and FTIR, were applied to
investigate the underlying mechanism, indicating that this integrated approach
effectively isolated P from TEs, enhancing the viability of the method for

practical applications.

Addressing the challenges associated with processing dry sludge and
pyrolysis, the third study investigated the effects of hydrothermal conditions in
the acidic pretreatment of SS with AS. This process involves acidic hydrothermal
carbonization (HTC) followed by alkaline extraction from the residual solids
(called hydrochar). A central composite design experiment optimized HTC
conditions, achieving a maximum alkaline P recovery of 82% under optimal
conditions. Solid-state NMR analysis revealed that P associated with aluminum
in the hydrochar occurred via surface complexation rather than AIPO4 formation.
Detailed analysis using ICP-MS indicated that most TEs were retained in the
hydrochar, resulting in a P-rich and TE-deficient extract. This approach
potentially offered a cost-effective and energy-efficient pathway for P recovery,
with the scope for further refinements to meet regulatory standards for TE

concentrations in fertilizers.

In conclusion, this thesis presents a robust framework for P recovery from
SS through integrated thermochemical treatment and sequential wet extraction.
The studies collectively demonstrate that appropriate amendments and extraction
conditions can significantly enhance P recovery while addressing TE
contamination issues. This integrated methodology offers a sustainable solution
for P recovery, aligning with global efforts towards resource recovery and
environmental sustainability, and presents a promising avenue for large-scale

implementation.
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1. INTRODUCTION

1.1. BACKGROUND

Phosphorus (P) is an indispensable part of the food-energy-water nexus
and it plays a pivotal role in our sustainable future. Being a plant macronutrient,
it is critical for synthetic fertilizer production worldwide. However, fertilizer
overuse and the increasing commercialization of agriculture have broken the
natural phosphorus (P) cycle leading to a dual problem of P scarcity and
eutrophication. 75% of the world’s phosphate rock supply comes from Morocco
and Western Sahara[1], while a populous country such as India is almost entirely
dependent on imports to meet its phosphate rock demand. In 2014, the European
Commission added phosphate rock to the critical raw material list due to
increasing demand (from growing population and food security), lack of
alternatives, and skewed geographical availability[2]. On the other hand,
eutrophication has induced more than 400 ecosystems “dead zones”, spanning
more than 245,000 sq. km[3]. Hence, there has been an increasing research focus
in the last two decades on the technologies for minimizing P loss and recovering
from P from P-rich wastes[4]. The US National Academy of Science enunciates
a research breakthrough in P reuse by 2030[5], as it has effects beyond food
security such as co-recovery of energy, nitrogen, and precious metals, along with

improved environmental quality and social equity[6].

Sewage sludge (SS) is a reclaimable P source for fertilizer production or
application in soil as biochar. It has one of the highest P contents among biomass
wastes (~2.5%)[7] and is produced in massive quantities globally (1.4 — 38.7 kg
dry sludge/capita/year)[8]. Unlike in the past, SS cannot be applied on
agricultural land directly in many countries due to strict regulations regarding
toxic trace elements (TESs), persistent organic pollutants (POPSs), and pathogens.
Consequently, in the last two decades, many innovative approaches for P
recovery from SS have been proposed and studied. Out of these, wet extraction
and thermal treatment are most common([8,9]. It is estimated that recovered P
from human waste can meet 22 % of the total global P demand[10]. The options
for P recovery from SS for land fertilization are depicted in Figure 1.1.
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Figure 1.1: The recovery of phosphorus from sewage sludge for land fertilization.

1.2. RESEARCH MOTIVATION

In the past, incineration sewage sludge ash (ISSA) has been preferred for
research on P recovery because many developed countries dispose of SS through
incineration, and P concentration in ISSA is comparable to phosphate rock with
medium P concentration[11]. However, trace element (TE) concentration in
ISSA is above the legal limit for its direct application as fertilizer. P recovered
after acidic extraction of ISSA (in the aqueous phase or as P salt obtained from
the extract) requires additional purification steps before application as fertilizer,
as TEs are concomitantly extracted with P (Figure 1.1). In alkaline conditions,
most P compounds (and TESs) precipitate, hence a lower P recovery efficiency
(30 — 40%)[8].

Alternate thermochemical treatment processes for SS have gained
prominence in recent years owing to the drawbacks of incineration such as high
operational cost and carbon footprint. However, P recovery from pyrolysis char
or hydrochar (solid residue after hydrothermal treatment of SS) has received
lesser research attention compared to ISSA. The studies on P recovery from SS
or its char using alkaline extraction are rarer due to low recovery efficiency. High
P recovery (> 70 %) from SS or its solid residue after thermal treatment is
possible if the non-apatite inorganic phosphorus (NAIP) (mainly aluminum
phosphate (Al-P)) content in SS is high[12-14]. But this is an intrinsic property
of SS and varies with the SS source, and treatment process in the wastewater

treatment plant (WWTP). While there are multiple studies on promoting NAIP
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to apatite phosphorus (AP) conversion using pure salts[15], there are very few
studies attempting vice versa, especially using waste material. Also, these studies
do not quantify the P recovery from the SS directly and compare it with P
recovery from ISSA or char. Thus, setting a reference is essential to ascertain the
cost-benefit of P extraction after thermal treatment rather than before it.
Moreover, direct P extraction from SS could be the relevant strategy for P

recovery for developing countries where thermal treatment of SS is not an option.
1.3. RESEARCH OBJECTIVES AND SCOPE

The aim of this thesis was to propose a novel approach to the wet acidic
treatment of SS with alum sludge (AS) to promote AP to NAIP conversion so
that high P extraction efficiency can be achieved using alkaline wet extraction of
SS. Because AP and most TEs tend to precipitate, while NAIP dissolves in
alkaline conditions, this conversion was essential for efficiently recovering P
without simultaneously extracting TEs. The main objectives of the studies in this

thesis were as follows:

1. Quantify the effect of acidic pretreatment of SS with AS in
promoting AP to NAIP conversion, P loss due to acidic

pretreatment, and overall P recovery from the entire process.

2. Investigate the mechanism of P transformation during extraction
and thermochemical treatment using the quantitative and

qualitative characterization of P.

3. Study the fate of major metal cations such as Al, Ca, Fe, and Mg
which form phosphate compounds in SS and its thermal treatment

residue.

4. Investigate the effects of sequential extraction and
thermochemical treatment on TES.

5. Optimize the P recovery process for various operational
parameters and understand the underlying reasons for high/low

extraction efficiency.
The scope of this thesis is limited to:
1. Precovery from SS and its thermal residue.

2. Amendment of SS via acidic pretreatment using AS.
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3. Final extraction of P in an aqueous state using an alkali.

4. Air drying, pyrolysis, and hydrothermal treatment were the

thermal processes for SS treatment.

5. The baseline condition, i.e., P recovery from unamended SS was

also investigated for comparison with the proposed novel process.

Previous studies have shown that SS can be a sustainable source to meet
the industrial P demand[1]. However, there is only one prominent full-scale
implementation of alkaline P extraction from ISSA, i.e., in Gifu, Japan[16], while
most other industrial processes rely on acidic extraction. Thus, there is a need to
develop diverse innovative methods to increase P recovery efficiency from SS

suited to local conditions. This research project is an attempt in this direction.
1.4. ORGANIZATION OF THE THESIS

The thesis consists of six chapters. Chapter 1 provides a brief background
of challenges associated with P, the advantages of P recovery from SS, the
research motivation, and the research objectives and scope of this thesis. In
Chapter 2, the detailed literature review is presented to gauge the research
developments relevant to this project, especially recent developments. The fate
of P during acidic pretreatment of SS with AS using experimental and modelling
approaches is presented in Chapter 3, along with recovery efficiencies in five
different methods for P recovery. Chapter 4 presents the effect of pyrolysis at
three different temperatures after acidic pretreatment of SS on P speciation and
its recovery in varying alkaline extraction conditions. In Chapter 5, the study on
acidic pretreatment in hydrothermal conditions is presented which sought to
assess whether hydrothermal conditions accentuated/inhibited AP to NAIP
conversion. Finally, in Chapter 6, the principal findings of this project are
summarized, and a prospective outlook for future research is presented. The
terms leaching, extraction and their associated terms have been used

interchangeably in this thesis.



2. LITERATURE REVIEW

2.1. ABOUT PHOSPHORUS

The recorded evidence suggests that P was first isolated in 1669 by the
alchemist Hennig Brand who heated the solid residues of urine with sand and
coal to obtain white phosphorus (P4). He named it from the Greek word
phosphoros (“light-bearer”) because the isolated P4 gave off a pale green glow.

The important properties of P are illustrated in Figure 2.1.
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prominent and most
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violet, and black.
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Diphosphorus (P,) is
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2000°C.
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32P (14 days) and 3P
(25 days).

Phosphate ester
bonds for
biomolecular

integrity.
Biochemical

Charge introduction
in biomolecules.

Figure 2.1: Important chemical and biochemical properties of phosphorus.

Like other elements, the properties of P are significantly influenced by
parameters such as atomic size, ionization enthalpy, electron gain enthalpy, and
electronegativity. The details of its chemical properties are listed in Table S 1. Its
unique biochemical properties explain “why nature chose phosphates”[17] as the
basic building block of life on earth (Figure 2.1). Briefly, phosphates possess
unique properties crucial for cellular functions, including ion containment within

the cell, charge introduction in biomolecules, and linkage formation in



biomolecules like deoxyribonucleic acid (DNA). Their stable phosphate ester
bonds, essential for biomolecular integrity, are favoured by natural selection,
though enzymatic catalysis allows controlled modification of these bonds. The

lifecycle of P from phosphate rock till its application is presented in Figure 2.2.
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¢ Thermal detergent

process s, etc

Figure 2.2: The major processes undertaken for recovering phosphorus from
phosphate rock for various applications.

P for industrial use is primarily sourced from phosphate rock (mainly
apatite phosphate, (Cas(PO4)3X, (X = OH, F, Cl)), with sedimentary deposits
contributing over 80% of the total mined P, contains 7.8 — 40% phosphorus
pentoxide equivalent (P-Os)[1,18]. The global phosphate rock consumption in
2016 was 44.5 million tonnes[18]. Post-mining, phosphate rock undergoes
mechanical separation such as grinding and floatation for concentrating P,
followed by P recovery using wet or thermal processes as phosphate rock usually
contains impurities such as TEs. For instance, the world’s largest phosphate rock
reserves (three-quarters of the total) are in Morocco and the Western Sahara[18],
where P coexists with Cd. The wet process, employed for about 95 — 98% of
phosphate rock processing, involves acidulation using H2SOa4 to produce HzPO4
along with phosphogypsum as a by-product[1,18] (Eqn.(1)).
Cas(POa4)3F+5H2S04 +5nH20 — 3H3PO4 + 5CaS04.nH20 +HF (n =0, 0.5 or 2)

(1)

The remaining 2 % phosphate rock is processed using the thermal (or
Wohler) process, i.e., heating phosphate rock with coke and SiO; at 1500 —
1600°C to obtain elemental white P (P4) (Eqn.(2)), a method strikingly similar to

Hennig Brand’s approach more than 350 years ago.
4Cas(POa)3F + 18SiO2 + 30C — 3P4 + 30CO + 18CaSiOs + 2CaF» (@)

This process has large energy consumption (12.5 — 14 MW h/ tonne P4)[1],
and produces highly toxic white P, and thus there has been a call for more
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sustainable alternatives[19]. However, this approach is currently the sole
industrial method for obtaining fine P compounds[19], such as the production of
high purity HsPOg4 via oxidation (Eqn.(3)) and hydrolysis (Eqn.(4)) (though As
contamination (5 — 30 ppm) is possible[1]).

Ps+502 > P4sO10  (3)
P4O10 + 6H20 — 4H3POs  (4)

Most of the phosphate rock is utilized for fertilizer production (> 80%)
while another fraction is used for manufacturing feed additives, detergents, and
technical P[20]. The key fertilizers being produced are diammonium phosphate
(DAP), monoammonium phosphate (MAP), single superphosphate (SSP), and
triple superphosphate (TSP). P flux due to anthropogenic factors such as the use
of fertilizers, food trade, wastewater treatment, and food waste dominate over
natural P flux (fluvial flux) in watersheds and landscapes[21]. The earth system
boundary for P has been breached due to anthropogenic activities[22]. With the
increasing global population and commercialization of agriculture, and diverse
applications of P such as in spintronics and electric vehicles (lithium iron
phosphate batteries), the broken P biogeochemical cycle will have serious
repercussions for humanity. Thus, a two-pronged approach of efficient utilization

of existing P resources and recycling P is essential for a sustainable future.

2.2. PHOSPHORUS LIFECYCLE IN THE WASTEWATER TREATMENT
PROCESS

Sewage is considered a key point source of nutrient pollutants on a global
scale[23]. P enters the sewage mainly through human excretory waste, food
additives, and cleaning agents (dishwashing detergent and laundry products)[24].
P in sewage exists primarily as phosphates, including orthophosphates (ortho-P),
condensed phosphates, and organically bound phosphates or organic phosphorus
(OP), though it can exist in the reduced form as well [25,26]. The classification

of P species based on various criteria is illustrated in Figure 2.3.
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Figure 2.3: Classification of P species based on their properties.

OP means the P bound to organic compounds (for e.g., through P-O-C or
P-C bonds) such as phosphate monoester (monoester-P), phosphate diester
(diester-P), organic polyphosphate (poly-P), and phosphonate[27]. Condensed-P
is generally inorganic and includes species such as pyrophosphate (pyro-P),
triphosphate, metaphosphate (meta-P), and inorganic poly-P. P in sewage exists
in an aqueous state, bound to solid matrices (adsorbed onto suspended metal
hydroxides and/or clay particles) or in bodies of aquatic organisms. Total P
concentration in sewage can be 5 — 20 mg/L[28] (average in the range 6 — 8
mg/L[29]), though values as high as 34.5 mg/L have been reported owing to
temporal and geographical variations[30]. Th effluent P concentration depends

on the local regulation, but it is generally < 1 mg/L.

During the sewage treatment, P undergoes speciation transformation
depending on the process. There are two major methods of P removal from
sewage: chemical P removal and biological P removal. Chemical P removal is
mainly conducted through Al, Fe, and Ca salts (generally sulfate and chloride),
among which the order of best precipitants are aluminum sulfate (alum), Fe (111),
Fe (I1), and Ca[30]. Chemicals are generally added before or after the primary
clarifier[31]. Some of the reactions for P precipitation are as follows (Eqn.(5)-

8):
Aly(S04)s.14H,0 + 2P0 — 2A1PO4) + 3S04> + 14H,0  (5)

Fe2(S04)3.9H20 + 2P0+ — 2FePO4] + 3S04> + 9H,0 (6)
3FeS04.7H20 + 2P04> — Fe3(PO4)2| + 3S04% + 7H20 (7)
10Ca?* + 6P0O4> + 20H" <> Caio(PO4)s(OH)2} (8)
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P precipitate formation is complex and depends on operational conditions,
most importantly pH and alkalinity. P forms complexes with metals, and between
metals and other ligands in sewage, and might get adsorbed on metal hydroxide
formed due to alkalinity in sewage. Consequently, diverse metal phosphate
precipitates can form during chemical P removal such as AIPOs and
Alx(OH)y(POa4)s from AI**, FePO4 and Fex(OH)y(PO4), from Fe**, Fes(POa), and
Fex(OH)y(PO4)s from Fe?*, and Cas(PO4)2, Cas(OH)(PO4)s; and CaHPO4 from
Ca?*. These species get concentrated in SS at the end of the sewage treatment and
influence the P speciation and transformation during SS thermochemical

treatment.

Biological P removal also depends on the operational conditions and
generally occurs via microbial growth, precipitation, and adsorption[30]. Two
common biological P removal approaches are the activated sludge process and
enhanced biological P removal (EBPR). In the activated sludge process,
biochemical oxygen demand (BOD) removal is the primary objective while P
removal is secondary. Microbes consume P along with C and N for metabolism
and cell growth, which is eventually released in sludge via cell disintegration as
ortho-P/poly-P/OP. In EBPR, poly-P accumulating (PAQO) bacteria operate in the
anaerobic-aerobic-anoxic process to separate and accumulate P from sewage.
The waste activated sludge from biological P removal has a relatively higher
fraction of poly-P and OP than primary sludge obtained after chemical P
removal[32]. Thus, SS is mainly composed of metal-bound ortho-P, condensed
phosphates, and OP, their proportion dependent on the composition of raw
sewage and the treatment process. After sewage treatment, P content in SS can
be in the range of <0.1% to ~14% with a mean of 2.5%, depending on the influent
P concentration and treatment process[7]. P species in SS corresponding to
characteristics of raw sewage and sewage treatment is graphically presented in
Figure 2.4, while their quantities in SS, as reported in some studies are
enumerated in Table 2.1 and Table 2.2.
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Figure 2.4: P species in waste activated sludge and chemical enhanced primary
sedimentation sludge. Here, the concentration of P species is with reference to
total P (TP): high means >50% TP; moderate means 10-50% TP; low means
<10% TP. Reproduced from Yu et al.[32] with permission from Elsevier.

Table 2.1: Various P species in sewage sludge using SMT protocol in selected

studies.
Feedstock P species in solid fraction (%) Reference
WAS NAIP (43-50), AP (20-28), OP (16-20)  [33]
WAS NAIP (71), AP (16), OP (10) [34]
Mixed sludge (WAS + CPS)  NAIP (64), AP (6.4), OP (23.4) [35]
WAS NAIP (63), AP (20), OP (11) [36]
WAS NAIP (37), AP (20), OP (18) [37]
WAS NAIP (47), AP (24), OP (18) [38]
SS NAIP (91), AP (4), OP (3) [39]

AP: apatite phosphorus; CPS: chemical precipitation sludge; NAIP: non-apatite

phosphorus; OP: organic phosphorus; SMT: standards measurements and testing;
SS: sewage sludge; WAS: waste activated sludge.
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Table 2.2: Various P species in sewage sludge using 3P liquid NMR in selected
studies.

Feedstock P fraction (%) Ref.
Ortho-P Phosphate DNA Pyro-P
monoester
WAS 68-73 14-17 3-5 9-11 [33]
WAS 71 13 2 14 [38]
AGS 74 22 NR 2 [40]
WAS 73 11 5 11 [41]

AGS: aerobic granular sludge; DNA: deoxyribonucleic acid; EDTA:
ethylenediamine tetraacetic acid; NMR: nuclear magnetic resonance; NR: Not
reported; Ortho-P: orthophosphate; Pyro-P: pyrophosphate; WAS: waste
activated sludge.

2.3. QUALITATIVE AND QUANTITATIVE CHARACTERIZATION OF
PHOSPHORUS IN SEWAGE MATRICES

The prerequisites for accurate P analysis are proper sample collection,
preservation and storage, and processing. This entails planning, adherence to
protocols, and the use of appropriate apparatus and equipment to ensure that the
sample is representative and has minimal contamination/losses[42]. For instance,
it is recommended that the quantification of reactive P in sewage must be
conducted within 48 h. P concentration and speciation in the samples can be
maintained by physical (storing at temperature < 4°C) and chemical (adding
chloroform, mercuric chloride, H>SO4 (for pH < 2)) techniques[42]. However,
the sample preservation would depend on experimental conditions, and for SS
studies, refrigeration or freezing is generally sufficient. Some of the standard
protocols for sample preparation and physico-chemical analysis of SS are
provided in Table S 2. P species can be operationally determined using various
fractionation techniques[27,43], out of which standards measurements and
testing (SMT)[44] and Hedley[45] methods are the most prominently used SS
studies. These extraction methods are useful only for semi-quantitative
assessment of P species because of the subjective identification of P species[32].
For instance, in SMT protocol, total P is determined using 3.5 M HCI, assuming
that strongly acidic conditions transform all the P species into ortho-P which is
not necessarily true. Besides, P species fraction in the sample and chemicals for
extraction also affect the analytical results. For example, Na.S extraction is more
suitable when SS has higher iron phosphate (Fe-P) content, while NaOH should
be preferred when Al-P is higher[32]. Solid samples (including ash/char) are
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generally digested in microwave acid digester using strong acids to extract P
(some digestion protocols are listed in Table S 2). Complete digestion is
dependent on the chemical composition of the sample and not always achieved,
especially for char which has recalcitrant carbonaceous matrix. Eventually,
different P species are transformed into ortho-P in aqueous state in all these
methods and measured using analytical instruments. Aqueous sample should be
filtered using highly resistant polytetrafluoroethylene (PTFE) or polyvinylidene
fluoride (PVDF) filters if it is strongly acidic/alkaline.

There are many analytical instruments/approaches for analyzing P[46,47],
but the commonly used approaches in SS studies are summarized in Table 2.3,
with their advantages and disadvantages. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) has been recommended as the most reliable
for quantifying P in SS after microwave acid digestion[48]. OP might be
overestimated in molybdate colorimetry due to poly-P or complexes between
ortho-P and humic substances[27]. For quality control, the percentage recovery
of the analyte using blank, blank spiked and matrix spiked samples must be
determined[25] and preferably should be within 70 — 130%. Certified reference
materials (CRMs) can be useful in cases where TEs in SS must be quantified as
well[49]. The data must be reported along with standard deviation/standard error
(calculated directly from the replicates or indirectly using the propagation of
uncertainty technique[50]) wherever possible, and outliers, if any, should be
cautiously identified using statistical approaches such as discordancy test
(applicable for experiments with at least 3 replicates)[25]. P assessment using
nuclear magnetic resonance (NMR) is not applicable if paramagnetic ions (such
as Fe, Mn, and Cu) concentration in the sample are high, though some studies
selectively separated P from paramagnetic ions using reagents such as dithionite,
diethylenetriamine pentaacetate (DTPA), oxalate, chelax, and ethylenediamine
tetraacetic acid (EDTA)[51]. However, there is a risk of hydrolysis or removal of

some P species such as poly-P and meta-P during the extraction process[51].
2.3.1. Prospective characterization techniques

Some techniques that have not been applied/rarely applied in SS studies
can provide insightful information on the fate of P. There are few studies on the
source apportionment of P in sewage. The techniques deployed in watershed

studies for source apportionment of P such as inventory analysis, receptor model,
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or even machine learning[52] might be useful in this regard. Many techniques
applied for soil P analysis[47] might be useful for SS as well. For instance, high-
resolution resonant x-ray photoelectron spectroscopy (ResXPS) can be
conducted to obtain brilliant spectral signals even from samples with low P
content[47]. Spatially resolved data of P distribution and association can be
obtained using emerging technologies for soil P research such as p-x-ray
fluorescence (U-XRF), p-x-ray absorption near edge structure (u-XANES), and
p-extended x-ray absorption fine structure (U-EXAFS)[47]. There are many
studies exploring the fertilization potential of ash/char obtained from SS, but
most do not utilize 3P isotope exchange[53] and stable oxygen isotope ratios
using isotope ratio mass spectrometer (IRMS) to ascertain the P cycling in
soil/plant. P K-edge x-ray absorption spectroscopy (XAS) and isotopic (3P and
80) can be combined to obtain dynamic insight on P cycling in soil[54]. The
speciation transformation of dissolved OP can be deciphered using Fourier
transform-ion cyclotron resonance mass spectrometry (FT-ICR-MS)[55]. Thus,
there are various complementary approaches for P characterization, but their
availability, cost of analysis, and skilled workforce might impede their wider

application in the scientific community.
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Table 2.3: Some of the analytical instruments generally applied in SS studies on the fate of phosphorus.

Analytical technique  Sample P assessment Advantage Disadvantage
phase type
IC Liquid Quantification Simple sample preparation method; less Only aqueous ortho-P determined; not suitable for
interference from other ions; suitable samples with very high halogen content.
for cation-rich solution such as alkaline
extract.
UV-Vis Liquid Quantification Widely used; fast data acquisition; Probability of error due to interference from
protocol established for most analytes;  multiple ions; sample preparation is cumbersome;
relatively inexpensive equipment; reagents with Hg are discouraged for application.
ready-made Kits available for various
analytes.
ICP-OES Liquid Quantification More than 26 analytes can be analyzed  Not suitable for very high (for instance, > 500 mg/L)
simultaneously; high accuracy; fast and very low (for instance, < 0.5 mg/L)
analysis. concentrations of analyte in the sample; expensive
instrument; not suitable for cation-rich solutions;
possibility of spectral interference (must select most
appropriate spectral wavelength based on instrument
manufacturer recommendation).
ICP-MS Liquid Quantification Multiple isotopes of most analytes can ~ Not suitable for very high (for instance, > 500 ug/L)

be determined with high accuracy;
generally applied for trace elemental
quantification.
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and very low (for instance, < 0.5 pg/L)
concentrations of analyte in the sample; expensive
instrument; not suitable for cation-rich solutions;
possibility of spectral interference (must select most
appropriate isotope based on sample characteristics).



XRF Liquid Quantification Fast and simple method; bulk analysis;  About 10 g sample needed; sample should be
and solid non-destructive; high accuracy when homogenous and have fine particle size (for
reference matrix available; multiple example, < 50 um); qualitative determination if no
analytes quantified simultaneously. reference matrix available (such as sludge, and solid
waste); not suitable for light elements.

31P liquid NMR Liquid Association Detailed P speciation (ortho-P , pyro-P, Sample preparation cumbersome; operational skills
poly-P, various OP species); less required; extraction protocol not well established,;
sample required (< 1 g); fast data fractionation is semi-quantitative due to inefficient
acquisition; high spectral resolution. extraction of P species; P peak assignment

dependent on pH of the solution[12] (preferably
alkaline solution)[51].

31p solid NMR Solid Association Direct analysis of solid sample; detailed Low spectral resolution; ambiguity in peak
P speciation with coordination state; deconvolution and assignment due to diverse
very less sample amount required (< 50 SS/ash/char composition; not suitable if
mq); non-destructive; no/minimal paramagnetic ions in sample high; unreliable P
sample preparation. quantification[56].

XRD Solid Association Obtain crystalline P phases with high Only crystalline phases identified; ambiguity in peak
accuracy; ~ 2 mL sample volume; assignment due to diverse SS/ash/char composition;
no/minimal sample pre-treatment prior knowledge of elemental composition in sample
required; generally 10°< 26 < 60° required (qualitative); expensive; fine particle size
sufficient for SS studies; non- required (~1 — 10 pum).
destructive.

XPS Liquid Association Minimal sample required (< 1 mg); fast Only surface characteristics; peak deconvolution and

and solid method; simultaneous analysis of curve fitting are ambiguous[57] due to proximity of
multiple analytes; non-destructive; peaks of various P species; prior knowledge of
no/little sample preparation; depth elemental composition required; subjectivity in peak
profiling. assignment, and fractional distribution.

XAS Liquid Association Non-destructive; no/little sample Not suitable for low P concentration samples; very

and solid preparation; little sample requirement  expensive; fit result ambiguity.

(a few mg); both quantitative and
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FTIR and Raman Liquid Association

spectroscopy and solid
SEM, TEM, EDS, Solid Distribution
WDS, EBSD and

association

qualitative information of P speciation
with other elements.

Attenuated total reflection (ATR)-FTIR
is non-destructive; fast and require no
sample preparation; minimal sample
requirement (< 1 mg); relatively
inexpensive.

Minimal sample requirement (< 1 mg);
high-resolution images; multiple
analytes simultaneously analyzed
(EDS); crystals phases (EBSD)

P peaks masked by other functional groups in SS
and ash/char samples; peak assignment ambiguous
due to diverse compounds in SS/ash/char.

Surface property only; expensive; require
cumbersome sample preparation (only dry non-
volatile sample).

EBSD: electron backscatter diffraction; EDS: energy-dispersive x-ray spectroscopy; FTIR: fourier transform infrared (spectroscopy); IC: ion

chromatography; ICP-MS: inductively coupled plasma-mass spectrometry; ICP-OES: inductively coupled plasma-optical emission spectroscopy;

NMR: nuclear magnetic resonance; SEM: scanning electron microscopy; TEM: transmission electron microscopy; UV-Vis: ultraviolet-visible

spectroscopy; WDS: wavelength-dispersive x-ray spectroscopy; XAS: x-ray absorption spectroscopy; XPS: x-ray photoelectron spectroscopy;

XRD: x-ray diffraction; XRF: x-ray fluorescence.
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2.4. PHOSPHORUS RECOVERY FROM SEWAGE SLUDGE AND ITS
THERMAL RESIDUE

Theoretically, P can be extracted from all the waste streams of a WWTP
(such as sewage, primary/secondary sludge, waste activated sludge, dewatered
sludge, etc.). However, to recover P from sewage directly, the aqueous phase
concentration of P should be at least 50 — 60 mg/L, which is much higher than
the average concentration practically found[1,58]. Besides, P recovery efficiency
from sewage can be a maximum of 40 — 50%, but from SS and ISSA, it can be
up to 90%[58]. Thus, P recovery from SS ash/char is considered the most
economically feasible. The recovery options from sewage matrices are shown in

Figure 2.5. This thesis focuses on P extraction from SS and its thermal residues.
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Figure 2.5: P recovery from various matrices of sewage (reproduced from Jupp
et al.[1] under Creative Commons license).
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Among various P species, the water-soluble fraction is readily utilized by
plants and hence considered bioavailable. The dissolution of P in water is
dependent on the nature of P species (such as ortho-P and poly-P) and the
association with other elements[59]. For example, phosphates of sodium
(NasPOs), potassium (KsPOs), and ammonium ((NH4)3PO4) are considered
bioavailable. However, phosphates strongly bound to aluminum, calcium, or iron
are retained in the solid matrix and do not dissolve easily[59]. The solubility of
various metal compounds of phosphate in water is depicted in Figure 2.6. Some
of these compounds are considered slow-release fertilizers (especially Ca-P) due
to their low solubility in water. Hence, their use is advocated for fertilization as
well as for the prevention of eutrophication. P transformation to a more
bioavailable form is essential before applying SS or its thermal product (such as
ash, char, or hydrochar) on the soil.

Group I Alkali Group II Alkaline . Post-transition

Lithium Potassium |Magnesium Barium | Iron (II) | Iron (III) Silver Zinc Lead (II) | Aluminum
Lit L d Mg™ Ba* Fe?* Fe* Agt In* Pb** AP+
Phosphate o SRR = Mevearl [PRSSRER [ES s, ety |l e | )

PO > soluble  Insoluble  soluble soluble
4

Very soluble less than 1

Easily soluble from 1to 10

Soluble from 10 to 30
Sparingly soluble from 30 to 100
Slightly soluble from 100 to 1,000
Very slightly soluble from 1,000 to 10,000
Practically insoluble more than 10,000

Figure 2.6: Solubility of ionic compounds of phosphate in water. Modified from
Sigma Aldrich[60].

Alternately, extracting P as PO4* using wet extraction (alkaline or acidic)
and using it for fertilizer manufacturing or direct application as a liquid fertilizer
is another option. P can be extracted from SS directly or from the products after
thermal treatment (such as ash and char) using acidic or alkaline extraction. P
recovery efficiency is strongly dependent on P species in SS or its thermal residue

(discussed in Sections 2.5 and 2.6), and operational parameters such as pH,
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liquid-to-solid ratio, presence of interfering ions, and duration of extraction.
Studies suggest that acidic treatment promotes the conversion of particulate
reactive phosphate (RP) and non-RP into soluble RP, but alkaline treatment only
mainly dissolves non-RP to soluble RP[61]. However, inorganic phosphorus (IP)
dominates in the liquid phase after acidic/alkaline/sequential extraction[36].
After P extraction, precipitation of phosphate compounds (mainly struvite
(MgNH4P04.6H20) and hydroxyapatite (Cas(PO4)3(OH))) is the most common
method of P recovery from SS[11].

2.4.1. Acidic extraction

Acidic extraction of P from SS or its thermal products can be carried out
using inorganic acids or organic acids [8], as shown in Table 2.4. Inorganic acids
are highly efficient in dissolving the alkali metal oxides and all phases containing
P in ISSA, while organic acids promote chelation which increases the dissolution
of metal/metalloids from ash and soil matrices[62]. For acidic extraction, pH and
acid type are among the most crucial factors controlling P recovery efficiency[8].
Some of the important reactions involving the dissolution of metal oxides and
phosphates are given in Table 2.5 (modified from Levlin and Hultman[63]).
Given the heterogeneity of P species in sludge and its thermal products, these
equations portray a simplified explanation of the extraction process.

Table 2.4: Acid dissociation constant of acids used for P extraction from SS or
its thermal products.

Acid type  Acid Acid dissociation
constant (Ka or Kap)*

Inorganic ~ Hydrochloric acid (HCI) 1.3 x 10°

Inorganic  Sulfuric acid (H2SO4) 1x103
Inorganic  Nitric acid (HNO3) 24
Inorganic  Phosphoric acid (HzPOa) 7.1x1073
Organic Oxalic acid (C2H20a4) 5.9x107?
Organic Citric acid (C¢HsO») 8.4x107
Organic Gluconic acid (CeH1207) 2.5x10*
Organic Formic acid (CH202) 1.8x10*
Organic Acetic acid (C2H40,) 1.8x10°

* Ka for monoprotic acid and Kaz for polyprotic acid
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Table 2.5: Common reactions involving inorganic sludge components during
acidic or alkaline extraction (modified from Levlin and Hultman).

Component  Extraction reaction pH range
Fe(OH)2 Fe(OH)2 + 2H* — Fe?" + 2H,0

Fe3(POa):2 Fes(PO4)2 + 4H' — 3Fe?* + 2H,PO4 pH>2.2
Fe3(POa):2 Fes(PO4)2 + 6H* — 3Fe?" + 2H3PO4° pH<2.2
Fe(OH)s Fe(OH)s + 3H" — Fe*" + 3H20

Fe(PO)4 Fe(PO)s + 2H" — Fe®* + HoPO4 pH>2.2
Fe(PO)4 Fe(PO)s + 3H" — Fe* + H3PO,° pH<2.2
AI(OH)3 Al(OH); + 3H" — AI** + 3H,0

AlIPO4 AIPO, + 2H" — AIP* + HoPO4 pH>2.2
AIPO4 AIPO; + 3H" — AI¥* + H3PO,° pH<2.2
CaCOs CaCO3 + 2H" — Ca?* + CO2 + H20

MgCOs MgCO;3 + 2H* — Mg?* + CO, + H0

FePO4 FePO4 + 30H" — PO4* + Fe(OH)3

Al(OH)3 Al(OH)3 + OH" — AI(OH)4

AlIPO4 AIPO, + 40H — AI(OH)s + POs>

There are relatively fewer studies on the direct extraction of P from dry
SS than ISSA. Stark[64] extracted sludge samples (primary sludge, digested
sludge, and deep-bed filter sludge) using a solution with a pH range of 2 - 12 and
found that lower pH promoted P extraction than higher pH. Lesser organic
content enhanced P recovery among the three sludge types investigated in that

study. Other studies with their significant findings are given in Table 2.6.
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Table 2.6: Studies on phosphorus (P) recovery from dried P-rich sludges (mainly sewage sludge).

Leaching Sample P removal Sample Leaching conditions Max. Significant findings Ref
method collected  technique at treatment leaching
from WWTP efficiency
WWTP (%)
Acid Dried No specific Sample Acid type (HCI, H2SOg, 82 H2SO4 superior to HCl and HNO3  [65]
sludge process for P used as HNO3), acid conc., for higher P recovery.
removal. collected. leaching time and L/S Higher H2SO4 conc. (>1 M) lead
Treated both ratio optimised. Leaching to lower P recovery.
municipal done at 100°C. Outcome: P recovery reduces beyond 2 h of
and industrial 1 M H>SO04,20mL/1 g leaching possibly due to
wastewater. and 2 h. crystallization and precipitation.
Zeta potential used to ascertain
viscosity and mass transfer.
Contradictory result obtained.
Leaching kinetics shows diffusion
controls the rate limiting step.
Acid P- DASCused  Dried at 0.063 M H2SO4, 177 LIS~ 98 P-rich leachate had high Al and [66]
saturated  asaP- room temp. ratio (mL/g), 1 h duration, total organic carbon (TOC).
dewatered adsorbent in Leachate treated using H20> to
aluminum  alab-scale remove TOC.
sludge constructed TOC-free leachate used for AIPO4
cake wetland for precipitation. pH increased to 5-6
(DASC) the treatment using NaOH and a salt precipitate
of animal mixture of AIPO4+AIl(OH)3
farm obtained.
wastewater.
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Acid and
base

Acid and
base

Acid and
base

Dried
sewage
sludge

Dewatered
sludge
cake

P-
saturated
dewatered
aluminum
sludge
cake
(DASC)

Biological P Re-dried at
removal only  105°C for 1
h.

4 stage-BNR  Dried at
for P removal 105°C for
and gravity 18 h.

thickening

with PAC.

DASC used Dried at
as a P- room

adsorbentin  temperature
a lab-scale

constructed

wetland for

the treatment

of animal

farm

wastewater.

HCI or NaOH conc. (N):
0.1,0.2,0.4,0.6,0.8,1;
Duration (h): 1,2,24,30;
Temp. (°C): 23,30,70; L/S
ratio (mL/g):
25,50,75,100,150; pH:
0.3-13.8

HCI, H,SO4 and NaOH
conc. (M): 0.1, 0.5 and 1.
Duration: 2 h.

Effect of leaching
duration, acid/base type
and conc., and L/S ratio
assessed.

HCI, H2SO4, HNOs,
NaOH and KOH conc.
(M): 0.01-0.1; Duration
(h): 1-6; L/S ratio (mL/qg):
~42-250.
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Acid:
97.9
Base:
70.3

Acid: 98
(H2S04)
Base: 70
(NaOH)

S04? in the acid leachate did not
influence the precipitation of Al,
P.

pH most important factor for P
leaching. Negligible effect of
temperature and plateauing effect
of leaching duration.

Almost complete leaching of P
from below pH 1.5 but not in
alkaline leaching.

Acid conc. is important but L/S
not crucial for acidic leaching of
P. For alkaline leaching, both
conc. and L/S important.

P leaching efficiency: H.SO4>
HCI>NaOH.

15 g/L calcium silicate hydrates
(CSH) could remove 90% of the
leached P.

P leaching efficiency assessed
using response surface
methodology (RSM). Optimum
condition: 0.8 g solid, 0.063 M
H2>SO4 and 142 mL acid.
Duration: 1 h

No significant difference in P
extraction efficiency due to
acid/base type.

[67]

[68]

[69]



Acid, base
and
sequential

Acid, base
and
reduced.

Sewage
sludge

Sludge
deposit
from the
vertical
flow
constructe
d wetland.

PAC Dried at
105°C for
48 h.

Wastewater Dried at
treated with 35°C.
FeCls for P
precipitation.

It treated

domestic and

winery

effluents.

HCI and NaOH conc. (N):

0.1,0.2,0.5,1and 2

Acid: 0.01 M HCI

Base: 0.01 M NaOH
Reducing agent: 0.05 M
sodium ascorbate
(CsH7NaOe)

Duration: 24 h

Leaching temperature: 16
+5°C

Acid: 78
Base:
80.5
Sequentia
1:91.7
(NaOH-
HCI) and
84.5
(HCI-
NaOH)

Acid: 20
Base: 34
Reduced:
39.5

At low conc. (<0.05 M), base
more efficient than acid for P
extraction and vice versa.

Other metals leached
concomitantly with P during acid
leaching.

P leaching efficiency higher for
NaOH than HCI.

P leaching efficiency reduced
after 2 h.

P leaching and sludge dissolution
follows first order reaction
kinetics. No direct relation
between sludge dissolution and P
release.

27 successive leaching
experiments conducted using the
same solid sample.

Higher buffering capacity of
sludge in acidic and redox
condition than in alkaline.
Redox potential (Eh) more
influential than pH in P recovery
when Fe-P predominant in
sample.

OP more easily leached in
alkaline conditions.

[39]

[70]

23



2.4.2. Alkaline extraction

Some researchers consider alkaline treatment better than acidic treatment
because it has the added advantage of higher hydrolysis, which improves
anaerobic digestion [33]. Generally, NaOH is used for alkaline treatment of SS
because of higher organic fraction solubilization efficiency but at a higher
operational cost [71,72]. Inorganic P is predominantly released during alkaline
extraction of SS, and higher pH (12 or more) leads to a significant increase in
extraction efficiency [33]. Bashir et al. [33] found re-immobilization of P when
extraction pH was reduced from 12 to 8. Al and Fe ions tend to enhance P
solubilization in alkaline conditions, while Ca does so in acidic conditions
[33,34,73]. Sludge organic content can prevent organic P release, but the highly
alkaline condition can lead to sludge disintegration leading to the dissolution of
OP [34]. At lower alkalinity, only sludge flocs disintegrated, but at very high pH
(11 and above), cell structure disintegrated, resulting in hydrolysis of nucleic
acids and decomposition of the phospholipid bilayer, which increases phosphorus
concentration [74,75]. Other studies with their significant findings are given in
Table 2.6.

2.4.3. Sequential extraction

Acid and base can be applied sequentially to extract and precipitate P
without concomitantly extracting interfering ions and trace elements. Seaborne
process, Stuttgart process, Budenheim process, and Krepro process are some of
the well-known sequential processes that have reached pilot or full-scale
implementation [9,64]. Stuttgart process uses citric acid (10 — 12 L 50% citric
acid per m® of extract) to promote the complexation of interfering ions and
prevent precipitation along with phosphate [9]. Seaborne process does the same
by increasing the pH to 5.7 using NaOH and NaS [9]. He et al. did a comparative
study on acidic, alkaline, and sequential (acidic-alkaline and alkaline-acidic)
anaerobic fermentation of waste activated sludge[36]. They found the acidic-
alkaline treatment more effective than other methods for P migration from the
solid to the liquid phase. Alkaline-acidic sequential treatment was the worst
performer in this regard. Some studies with their significant findings are given in
Table 2.6.
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2.5. FATE OF PHOSPHORUS DURING PYROLYSIS

Pyrolysis entails the thermal decomposition of SS at temperatures 400 —
600°C in an oxygen-free environment (utilizing N2 and/or CO>), to yield the
desired products (char, bio-oil, and gas (H2, CO, and other light gases))[76]. The
details of the pyrolysis process, especially for SS can be found elsewhere[76],
though a summary illustration is provided below (Figure 2.7). The pyrolysis of
sewage sludge (SS) can be characterized by three distinct phases: (i) an initial
stage involving dehydration and the release of light volatile compounds, which
occurs between room temperature and 200 °C; (ii) the degradation and de-
volatilization of both low and high molecular weight hydrocarbon compounds,
taking place in the temperature range of 200-600 °C; and (iii) a final stage where
inorganic materials decompose, accompanied by the formation of stable gases at
temperatures exceeding 600 °C[77]. The gaseous by-product consists of light
gases such as Hz, CO, CO-, H20 and C1-C4 hydrocarbons[78] (CHa, C2H2, C2Ha,
C2Hs, and CzHg). These gases can form via multiple reactions such as partial
oxidation (Eqn.(9)), water gas reaction (Eqn.(10)), Boudouard (Eqgn.(11)),
hydrogasification (Eqn.(12)), and methanation (Eqn.(13))[79].

C +1/20, — CO 9)

C+Hz0 — CO + Ha (10)
2C0 — C + CO2 (11)
C +2H, — CHs (12)

CO +3H, —» CHs + H:0  (13)
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Figure 2.7: The stages of pyrolysis of sewage sludge along with the by-products.
Reproduced from Zhu et al[80] with permission from Elsevier.

P is predominantly retained in the char (80 — 100 %) after pyrolysis, with
minimal distribution in the gas and bio-0il[13,15,81], though P release to
gas/liquid phase(s) in the range ~22 — 49% has been reported[82]. Generally,
feedstocks rich in OP tend to release P in the gaseous phase[81], and SS is
deficient in OP. P content in SS char (pyrolysis char and hydrothermal treatment
(HT) char) is 2.9 — 10.6% (with an average of 7.7%), which is higher than in
chars from other feedstocks such as manures (0.4 — 5%), woody residues (0.02 —
0.5%), grasses (0.05 — 0.5%), and agri-residues (0 — 1.7%)[83,84].

2.5.1. Effect of process parameters on P
2.5.1.1. Temperature

The transformation of P during pyrolysis is similar to incineration[85]
(except for the reactions involving oxygen and the role of carbon in char[13,86])
and temperature plays a critical role. P concentration in char increases with
increasing temperature[87] due to mass loss (due to loss of volatiles) while P is
largely non-volatile. OP is most susceptible to decomposition during pyrolysis,
as reported by the majority of studies on SS pyrolysis. It can be decomposed at
temperature ~250°C to organic/inorganic poly-P with condensed functional
groups (poly-P end groups), pyro-P, and ortho-P[81,88] depending on
operational conditions. Within OP, ortho-P diester is likely to degrade first to
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ortho-P monoester and pyro-P, with ortho-P monoester being stabler than pyro-
P[89,90]. However, another study reported that ortho-P monoester and pyro-P
were decomposed at 500°C and 700°C, respectively, but ortho-P diester (~2%)
was found at even 800°C[91]. Moreover, OP can exist in char prepared at higher
pyrolysis temperatures. For instance, out of total P in char prepared at 450°C, 20%
was phytic acid[92], and when prepared at 900°C, 39% was ortho-P monoester
and 21% ortho-P diester[93], though the authors did not provide the suitable
reasons for their presence. The presence of OP in such cases might be due to its
stabilization through interactions with the ash components of the char, or
formation of organo-mineral complexes, or bonding with aromatic carbon

through electrostatic interaction and hydrogen bonding[13].

Pyro-P is most prominent at temperatures 300 — 600°C, which breaks
down to ortho-P minerals as the temperature increases[81]. Its formation during
pyrolysis can be attributed to polymerization and condensation reactions of P
species, OP degradation through hydrolysis (enhanced by H.O from the
decomposition of carboxylic acid), and dehydration of metal ortho-P such as Ca
ortho-P[13]. Also, two adjacent ortho-P groups in phytic acid can combine via
dehydration to form pyro-P[81], though phytic acid content in SS is generally
low. The formation of short-chain meta-P was also reported when SS was
pyrolyzed at 400°C, and it was hypothesized that labile C compounds facilitated
their formation[86]. Another study reported meta-P presence in SS char prepared
at 500°C, and 700 but not at 300°C[94]. However, these studies reported meta-P
based on XPS peaks which are often difficult to assign due to SS char
composition and proximity of peaks of various P compounds (Table 2.3). 3P
NMR peak of metaphosphate is also difficult to assign due to its potential
hydrolysis during extraction (liqguid NMR) or overlap with Al-P species (solid-
state NMR)[51]. Nevertheless, the general thermal stability order of various P
species during pyrolysis is OP < meta-P < pyro-P < ortho-P. After the
decomposition of OP, pyro-P and meta-P, IP (ortho-P associated with metal or
minerals) is predominant because metal/mineral combines or complexes with
ortho-P released during their degradation. Similar to incineration, the crystallinity
and relative fraction of AP increases while NAIP reduces in char as temperature
increases because of its thermodynamic stability[13] but the relative molar ratio
of cation/P is crucial for P speciation. It was hypothesized that Ca and Mg would

react with carboxyl and carbonyl groups rather than P until these groups are
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volatilized at temperatures > 500°C and thus AP fraction would increase
significantly at higher temperatures[95]. The hydroxyapatite formation is
dependent on both the Ca/P molar ratio and temperature of pyrolysis and starts
decomposing above 900°C[93] via the dihydroxylation reaction. The
bioavailability of P in char reduces when char is prepared at a higher temperature
(> 500°C)[96], though another study on co-pyrolysis of SS with Ca additives
found that char prepared at 900°C had better fertilization effect than that prepared
at 500°C[93]. Overall, P tends to immobilize in the char matrix with increasing
pyrolysis temperature[81]. Thermodynamic modelling indicates that P is non-
volatile till 800°C during SS pyrolysis[97]. Modelling also suggests the presence
of P in slag above 650°C, whose fraction reduces when P volatilizes to P, and
combined heat and power (CHP) gas species above 800°C[97]. This study
reported discrepancies in modelling and experimental results and there is a need

for further studies on P volatilization during pyrolysis.
2.5.1.2. Other process parameters

Heating rate, and feedstock residence time are also important parameters
during SS pyrolysis[76]. In the temperature range of 400 — 600°C, a heating rate
of 20°C/min led to more NaOH extractable P (i.e., NAIP) than at 5°C/min[95].
Also, higher residence time promoted NAIP to AP conversion, especially at
pyrolysis temperatures above 500°C[95,98]. This trend implied that temperature
was more important than other process factors in determining P speciation. Pyro-
P was higher in the chars prepared with a shorter residence time (30 min) but the
difference reduced at the pyrolysis temperature was increased from 400 —
600°C[95]. The reactors generally used and suggested for pyrolysis are fixed bed,
bubbling fluidized bed, auger reactor, and rotary kiln, among others[99]. Rotary
drum and rotary kiln reactors are commercially utilized for SS pyrolysis in the
EU, in conjunction with gasification and incineration[100]. The effect of process
parameters other than pyrolysis temperature on the fate of P in SS has not been

well investigated.
2.5.2. Effect of feedstock properties on P

Feedstock composition has a critical influence on P speciation and
partitioning. P speciation in char depends on the chemical composition of SS,
which is affected by raw sewage composition and sewage treatment process (as

discussed in Section 2.2). When primary sludge, secondary sludge, digested
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sludge, and dewatered sludge were pyrolyzed at 300, 500, and 700°C, AP fraction
was highest in char from dewatered sludge prepared at 700°C because it had the
highest Ca concentration[96]. The particle size of dry SS affects the interaction
of P with additive, for instance, soaking granulated SS against finer SS in
K(CH3COO) for enhancing water-extractable potassium phosphate (K-P)[101].
It was also observed that char with finer particle size (< 0.25 mm) had higher
water-extractable P than coarser particle size (<2 mm)[102]. To alter P physico-
chemical characteristics, SS is blended with chemicals such as hydroxides,
carbonates, bicarbonates, and chlorides of metals, and other waste materials and
subsequently pyrolyzed. The goal of co-pyrolysis is generally a directional P
transformation to increase its bioavailability or leachability using acid/bases or
increase adsorption capacity for pollutant/nutrient removal from wastewater.
There are many studies on co-pyrolysis of SS with other feedstocks and some of
the recent ones are summarized in Table 2.7. Most co-pyrolysis studies aimed for
enhanced AP fraction in char by adding Ca-rich substrates. Though AP fraction
increases with increasing temperature without additives, this conversion is
hindered if the Ca/P molar ratio is low (<1)[13,103]. AP fraction can increase
significantly with increasing temperature by adding Ca-based additives. Very
few studies focussed on AP to NAIP conversion to enhance the alkaline

extraction of P from SS without co-extracting TES[13].
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Table 2.7: Some of the recent studies on co-pyrolysis of sewage sludge with chemicals or other wastes.

Sludge type Sewage Sludge Additive  Pyrolysis condition Significant findings Ref.
treatment Pretreatment
SS (mixto  Conventional Fenton’s reagent KOH, Horizontal tube Fenton’s reagent increased Fe-P in SS, which was [104]
PS +SeS)  (with A/A/O NaOH, furnace; 300 — converted to potassium phosphate during KHCOs-
process) K2COg, 700°C; 10°C/min;  activated pyrolysis, enhancing the water-soluble P
Na.COs, 2 h; Ar in the resulting biochar. Water-soluble P increased
KHCOs, from 0.5 to 96.2% due to KHCOs3 addition. Final
NaHCO3 recovery of vivianite.
SS (mixto  Conventional - CaCO3 Tube furnace; 500 AP fraction in IP increased from ~68 to 98% due to  [105]
PS + SeS —700°C; 5°C/min;  CaCOz addition while AP concentration in char
after AD) 2 h; N2 increased at higher temperature (700°C) leading to
increase of slow-release P in char.
SS - - CaCl; Tube furnace; Ca addition promoted decomposition of OP and [106]
500°C; 15°C/min;  pyro-P while calcium phosphate (Ca-P) increased
2 h; N2 on average by about 10% to ~90%, which was more
bioavailable compared to unamended char.
SS - Ca0, and Horizontal Increase in AP fraction due to CaO was more [89]
MgO microwave obvious than MgO and was 2.5 times higher than in
furnace; 300 — unamended case. Besides, addition of CaO and
500°C; 20°C/min;  MgO also inhibited the formation of pyro-P during
1h, N2 pyrolysis.
SS Undigested Soaked in - Thermogravimetric High K-doping (5%) and low pyrolysis temperature  [101]
K(CH3COO) analyzer; 400 — (400°C) suitable for enhancing water-extractable P
solution 900°C; 50°C/min;  (43% of TP)
10 min
SS AD + FeCls Sprayed with - PYREG Water-extractable P fraction trend in the char from  [101]
K(CH3COO) continuous auger lab-scale pyrolyzer similar to microscale pyrolysis
solution reactor; 500 — via thermogravimetric analyzer. K-doping led to

K2HPO4 formation during pyrolysis, which is easily




SS

SS

SS

SS

SS (PS +
SeS)

SS

Modified
sequential
batch reactor +
poly-aluminum
chloride

Undigested

Extraction of SS
in KsPOg4
solution

Sprayed with
K(CH3COO0)
solution

CaO

CaO, CaCl,

Cao,
MgCly,
MgCl, +
CaO

PVC, NaCl,
MgCl,, and
CaCl;

700°C; ~2 kg/h;
~20 min, N>

Muffle furnace;
300 — 500°C;
10°C/min; 3 h, N2

Tube furnace; 500
—800°C;
10°C/min; 2 h

Horizontal tube
furnace; 450 —
850°C; 10°C/min;
2h; N>
Microwave
furnace; 300 —
700°C; 20°C/min;
1-25h; N>

Horizontal
furnace; 300 —
900°C; 5°C/min; 4
h: N2

Auger reactor;
700°C; ~2 kg/h;
~21.5 min, N2

water-extractable. But higher temperatures led to
Ca-P fractional increase.

SSrich in Fe, when spiked with KsPOg, led to
higher fraction of Fe;PO4(OH)sr-3 formation during
pyrolysis. This trend enhanced P availability in
char.

NAIP to AP conversion due to addition of CaO and
higher temperature pyrolysis. Fast wet P release
from char inhibited by CaO addition leading to
slow-release fertilizer production.

22.5 — 49% of P released from unamended SS when
pyrolyzed at 850°C. CaO addition inhibited P loss
during pyrolysis while CaCl; facilitated P
volatilization.

Greater residence time and addition of CaO
promoted NAIP to AP conversion while MgCl>
addition promoted AP to NAIP conversion. When
both additives were added simultaneously, CaO
dominated leading to NAIP to AP conversion.

P solubility in neutral ammonium citrate increased
after chlorination, peaking at 700°C for each series.
After pyrolysis at 700°C, P solubility rose
significantly from 40.1% in sludge biochar to upto
76.6% in amended biochar (corresponding to
MgCly, due to formation of Mgz(PO4).). Some of
the trace elements were volatilized.

K-doping increased the fraction of water-extractable
P due to formation of KoHPO4 within the char
matrix.

[107]

[108]

[82]

[98]

[109]

[110]
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SS (PS +
SeS after
AD)

SS

SS

SS (influent
was mainly
industrial

wastewater)

SS

Activated
sludge process

A/AIO

Interactive
batch
bioreactor deep
treatment
process.

A/A/O +
aluminum
sulfate

Extraction of SS

with alum sludge

atpH~3-4
using HCI.

Phosphate
tailings

Reed
(Phragmites
australis)

Rice husk

Calcined
clam shell
powder

Horizontal tube
furnace; 400 —

900°C; 20°C/min;

1h; N2

Tube furnace; 600
—900°C; 5°C/min;

1 h; N2

Modified muffle
furnace; 300 —

700°C; 10°C/min;

2 h, N2

Tube furnace; 300

—700°C;

10°C/min; 2 h; N>

Horizontal tube
furnace; 500 —

800°C; 10°C/min;

1h, N2

SS acidic pretreatment promoted AP to NAIP
conversion in SS, selective removal of Ca and Mg,
and enrichment with Al. Al-P species dominated in
pretreated SS char compared to non-pretreated SS
char, which led to subsequent high alkaline
extraction efficiency (~75% overall) of P.

Ca from phosphate tailings increased the AP
fraction in char and P bioavailability. Trace
elements such as Zn, Pb, Mn, Ni, and Cu
immobilized in char and were less bioavailable.

NAIP to AP transformation and reduced toxicity
due to trace elements in the char from the co-
pyrolysis. OP fraction of TP higher in blended char
than pristine SS due to high OP content in reed.

Addition of rice husk promoted OP to IP
transformation and immobilization of trace
elements.

The OP content was inhibited, AP/NAIP fraction
increased, water-extractable P reduced, and trace
elements were immobilized due to co-plyrolysis

with calcined clam shell powder.

[13]

[103]

[111]

[112]

[91]

A/A/O: anaerobic-anoxic-oxic; AD: anaerobic digestion; PS: primary sludge; PVC: polyvinyl chloride; SeS: secondary sludge
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26. FATE OF PHOSPHORUS DURING HYDROTHERMAL
TREATMENT

During HT, wet SS is subjected to heating in a closed vessel under
autogenous above-saturation pressure. Since moisture content in SS is high (70 —
80%), water is both reactant and solvent during HT. Depending on the operating
conditions, HT is divided into three main categories, hydrothermal carbonization
(HTC), hydrothermal liquefaction (HTL), and hydrothermal gasification (HTG),
providing biochar, bio-oil, and syngas as their main products, respectively. The
broad temperature range for HTC, HTL, and HTG are 180 — 250, 250 — 370, and >
400°C, respectively, while the operational pressures are 2 — 5, 5 — 20, and >20
MPa, respectively[113-115]. HT is performed in either of two states: sub- or
supercritical water. Subcritical water is defined by temperatures ranging from
100 — 374°C, with pressures sufficient to maintain the liquid phase. When the
temperature surpasses 374.3°C and the pressure exceeds 22.1 MPa, water
transitions into a supercritical state, exhibiting unique properties such as very low
density, dielectric constant, and inorganic solubility, while high hydrocarbon
solubility. P content in SS hydrochar is 0.2 — 8.1%, with an average of 4.1%[115].
The main reactions during HT are hydrolysis, dehydration, decarboxylation,
condensation, and polymerization[116,117] (Figure 2.8). The fate of P during
these reactions is not well established. In recent years, several studies have
deciphered the effects of process parameters and feedstock properties on P

transformation and partitioning.
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Figure 2.8: The reactions during hydrothermal treatment of sewage sludge.
Reproduced from D. Lachos-Perez et al. [113] with permission from Elsevier.

2.6.1. Effect of process parameters on P

Like other thermochemical processes, temperature has a predominant role
in P speciation and phase partitioning in the HT process. However, other factors
such as solid/liquid ratio, and retention time might be important as homogeneity
of mixed slurry and pressurized high-temperature operation can lead to extensive
P conversions compared to other thermochemical processes. Random forest-
based modeling suggests the following order of significance of process
parameters for total phosphorus (TP) in hydrochar: temperature > retention time >
initial pH of HT[118].

2.6.1.1. Temperature and retention time

The effect of HT temperature on the fate of P during SS HT is most widely
investigated among all the operational parameters. This trend can be attributed to
the critical effect of temperature in altering the properties of sub- and supercritical
water. In subcritical conditions, hydrogen bond in water is weakened leading to

the autoionization of water into hydronium and hydroxide ions[116].
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Consequently, compounds in SS are transformed in acid-catalyzed reactions
during HT. To assess the combined effects of temperature (T, in K) and reaction

time (t, in s), severity factor (T, t) is generally used (Eqn.(14)):
f(T, t) = 5072350 (14)

where f was originally conceptualized for hydrothermal coalification[119].
This model is based on time-temperature equivalence, i.e., a similar product can
be generated with a shorter time and higher temperature or a longer time and
lower temperature. In this review paper, the temperature and retention time
effects are presented as per sub-categories of HT i.e., HTC, HTL, and HTG,

though there are some studies on their comparative analysis[120,121].

2.6.1.1.1. Hydrothermal carbonization (HTC)

The studies on the fate of P during SS HTC are most common among the
three sub-categories. In general, with increasing severity (f(T,t)), i.e., increasing
HTC temperature and/or retention time, P concentration in hydrochar and
AP/NAIP fraction increases (with temperature being a more important
determinant than retention time)[115]. Most studies on HTC indicate that P
fraction of SS in hydrochar is > 80% when f(T,t) < 0.6[115]. With increasing
temperature (180 to 260°C), the fraction of P in process water reduces (especially >
200°C), while the effect of increasing retention time (1 to 5 h) has no clear
trend[122]. However, some studies reported an increasing P fraction in hydrochar
with increasing retention time (0.5 to 4.5 h) for the same HT
temperature[123,124]. Another study found that P in process water was more
dependent on temperature rather than retention time (> 220°C)[125]. OP
degradation during HT can start at 50°C[55] and its complete degradation has
been observed at temperatures > 175°C[124], broadly consistent with the trend
in most studies on HTC of SS. However, some monoester-P (< 5%) has been
reported in hydrochar prepared at 200°C[41,55]. Dissolved OP degradation has
been explained via a two-stage process, i.e., stage | (50 — 120°C) and stage 11 (120
—200°C)[55]. In stage I, the solubilization order with increasing temperature was:
adenosine diphosphate (ADP) (50°C) > diester-P (70°C) > monoester-P (70°C)
and they were decomposed to dissolved OP hydrolysates[55]. These hydrolysates
reacted with nitrogenous heterocyclic compounds generated via Maillard

reactions, and other reactions such as reduction, decarbonization,
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decarboxylation, and denitration aided the dissolved OP transformation to metal-
OP (or IP) complexes and co-precipitates, especially above 180°C[55]. Another
study reported almost complete degradation of dissolved OP to ortho-P at f(T,t) >
0.18 (210°C for 1 h)[126]. The release of phosphonates at temperatures >160°C
was also reported[55]. At the same HTC temperature, monoester-P is likely to
degrade before pyro-P[41]. OP upon hydrolysis can transform to pyro-P and/or
ortho-P, and other weaker metal-complexed/adsorbed/precipitated P with Ca, Al,
Mg, and Fe as the process severity increases (especially temperature)
[81,115,127]. Thus, the relative abundance of metal cations has a critical role in
P repartitioning and fractionation, which in turn depend on feedstock properties.
Pyro-P hydrolyses to ortho-P as the temperature and/or residence time
increase(s)[88,127]. Overall, P in SS hydrochar predominantly exist as inorganic
ortho-P. AP fraction in IP increases with increasing process severity (temperature
being more crucial than retention time), especially above 220°C[115], and
thermodynamic modelling suggests that hydroxyapatite would be the largest
fraction in IP due to its thermodynamic stability[125]. A study found no
significant variation in bioavailability of P in hydrochar with change in
temperature (180 — 200°C) and retention time (4 — 8 h) on the plant availability
of P in hydrochar[128]. Another study found the increase in plant-available P and
decrease in water-extractable P with increasing HTC temperature (180 —
240°C)[129]. Since plant availability of P depends on the soil environment
(temperature, soil texture, pH, humidity, presence of oxides and carbonates, etc),
the quantification based on extraction techniques might not be reliable and
require pot/filed experiments[80]. Hence, the effect of HTC temperature and
retention time on plant availability of P is inconsistent, though a general trend
suggests that P transforms to a less labile form (i.e., extractable using acid/alkali)

with increasing process severity[92,129].

2.6.1.1.2. Hydrothermal liquefaction (HTL)

About 85 — 99% of the P in SS is concentrated in hydrochar after HTL
[127,130,131], followed by P in aqueous phase with negligible P in 0il[132-134].
However, one study reported ~33% mass fraction of P in bio-oil, though in
mineral form and filterable [135]. The containment of P in hydrochar after HTL
was attributed to cations (Ca, Mg, Al, Fe) which bind to ortho-P (in-situ or
released by OP)[132]. Given the temperature range of HTL (~280 — 370°C), OP
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is unlikely to be present in hydrochar, as evident in some studies[127,131].
Species such as octacalcium phosphate and hydroxyapatite increased while
AIPO4 and Mgs(POa)2 reduced as the HT temperature increased from 170 to
320°C, indicating the increase in AP/NAIP fraction as the HT temperature
increased from 260 — 320°C [127]. However, another study found insignificant
variation in AP/NAIP fraction during HTL (325 — 360°C)[131]. The increase in
retention time from 30 — 120 min at 350°C led to an increase of P in
hydrochar[136]. In conclusion, the general trend of P transformation with
increasing temperature and retention time during HTL indicates that P is
concentrated in hydrochar, OP is almost completely hydrolyzed to IP, and AP

fraction might increase in TP.

2.6.1.1.3. Hydrothermal gasification (HTG)

During HTG, P in SS could be concentrated in hydrochar (~83 — 98%)
[120,134,137] or in process water (~65 — 85% ) (500 — 600°C), but negligible in
bio-0il[134]. The temperature increase led to an increase in P fraction in
hydrochar[137,138]. OP fraction in TP reduced with increasing temperature and
retention time[139]. OP has been reported in process water as well[120,139], and
it could be as high as about 15% of TP[139]. Another study reported OP in
hydrochar prepared at 400 — 500°C, though the mass fraction was < 1%[138].
However, the presence of OP at such extreme conditions seems abnormal and
requires further investigation. In supercritical conditions, NAIP precipitated, and
AP hydrolyzed while OP converted to ortho-P[138]. Their relative fraction
depended on the complex interplay of temperature, residence time, and solid-to-
liquid ratio (SLR)[138]. The fraction of TP in hydrochar increased with

increasing retention time[137].
2.6.1.2. Other process parameters

Unlike temperature, factors such as reaction pH, SLR, pressure, and gas
composition in the HT vessel headspace prior to HT have not received great
attention. The pH drops with increased dissolution of CO: in the aqueous phase
during CO-purged HT[140], which might affect the P speciation and
fractionation. However, the authors could not find any such study. HT
encompasses a series of intermediate reactions, such as hydrolysis,
decarboxylation, condensation, dehydration, and polymerization. These
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processes contribute to the decomposition of biomacromolecules and the
subsequent formation of organic acids, including formic, acetic, lactic, and
levulinic acids[116] which could lead to a reduction in pH during HT. The
formation of NH4" via the hydrolysis of amino acids from the proteins and the
dissolution of alkaline salts in SS could increase the pH[141-143]. The pH
variation depends on operational conditions and the nature of the
feedstock[126,144]. Some studies have explored the pH variation during HT via
the addition of acid/base in the feedstock. Generally, P retention in the hydrochar
is higher at medium pH (for instance, 3 — 11)[115,145]. At extreme pH (for
instance, < 2 or > 12), the effect of temperature and retention time is not
significant for P phase partitioning[146], and most of it will be released to process
water (can be > 90%)[147,148]. A study found that H* releases both OP and IP
effectively during acidic HT, while OH" releases only OP effectively during
alkaline HT[148]. It was reported that H* binds to the negatively charged tail
while OH" binds to the positively charged head of the phospholipid chain, and
thus the mechanism of phospholipid disintegration is different during acidic and
alkaline HT[148]. The OP/IP fraction in process water and hydrochar is low at
extreme pH compared to medium pH[147,149]. Since P in SS is primarily IP (Ca-
P, Al-P, Fe-P, etc) which dissolves in strong mineral acids[13], the fraction in
process water is high at low pH. A study found that inorganic acids such as H2SO4
are more effective in releasing P in process water compared to organic acids such
as HCOOH and CH3COOH[150]. In strongly alkaline conditions, NAIP
dissolves which might increase P in process water. Generally, Ca-P precipitates
in alkali but it might dissolve as well if COs? is high, which competes with PO,*
for Ca precipitation[115]. NAIP to AP conversion at pH > 9 was reported in a
study suggesting the precipitation of Ca-P when Ca is sufficiently abundant in
the feedstock[149].

The aqueous phase before HT can be altered using oxidants such as H203,
K2S20g, and Na>S»0s, ethanol-water cosolvent[151], and deep eutectic solvent
for P transformation and phase partitioning. The addition of oxidant led to
enhanced degradation of OP[137,152], retention of P in hydrochar[152], or
release in process water[153]. Deep eutectic solvent (CaCl»-lactic acid) promoted
the conversion of poly-P to pyro-P and ortho-P leading to its concentration in
hydrochar[154]. The AP/NAIP fraction increased while OP/IP in process water

had a mixed outcome with the application of deep eutectic solvent[154]. The
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variation in SLR (2.5 — 30% w/w) led to a minor variation in the fractional phase
distribution of P in solid and liquid (with the major fraction in solid)[125,141].
Though P concentration in process water increased with increasing
SLR[141,155], owing to reduced quantity of water. It was observed that the
reaction medium was more alkaline with increasing SLR (5 — 10%
w/w)[125,141], which led to the precipitation of Ca-P and dissolution of Al-P,
consequently increasing the AP and decreasing NAIP in hydrochar[125]. In HTG
as well, higher SLR led to higher content of NAIP in hydrochar, though it was
detrimental to the decomposition of OP[138]. Due to autogenous pressure build-
up during HT, it is difficult to decouple the effect of temperature and pressure on
P speciation and phase distribution. A study reported that TP and OP were
reduced with increasing pressure[138]. Thermodynamic modeling indicated that
the conversion of condensed phase P to gaseous P and the formation of

hydroxyapatite would be inhibited with increasing pressure[125,156].
2.6.2. Effect of feedstock properties on P

The feedstock chemical composition has a significant bearing on the fate
of P during HT, especially since it homogenizes the feedstock and thus allows
greater contact between chemical species. SS may be rich in IP or OP depending
on the sewage treatment process, but most P forms convert to ortho-P during
HT[92]. Several studies reported a decline in P recovery in the hydrochar with
rising temperatures, indicating that ortho-P remained dissolved in the process
water[115]. It was likely due to a lack of metal cations or unfavorable pH
conditions for metal phosphate precipitation. Conversely, if sufficient metal ions
are present, P will be retained in the hydrochar even in acidic HTC[144]. A study
compared thickened sludge, digested sludge, and dewatered sludge, and found
that P was concentrated in hydrochar in all the cases, with dewatered sludge
having the highest concentration (~11 mg/g)[157]. Random forest-based
modeling suggested that TP in SS strongly and positively influenced the TP in
hydrochar[118]. Hence, the HT of dewatered SS is most suitable for P recovery,
as it generally has the highest P content among various sludge types. Another
study compared the HTC of activated sludge and anaerobic sludge and observed
that relative abundance and form of metal ions in sludge affected the P forms in
hydrochar[92]. For instance, Fe existed mainly as a hydroxide mineral while Ca

formed carbonate and sulfate minerals in sludge[92]. Thus, PO4> precipitation
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with Ca?* would be impeded if SO4? and/or COs% concentration in sludge is high.
The relative fraction of major metal ions with affinity of bonding with P such as
Ca, Al, and Fe can be altered using chemicals or other wastes. Some of studies
on co-HT of SS with chemicals or wastes are summarized in Table 2.8. Majority
of these studies reported that P was concentrated mainly in hydrochar, and
AP/NAIP fraction in hydrochar depended on prominent metal cation in the

additive.
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Table 2.8: Some studies on co-HT of SS with other feedstocks published in the last four years.

Sludge Sewage treatment Sludge Additive HT Significant findings Ref.
type Pretreatment condition
SS Sequencial batch - Complexation agent HTC EDTA most effectively facilitated P release [158]
reactor (ascorbic acid (AS), to the process water during the hydrothermal

citric acid (CA), N, N-bis treatment of SS, followed by GLDA, CA, and
(carboxymethyl) AS. EDTA complexation with Ca, Fe, and Al
glutamic acid (GLDA), in SS facilitated P release. Temperature

and EDTA) above 160°C led to thermal decomposition of

Al and Fe complexes which promoted P
precipitation in hydrochar.

SS Anaerobic digestion. P - MgCl; HTC P enrichment in hydrochar and its higher [159]
precipitated using solubility in water, citric acid, and alkaline
aluminum dichloride or ammonium citrate due to MgCl, addition.
sodium aluminate
SS Anaerobic/Anoxic/Oxic Dewatering - HTC P enriched in hydrochar due to flocculant [160]
(AJ/A/O) using addition, which provided metal ions for
flocculants precipitation of ortho-P.
(polyacrylamide,
polyaluminum
chloride and
FeCls)
SS - - Ca0O HTC High-temperature HTC and CaO addition [161]

promoted almost complete conversion of
NAIP to AP. Hydroxyapatite (Cas(PO4)sOH)
formation was reported via experimental and
simulation data.

SS - - CaCl» HTC CaCl dosage and higher feedwater pH [162]
promoted NAIP to AP conversion.
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SS

SS

SS (PeS
+ SeS)

SS

SS

AJA/O and poly-
aluminum sulfate for
chemical P removal

Polymer flocculant

Activated sludge
process

Biological treatment

Activated sludge
process

FeCls

K2COs3

SS mixed with alum
sludge at pH ~3 — 4 using
HCI

Cheese whey

Rice straw, cellulose,
lignin, and KOH

HTC

HTL

HTC

HTC

HTC

Ca3(POa)2, and CazP.07 rather than
Cas(PO4)30H were main products after HTC.

Low pH and high Fe content due to FeCls3
facilitated AP to NAIP conversion during
HTC. Around 92% of P in SS recovered as
K-struvite after alkaline extraction of P from
hydrochar.

Most P (> 90%) concentrated in hydrochar
rather than in process water or bio-oil when
HTL was conducted with/without catalyst
(K2COg). P existed in hydrochar mainly as
hydroxyapatite (Cas(POa4)3(OH)).

AP to NAIP conversion promoted by alum
sludge in acidic HTC conditions. Low trace
elemental extraction during alkaline
extraction of P from hydrochar. Optimized
conditions for highest alkaline extraction of P
from hydrochar identified.

P retention in hydrochar and improved fuel
property of hydrochar due to co-HT process.
Hydrochar suitable as organic fertilizer
despite trace element presence in it.

Co-HTC facilitated the formation of Al-P and
Fe-P compounds. The use of additives
enhanced the bioavailability of P, with lignin
proving to be the most effective and cellulose
the least effective.

[41]

[133]

[144]

[163]

[164]
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3. PHOSPHORUS
TRANSFORMATION DURING ACIDIC
PRETREATMENT OF SEWAGE
SLUDGE WITH ALUM SLUDGE AND
ITS ALKALINE EXTRACTION

The findings of this chapter have been published as an original research

article:

Tiwari, S.B., Hooper, T.J., Veksha, A., Chan, W.P., Fei, X., Liu, W., Lisak,
G. and Lim, T.T., 2023. Sequential wet extraction of phosphorus from sewage
sludge using alum sludge: reassessing the aluminium-phosphorus speciation
using experimental and simulation approach. Chemical Engineering Journal, 459,
p.141569. https://doi.org/10.1016/j.cej.2023.141569.

Some minor modifications have been incorporated into the published

version to ensure its consistency with this thesis.
3.1. INTRODUCTION

In 2014, the European Commission added phosphate rock to the critical
raw material list due to increasing demand (from growing population and food
security), lack of alternatives and skewed geographical availability [2]. Sewage
sludge (SS) has one of the highest P concentrations among all biomass wastes [1]
and hence it is a promising reclaimable source of P. It can be recovered directly
from SS or the solid residues of SS thermal treatment (ash and char) using
processes such as acidic or alkaline leaching, wet oxidation, thermal hydrolysis,
super-critical water oxidation and bioleaching [9]. Acidic leaching of
incineration sewage sludge ash (ISSA) for P recovery has been a major research
focus in the last two decades. This focus is cogent as developed countries treat
SS primarily through incineration [165] and acidic leaching has a high P recovery
efficiency (upto 100%). However, toxic trace elements are concomitantly leached
during acidic leaching and thus require an additional purification step for P
recovery. In alkaline extraction, the leaching of the trace elements can be avoided
but has a poor recovery efficiency (<50%) [63]. Consequently, there are fewer

studies on alkaline leaching compared to acidic extraction [8,67].
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Generally, a low P/Ca molar ratio (<2) leads to a low P recovery because
apatite phosphorus (AP) (Ca-P) does not leach in alkaline conditions [8]. Petzet
et al. [14] propose SESAL-Phos process in which acid leaching is performed
prior to alkaline leaching of ISSA. Acidic leaching promotes AP to non-apatite
inorganic phosphorus (NAIP) (such as Al-P and Fe-P) conversion in Al-rich
ISSA, eventually leading to high alkaline P recovery. Ca-P dissolution and Al-P
precipitate formation during acidic leaching (pH 3-5) in the SESAL-Phos process
are elucidated using these representative equations (Eqn.(15)-(17)):

Cag(A)(PO4)7 + 21HCIl — 9Ca?* + AP* + TH3PO, + 21CI- (15)
B6AI(OH)3 + 18H* — G6AI®* + 18H,0 (16)
TAIR* + TH3POs — TAIPO4 (5 +21H" (17)

Few other sequential extraction processes achieved high P recovery by
promoting AP to NAIP conversion in Al-rich ISSA or char [8]. However, when
Al- based coagulant is not used for P removal during wastewater treatment, SS
produced might be deficient in Al, thus making these processes unsuitable for P
extraction. In general, this dependence on intrinsic SS characteristics impedes
wider application of these processes. It is unclear whether an ex-situ addition of
Al in SS would promote AP to NAIP conversion via the same mechanism. This
uncertainty is because Al-P and Ca-P might not solely exist and interact, as shown
in the equations above, since the precipitation-dissolution and adsorption-
desorption reactions in the environmental processes are highly complex. This
complexity might accentuate during the leaching of dried sludge due to its
complex chemical composition compared to ISSA (higher TEs and organic
fractions). Currently, most studies on dried SS explored the optimum operational
conditions for P recovery and a few have analyzed P conversion during
acidic/alkaline extraction (Table 2.6). However, P speciation during dried SS
leaching has not been comprehensively studied. Thus, there is an evident research
gap.

This study aimed for an enhanced alkaline P recovery from the dried SS
by amending it with alum sludge (AS). AS is a waste produced during drinking
water treatment with alum coagulation and is mainly composed of Al(OH)3
precipitate. Besides SS, global AS production faces a significant disposal
challenge [166,167]. The two-fold objectives of amending SS with AS were: (a)
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enriching SS with Al ions and (b) simultaneous processing of two waste streams
for dual waste management. There are diverse applications of AS (including for
phosphorus removal from wastewater) [167], but to the best of the authors’
knowledge, this is the first study on P recovery from AS-amended SS. Five
alkaline leaching experiments (with/without acidic pretreatment) of SS
(with/without AS amendment) were conducted and the reasons for the highest P
recovery among them (amended+pretreated) were investigated. The research
questions being addressed were: (1) was an ex-situ Al-source (AS) useful for AP
to NAIP conversion in dried SS (2) did acidic pretreatment led to AIPO4
formation (3) did excess Al ions enhance alkaline leaching efficiency without
acidic pretreatment. P speciation and the detailed mechanism of P conversion
from AP to NAIP were investigated using experimental and theoretical analyses.
Especially, Visual MINTEQ was utilised for the simulation of acidic
pretreatment process and solid-state nuclear magnetic resonance (SSNMR) for
the experimental validation of AP to NAIP conversion. The findings from this
study might benefit regions that dispose of dried sludge rather than incinerating
it. This includes not just developing countries but developed countries such as
the US, where less than 45% of the generated sludge is incinerated [165].
Moreover, many studies on gasification or pyrolysis of SS for P recovery use dry
SS as the feedstock. Hence, a study on dry sludge can provide complementary
data for comparison, especially because there are fewer studies on P recovery
from dried SS than ISSA [67].

3.2. EXPERIMENTAL
3.2.1. Sample collection and processing

Dewatered SS (mix of primary and digestate sludges) was collected from
a water reclamation plant (WRP) and dewatered AS was collected from a
waterworks in Sept-Oct 2020. In Singapore, WRP treats wastewater from
domestic and non-domestic sources, while the waterworks treats water from the
surface water reservoirs. Grab sampling was conducted and the collected samples
were well preserved in sealed containers and stored in a cold room (below 4°C).
Dewatered SS and AS were processed separately before characterisation and
experimentation. The sample processing was as follows: the dewatered SS and
AS were dried at 50 °C (should be less than 60 °C to preserve organic phosphorus

compounds [44]) in a drying oven with forced air circulation for at least 24 h.
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The drying conditions were suitable for practically removing all the moisture in
the samples in this experiment. After drying, the samples were homogenised
using a kitchen mixer (Kenwood Prospero) and then crushed to approximately
0.1-0.2 mm using a jaw crusher (Retsch BB50). Finer AS particles were obtained
using a ball mill (Retsch PM100) with 5 mm zirconia balls. The samples were
homogenised again using the kitchen mixer and sieved to approximately 63-150
pum particle size. Finally, the sieved samples were dried again at 50 °C for at least
24 h and stored in air-tight plastic bottles for characterisation and
experimentation. Henceforth, the samples (SS and AS) would refer to the
processed samples, not the as-received dewatered SS and AS, unless otherwise
stated.

3.2.2. Sample characterisation

The physico-chemical characterisation of SS and AS was conducted. pH,
conductivity, and total dissolved solids were determined using Mettler Toledo
SevenGo Duo [168]. Elemental composition (C, H, N, S) was obtained using an
elemental analyser (Elementar Vario El cube). Density, moisture content, Ashsso,
Ashgso and higher heating value were determined according to the conventional
methods [169]. Inorganic elemental analysis was performed by digesting in a
microwave acid digester (Anton Parr Multiwave5000) [170]. Hydrofluoric acid
(HF) was utilised for the ‘complete’ digestion of recalcitrant silicate and organic
phosphorus compounds. The digestate and leachate samples were analysed using
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (Perkin
Elmer Optima 8300 OES) for the quantification of major inorganic elements and
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (Thermo Fisher
ICAP QC) for trace inorganic elements. Orthophosphate (ortho-P) concentration
in the digestate and leachate samples was determined using lon Chromatography
(1C) (Dionex Aquion) [25]. Most studies in the literature use the molybdenum
blue method for ortho-P quantification, which is prone to ionic interferences and

relatively cumbersome, unlike the IC [25].

The leachate samples were filtered using 0.45 pm and 0.22 pm
PVDF/PTFE filters prior to the analysis. Blank, blank spiked and matrix spiked
samples were used to monitor the percent recovery in the IC, ICP-OES and ICP-
MS analysis. In most cases, the percent recovery of analytes ranged from 90-

110%, well within the acceptable limit for environmental samples [25]. The
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concentration of analytes was reported as mg/kg (dry basis). The sample
characterisation, microwave acid digestion, leaching experiments and the
Standards Measurements and Testing (SMT) analysis were conducted at least in

triplicate.
3.2.3. Experimental plan

The experimental plan is illustrated in Figure 3.1. SS and AS were mixed
in a 3:2 ratio (w/w), resulting in an approximate P:Al molar ratio of 1:3 in the
mixed sludge sample, which is hereafter referred to as M3. Trial experiments
were conducted to verify if 1:3 molar ratio was sufficient for AP to NAIP
conversion without significantly diluting P concentration in the mixture (as P
concentration in AS is relatively low). The sample weight and leachant volume
for all the processes are specified in Table S 3. Processes A and B represent the
reference cases for non-pretreated and acid-pretreated SS, respectively. Process
C was performed to observe the effect of solid Al on alkaline leaching; Process
D was to investigate the effect of acidic pretreatment on alkaline P leaching due
to AP to NAIP conversion. Process E was conducted to evaluate if the aqueous
Al ion was more effective in alkaline P leaching than Al in solid form (as in
Process C). Though various P species might exist in the leachate samples, only
free ortho-P concentration was determined as it can be utilised for salt

precipitation such as struvite and subsequent fertilizer production.
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. . --=-> Liquid flow
(A) Alkaline leachingofss [ . Mixed flow
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(NaOH)
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pH~13.5 Solid residue
(B) Alkaline leaching of SS after its acidic pre-treatment
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(SSA(aq))
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DESIGN CASES
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ARy ee— . - M3B(aq)
1
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(D) Alkaline leaching of M3 after its acidic pre-treatment
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(E) Leaching of SS using Al-rich NaOH solution
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Al(aq) residue
1
pH~13.5

Solid
residue

Figure 3.1: Experimental plan showing reference cases and design cases. The
design cases involve alum sludge (AS) as an amendment in the leaching process.
M3 represents the sewage sludge (SS) and AS mixture in the ratio of 3:2 (w/w)
and TEs means the trace elements. The notation system for the relevant solid and
liquid samples is also indicated.
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3.2.3.1. Experimental procedure

SS and M3 were subjected to acidic pretreatment before alkaline leaching
in Processes B and D (Figure 3.1). 0.4 g of sample was mixed with 40 mL of
deionized (DI) water in a 50 mL centrifuge tube. Then, 10-20 puL of 6 M HCI was
added dropwise using a 100 pL pipette to reduce the pH of the mixture to 3.5-4.
Precise pH control is essential at the start of pretreatment to promote AP to NAIP
conversion. A pH range of 3-4 is also recommended to reduce the concentration
of interfering ions [9]. The mixture was agitated overnight (16 h) and centrifuged
(Kubota 3700) for phase separation. Acidic leachate was filtered and analysed as
explained above (Section 3.2.2). The solid residue was dried at 50 °C in a drying
oven with forced air circulation for at least 24 h. The dried sample was crushed

into powder and used for alkaline P leaching.

In Process E, an Al-rich alkaline solution (Al(aq)) was prepared by adding
AS to 1 M NaOH at a 250:1 liquid-to-solid (L:S) ratio (mL/g) and the mixture
was agitated overnight. Subsequently, the mixture was centrifuged to obtain the
leachate, which was filtered for further use. This L:S ratio was selected to keep
the liquid (ml):AS (g) ratio the same in Processes C and E. For alkaline leaching
in all the processes, non-pretreated/pretreated SS or M3 was mixed with 1 M
NaOH or Al-rich solution in 100:1 mL/g L:S and agitated for 16 h (overnight).
The mixture was centrifuged and obtained leached was filtered before the

analysis.

3.2.3.2. Calculation of phosphorus loss and recovery during the experiment
The ortho-P loss due to acidic pretreatment (Processes B and D, Figure

3.1) was calculated using (Egn.(18)):

_ POiTmey
Loss = ——=x100% (18)

4 (total)

where POs* ey represents the PO4* (ortho-P) concentration in acidic
leachate of SS or M3 (Processes B and D). These leachates are represented as
SSA(aq) and M3A(aq) in Figure 3.1. POs* (tota is the total POs* in SS or M3, as
determined from the digestate of SS and AS and SS:AS mixture.

Process Recovery (PR) of PO4* was calculated using (Eqn.(19)):

s
Process Recovery (PR) = P04 vaot) x 100% (19)

3_
PO (total)
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where PO4* ao) represents PO4> concentration in alkaline leachate (i.e.,
SSB(aq), SSAB(aq), M3B(aq), M3AB(aq) or SSAl(aq), Figure 3.1).

Effective Recovery (ER) of POs* was calculated using the equation below

account for the ortho-P loss during acidic pretreatment (Eqn.(20)):

.
Effective Recovery (ER) = —ot®®m ___ 100%  (20)

PO totary=PO3 (e
3.2.4. Other analytical techniques

SMT protocol [44,171] was conducted to operationally determine NAIP,
AP, organic phosphorus (OP), inorganic phosphorus (IP) and total phosphorus
(TP) in SS, SSA and M3A samples to observe the variation in P species before
and after acidic pretreatment. SMT analysis was not performed on M3 due to the
likely interference of excess Al ions in the sample. The concentrations of various
P species in M3 are calculated using the values obtained for SS and mass balance.
Speciation of P, Al and Ca during acidic pretreatment of SS and M3 was
performed using Visual MINTEQ (VMINTEQ) version 3.1 [172]. The method
proposed by Benjamin [173] was applied in VMINTEQ to quantify the
dissolution and precipitation of various species. Owing to the complexity and
heterogeneity of environmental samples, only PO4*, AI** and Ca?* concentration

(Table 3.1) in SS and M3 was considered for the idealised modelling.

Solid state nuclear magnetic resonance (SSNMR) analyses of the non-
pretreated and acid-pretreated sludges were performed using a Bruker Avance Il1
HD 600 MHz (14.1 T) spectrometer with a Bruker 1.9 mm HXY magic angle
spinning (MAS) probe. 3!P (vo = 242.96 MHz), ?’Al (vo = 156.39 MHz) and 'H
(vo = 600.18) MHz single pulse analysis at a MAS frequency of 24 kHz was
conducted with recycle delays of 180 s, 0.5 s and 5 s respectively. 3'P-'H cross-
polarisation (CP) 2D heteronuclear correlation (CP-HETCOR) analysis at a MAS
frequency of 15 kHz was also conducted. High-power proton decoupling was
employed during all 3'P NMR acquisitions. All spectra were processed using the
Topspin software package and referenced to the unified scale using IUPAC
recommended frequency ratios relative to the 3C adamantane(s) methylene
resonance (6 = 37.77 ppm) [174,175]. Spectral deconvolution was performed
with Dmfit [176]. 3P liquid-state NMR (LSNMR) of SS extract and leachate
samples were performed on JEOL ECA400. A conventional extraction method

was adopted [41] with some modifications to obtain SS extract. 0.8 g of dry SS
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was mixed with 40 mL 0.05 M EDTA in a glass beaker using a magnetic stirrer
at 100 rpm for 1 h. Thereafter, it was centrifuged, and the solid residue was mixed
with 40 mL 0.25 M NaOH. After overnight agitation, the mixture was centrifuged,
and the supernatant was lyophilised in a freeze dryer (CHRiIST ALPHA 1-4 LD
plus) for about two days. The freeze-dried sample was mixed with 2 mL 0.25 M
NaOH and centrifuged to obtain the extract. 760 pL extract and 240 uL D2O were
transferred in a 5 mm NMR tube for 3'P LSNMR analysis. The spectrometer was
operated at 162 MHz with 90° pulse, 32678 data points, 104 scans, 5 s relaxation
delay and 1.62 s acquisition time. P species in the acidic (SSA(aq), M3A(aq))
and the alkaline (SSB(aq), SSAB(aq), M3AB(aq)) leachate were also determined
using 3P LSNMR. About 40 mL leachate was mixed with 40 mL 0.05 M EDTA
at 100 rpm for 1 h using a magnetic stirrer. After that, the mix was filtered using
a 0.45 um PVDF filter and the filtrate was lyophilised. Post-lyophilisation steps
were the same as above. All the samples were analysed as soon as possible to
avoid hydrolysis of P species [27] and an external reference (85% H3zPOa, 6=0
ppm) was used for precise peak identification.

Scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS) and SEM mapping was performed on JEOL JSM-7200F FESEM.
X-ray photoelectron spectroscopy (XPS) was conducted on an AXIS Supra
spectrometer (Kratos Analytical) operated at 5 mA using a monochromatic Al K-
alpha source. Peaks were referenced using adventitious carbon, C 1s (284.8 eV).
Samples for the SEM mapping and XPS were dried at 80 °C for four days to
remove volatiles and moisture. X-ray diffraction (XRD) (PANalytical X'Pert
PRO) analysis was conducted on sludge samples (SS, SSA, M3, M3A) to probe
crystalline phases before and after the acidic pretreatment. The operational
parameters were as follows: Cu Ko radiation (A\=1.54 A) at 40 kV and 30 mA,
with a step size of 0.1°, step time of 100 s and 10° <26 < 80° in Bragg-Brentanno
geometry. Fourier transform infrared (FTIR) spectroscopy (Shimadzu
IRPrestige-21) was performed on the same samples in attenuated total reflection
(ATR) mode.

3.3. RESULTS AND DISCUSSION

The physico-chemical characterisation and major elements in the sludge

samples are summarised in Table 3.1. The concentrations of trace elements are
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listed in Table S 4. The P/Ca molar ratio in SS is low and hence alkaline leaching

is challenging without any process modification.

Table 3.1: Physico-chemical characteristics of sludge samples.

Parameter

Sewage sludge (SS)

Alum sludge (AS)

Moisture content (%) *
pH

Dry density (g/mL)
Conductivity (mS/cm)
Total dissolved solids (g/L)
Ashsso (%)

Ashgso (%)

Higher heating value (J/g)
Carbon (%)

Nitrogen (%)

Hydrogen (%)

Silicon (%)

Phosphorus (PO4-P) (%)
Calcium (%)

Sulphur (%)

Magnesium (%)

Iron (%)

Aluminium (%)

85.9+0.21
6.5+0.0
0.9+0.1
6.4+0.0
3.2+0.0
23.5%+2.8
28.2+1.0
16527+387
39.1+0.4
6.3+0.0
6.2+0.3
3.7+0.2
2.6+0.1
2.4+0.2
1.2+0.1
1.5+0.1
1.2+0.1
0.9+0.1

66.2+0.1
7.3+0.0
0.6+0.0
1.6+0.0
0.8+0.0
59.7+0.6
31.7+7.4
ND
9.8+0.0
1.0+0.0
4.0+0.2
5.1+0.1
<0.5
0.5+0.0
1.6+0.2
<0.5
1.6+0.1
17.4+0.8

* As-received dewatered sludge samples.

ND: Not determined.

3.3.1. Effect of acidic pretreatment

SS and M3 sludge samples were subjected to acidic leaching (Figure 3.1,

Processes B and D). The pH at the start and end of acidic pretreatment for SS is
3.8+£0.2 and 4.8%0.2, respectively. For M3, it is 3.7£0.2 and 5.3+0.4 at the start

and end, respectively. A higher pH shift for M3 indicates a higher H*

consumption while leaching M3 than SS due to higher Al(OH)s concentration

(AI(OH)s+3H*—AI3*+3H,0) [64,69].
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Ca and Mg are found prominently in acidic leachate, their concentrations
being 12862+870 and 8749+70 mg/kg, respectively in SSA(aq) and 9037+877
and 54841164 mg/kg, respectively in M3A(aq). Ca and Mg losses through acidic
leachate are 54% and 58% for SS, respectively, and 55% and 61% for M3,
respectively. These results are in agreement with other studies that found high Ca
and Mg leaching in acidic conditions [14,39,69]. XRD data (Figure 3.2) shows
that struvite in SS and M3 is lost prominently during acidic pretreatment. No Ca-
containing crystalline phases are observed in SS; hence, the dissolution of Ca

phases cannot be inferred from the XRD spectra.
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Figure 3.2: XRD spectra of non-pretreated (sewage sludge (SS), alum sludge
(AS) and M3) and acid-pretreated SS (SSA) and M3 (M3A) sludges. M3
represents SS and AS mixture in the ratio of 3:2 (w/w).

Most importantly, there is negligible leaching of P when Al is abundantly
available (i.e., in M3) (Figure 3.3). The ortho-P loss through acidic leachate in
Process B is significant (63%) compared to Process D, where ortho-P loss (4%)
is inconsequential. Probably, excess Al in M3 is associated with the ortho-P
released by the dissolution of Ca-P (indicating AP to NAIP conversion). Due to

the selective leaching of Ca, the P/Ca molar ratio improved in M3A compared to
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SS or M3. Though H2SO4 performed better than HCI or HNO3 for acid leaching
[65,68] and did not influence Al-P precipitation, it was not used in this study
because of probable precipitation of CaSOy4 [8]. The P/Ca molar ratio would have
remained unaltered due to CaSOs precipitation, which would have affected
alkaline P leaching detrimentally.
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Figure 3.3: Ortho-P concentration in acidic and alkaline leachates and ortho-P
recovery (process or effective) obtained in all the processes. The error bar
represents the standard deviation.

SEM-EDS and SEM mapping also broadly corroborate the findings in this
section (Figure 3.4). Al-P association in SS (Figure 3.4 (a)-(ii) and (a)-(iii)) and
M3 (Figure 3.4 (c)-(ii) and (c)-(iii)) seems weak as they have a different spatial
pattern. The spatial pattern association for Ca-P is visible in M3 (lump at the
centre top, Figure 3.4 (c)-(ii) and (c)-(iv)) but not in SS, SSA or M3A.
Nevertheless, a tangible association of P with Al after the acidic pretreatment is
apparent (prominently in SS), indicating enrichment of Al-P after the acidic
pretreatment (Figure 3.4 (b/d)-(ii) and (b/d)-(iii)). The concentrations of trace
elements in acidic leachate (SSA(aq) and M3A(aqg)) were below the detection
limit for most of the elements (Table S 5). The data revealed that at around pH 4,
most trace elements were bound to the solid residue. Also, the dissolution pattern

of trace elements for SSA(aq) and M3A(aq) was similar.
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Figure 3.4: SEM mapping of sludge samples: (a) sewage sludge (SS) (b) acid-pretreated SS (SSA) (c) M3 (d) acid-pretreated M3
(M3A). M3 represents SS and alum sludge (AS) mixture in the ratio 3:2 (w/w). The relative weight fraction (%) of each element

along with the standard deviation obtained using SEM-EDS is also presented (Ca in SSA and M3A has a concentration below the
detection limit of the instrument). All the images are at 5000 times magnification.
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FTIR analysis indicates various functional groups in the sludge samples
before and after the acidic pretreatment (Figure 3.5). In environmental samples,
a single peak can correspond to multiple functional groups; hence, an
unambiguous peak determination is difficult. However, the information available
from the literature is useful for qualitative assessment. In this study, the acidic
pretreatment did not lead to any dramatic variation in the functional groups in SS
and M3. The broad peak near 3300 cm™ corresponds to the -OH stretching
vibration for H-bonded alcohols and phenols. Two sharp but small peaks between
3000-2800 cm™ represent vibration of aliphatic -CH.-. Notably, these peaks are
missing in AS, indicating a paucity of organic content. The stretching vibration
of aromatic groups, C=0 or C=C, is shown as a peak near 1650 cm™, which is
also found in AS but with a broad peak. The bending vibration of N-H (primary,
secondary amines and amides) is represented by a peak near 1550 cm™ while that
of aliphatic -CHj is at around 1450 cm™. These two peaks are missing in AS.
There is a small peak at around 1230 cm™ corresponding to the bending vibration
of C-N, while a prominent peak for the inorganic functional groups in phosphates,
silicates, sulphates and clay minerals near 1000 cm™. AS also has a small peak
close to 1100cm that might correspond to the stretching vibration of aromatic
C-01[169,177,178]. Overall, it is clear that the functional groups did not play any

significant role in the ortho-P adsorption during the acidic pretreatment.
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Figure 3.5: FTIR spectra of non-pretreated (sewage sludge (SS), alum sludge

(AS) and M3) and acid-pretreated SS (SSA) and M3 (M3A) sludges. M3
represents the SS and AS mixture in the ratio 3:2 (w/w).
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3.3.2. Phosphorus leaching in all the processes

The ortho-P concentration in acidic and alkaline leachate, PR and ER in
all the processes are shown in Figure 3.3. Process D has the highest PR and ER
(74% and 77%, respectively). Process B has the lowest PR (28%) but the second-
highest ER (76%). A similar ortho-P recovery for Processes A, C and E indicate
that the addition of Al in the solid or aqueous phase had a minor effect on P
recovery. PR for Process C is lower than Process A, possibly due to some
hydroxyl ion consumption by AI(OH)s (Al(OH)3i+OH —AlO2+2H-0), thus
sparing a lesser OH" fraction for P dissolution. A higher ER of Processes D and
B compared to the other Processes highlights that a higher alkaline P recovery is
achieved after acidic pretreatment (possibly due to AP to NAIP conversion). Ali
and Kim [39] also found higher recovery efficiency for sequential leaching
compared to acid/ alkaline leaching and a significant role of Al in P dissolution.
However, they have not investigated the reasons for this increased efficiency for
sequential leaching. They postulated that P leaching in sequential extraction
might be higher due to greater ionic dissolution using HCI than NaOH. Xu et al.
[35] attributed the dissolution of AIPO4 and AI(OH)z at high pH in NAIP-rich
(64% of total P) excess sludge to the recovery of P. However, they did not
characterise Al species directly; hence, conclusive evidence of AIPO4 presence
is missing. AP to NAIP conversion was also cited as a significant reason for high

alkaline P recovery from the waste activated sludge [33,36].

It is suggested that alkaline P leaching would be more effective if in-situ
Al content in SS is high (i.e., Al-based coagulant is used for sewage treatment)
[14]. This experiment shows that the addition of AS significantly ameliorates the
challenge of alkaline leaching of AP in SS. Thus, AS-amended alkaline leaching
might be useful for P recovery irrespective of the sewage treatment process or
intrinsic properties of SS. NAIP is unstable in a wide pH range [36], thus offering
an operational advantage of alkaline P recovery compared to acidic P recovery.
However, there are techno-economic challenges (and opportunities) which are
briefly discussed in Section 3.3.6.

3.3.3. Chemical equilibrium modelling of acidic pretreatment using Visual
MINTEQ

Aqueous P concentration can be determined by the precipitation-

dissolution and sorption-desorption effects of various chemical species in the
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sludge matrix. Precipitation-dissolution of chemical species depends on pH,
temperature, alkalinity, concentration and types (mono/multidentate) of ligands,
metal ion types (valency) and concentration, particle size and system turbulence.
Both kinetics and equilibrium influence precipitation; hence merely considering
the solubility product (Ksp) can be erroneous. For instance, calcium phosphate
(Caz(POa)2s), logKsp=-28.92) is generally formed in natural waters (metastable
equilibrium) owing to the slow formation Kkinetics of hydroxyapatite
(Cas(PO4)30H, logKsp=-58.33) and fluorapatite (Cas(POa)sF, logKsp=-59.5) (true
equilibrium) [179]. Hence, Cas(POs)2(s) is the controlling solid, which determines
the concentration of other species in the aqueous and solid phases. Ca-P and Al-
P solids commonly formed in natural waters are Cas(POa)2s) and AIPO4-1.5H20¢)
(logKsp=-20.46, from VMINTEQ) [179] and hence considered controlling solids
in this modelling. In AS, AI¥* primarily exists as Al(OH)a() since alum reacts
with alkalinity during water treatment [180] (Eqgn.(21)):

Aly(SO4)s-14H,0 + BHCO3 <> 2AI(OH)3-3H,0(s) + 6 CO; + 8H,0 + 35042
(21)

However, coagulation has rather complex chemistry and the state and
speciation of Al are not well-known [180]. In this study, AI(OH)zoily is the
controlling solid based on saturation index (= loglAP - logKsp, where 1AP is ion
activity product) calculated by VMINTEQ.

Modelling results indicate that in SSA(aq), more than 80% ortho-P exists
as HoPO4™ at pH less than 6 (Figure 3.6 (a)). The high abundance of HoPOy4™ is
expected since, for pH<pKa. (7.21), H2PO4 predominates in the ionisation
equilibrium of HsPO4. In M3A (aq.), H2PO4 is the predominant ortho-P specie
but with a significant concentration reduction in the 4<pH<5 range due to
complexation with AIP* (Figure 3.6 (c)). The complexation effect decreases with
a higher pH due to the precipitation of AI(OH)3s). There was no AIPO4
precipitation (Figure 3.6 (b,d) and in both SSA(aq) and M3A(aq), ortho-P should
have existed in aqueous form. However, experimental data reveal high aqueous
ortho-P in SSA(aq) but not in M3A(aq) (Figure 3.3). Ca existed solely as Ca®* in
both cases for 3<pH<7 and contributed negligibly to the complexation and
precipitation of ortho-P. Thus, the low ortho-P in M3A(aq) could be due to the
adsorption of ortho-P on AlI(OH)3s) flocs [179] and consequent removal from the

aqueous phase. AIPO4 has a very low Ksp, but ortho-P concentration has to be
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sufficiently high in a solution for AIPOu4) precipitation; otherwise, AI** would
combine with the dissociation product of the solvent (i.e., OH", in this case) [181].
Besides, Al(OH)s(s) has a high sorptive affinity for ortho, condensed and organic
phosphates [181] and charge neutralisation and adsorption-bridging could be a
plausible mechanism for adsorption [182].
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Figure 3.6: Simulated speciation of P and Al during acidic pretreatment of (a, b)
sewage sludge (SS) and (c, d) M3. Speciation of Ca is not presented as it existed
solely as Ca?" in the 3<pH<7 range. M3 represents SS and alum sludge (AS)
mixture in the ratio of 3:2 (w/w). Visual MINTEQ utilized for chemical
equilibrium modeling.

Al(OH)zs) floc formation starts at pH 4.8 during acidic pretreatment of SS,
while it starts at pH 4.4 for M3 due to high Al enrichment in M3 (Figure 3.6
(b,d)). In both cases, pretreatment pH at the start and end were around 4 and 5,
respectively. However, AI(OH)s) floc concentration was very high during and at
the end of the pretreatment of M3. Modelling estimates that Al(OH)s(s) in the M3
acidic pretreatment mixture was 28 times higher than in SS at the end of acidic
pretreatment. The Al XPS spectra of M3 before and after pretreatment indicate
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no shift in peak (Figure S 1), thus suggesting no formation of AIPO4 after acidic
pretreatment. This Al 2pas/, peak (74.8 eV) corresponds to Al(OH)z (though other
Al oxides and hydroxide peaks have a statistical overlap) [183]. SSNMR data
further corroborates the presence of Al(OH)si) in M3A and the adsorption of
ortho-P on it (Section 3.3.5.1). Adsorbed ortho-P is released when Al(OH)ss)

dissolves in alkaline conditions forming Al(OH)4 soluble complex.
3.3.4. SMT analysis of samples

SMT analysis was conducted to verify the conversion of AP (Ca-P) to
NAIP (mainly Al-P in this case) in SS and M3 (Figure 3.7) due to acidic
pretreatment. Though NAIP represents P bound to Al, Fe and Mn oxyhydrates
[184], Al-P fraction in NAIP would predominate due to excess Al ions in M3.
The analysis revealed negligible OP variation in SS and M3 before and after

acidic pretreatment.
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Figure 3.7: SMT analysis of sewage sludge (SS), acid-pretreated SS (SSA) and
M3 (M3A) sludges. M3 represents SS and alum sludge (AS) mixture in the ratio
of 3:2 (w/w). Phosphorus species are organic phosphorus (OP), apatite
phosphorus (AP), non-apatite inorganic phosphorus (NAIP), inorganic
phosphorus (IP) and total phosphorus (TP). The error bar represents the standard
deviation.
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The consistent OP concentration indicates that acidic hydrolysis is ineffective for
the disintegration of OP to IP. A significant reduction of AP in the samples after
pretreatment indicates a loss of Ca-P at low pH. This loss of Ca-P is also
corroborated by Ca concentrations in SSA(aq) and M3A(aq). The AP loss is 81%
for SS and 77% for M3. Interestingly, after acidic pretreatment, there is a 50%
loss of NAIP for SSA (compared to SS) but a 49% increase for M3A (compared
to M3), indicating the transformation of AP in M3 to NAIP in M3A. According
to SMT protocol, AP+NAIP is equal to IP, but this was not the case in the present
study. Another study found a similar inconsistency [185], possibly because the
SMT protocol is a semi-quantitative technique prone to sample composition
variation [32]. Hence, SMT analysis in this study operationally determined P
speciation and other analytical techniques were used to validate the
transformation of Ca-P to Al-P.

3.3.5. Solid and liquid NMR analysis

The major findings from SSNMR and LSNMR are illustrated in a
simplified schematic (Figure 3.8), while the detailed analysis is elaborated in the
subsequent sections.

|( ssAaq) or
M3A(aq)

SSB(aq),
SSAB(aq)
or
M3AB(aq)

Figure 3.8: A simplified schematic illustrating P speciation during acidic
pretreatment and alkaline leaching based on the data obtained from SSNMR and
LSNMR. (a) inorganic ortho-P bound to the water of hydration via hydrogen
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bonds in the organic matrix (b) water of hydration or adsorbed water inside the
organic matrix (c) amorphous calcium phosphate (d) binuclear bidentate inner-
sphere surface complexation of ortho-P on aluminium hydroxide (e) AlOe
coordination structure of AI(OH)s (in each octahedron, six OH" surround one AI®*
and each OH" is common between the two adjoining octahedrons, thus the
chemical formula AI(OH)3) (f) ortho-P monoester (g) ortho-P diester. This
schematic is not to scale.

3.3.5.1. Solid-state NMR (SSNMR) of sludge samples

The 3P chemical shifts are dependent on the electronegativity, charge and
radius of the next-nearest-neighbour cation [186]. Generally, the chemical shift
anisotropy for 3'P NMR spectra has a linear relationship with P-O bond length
and deviation in O-P-O bond angle in PO4 [186]. Prior studies have reported the
chemical shifts for cations of phosphate salts such as Al, Mg, Ca, Na, K and NH4
[187]. The 3P MAS NMR spectra of the non-pretreated (SS and M3) and acid-
pretreated (SSA and M3A) sludges are presented in Figure 3.9, while the fitting
parameters and determined relative integrals are given in Table S 6. Phosphorus
concentration in AS was too small to detect and hence not reported in this section.
Both SS and M3 spectra have a sharp resonance at 6.2 ppm and a broader
resonance at around 2 ppm. SS and M3 have the same 3P chemical shifts since
P in M3 is sourced from SS. The resonance at 6.2 ppm might represent the
inorganic HPO4% anions bound to the physically adsorbed water through a
hydrogen bond inside the organic matrix (Figure 3.8 (a, b)) [187]. The broader
resonance might encompass amorphous Ca ortho-P (3-2 ppm) (Figure 3.8 (c))
[187] or protonated phosphates of ammonia (such as NH4H2PO4 or (NH4)2HPO4)
[186]. Since apatite phosphorus is corroborated by SMT analysis, this peak
predominantly corresponds to Ca-P. However, some fraction of ammonium
phosphate might be present as SS is generally rich in ammonia. Sodium and
potassium phosphates (such as NasP207, NazPsO16 and K4P207) are unlikely to
be present even though their chemical shifts are observed at around 1 ppm [188].
These compounds are highly soluble and less likely to precipitate when less
soluble Ca, Fe and Mg phosphates can be formed [187].
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Figure 3.9: 3'P MAS NMR spectra of non-pretreated (sewage sludge (SS) and
M3) and acid-pretreated SS (SSA) and M3 (M3A) sludge samples. M3 represents
SS and alum sludge (AS) mixture in the ratio of 3:2 (w/w). Experimental spectra,
simulated spectra and deconvoluted resonances are shown in solid line, dotted
line and multicolor, respectively. The spectrum for AS is not shown as it had
negligible P, hence a poor signal-to-noise ratio.

Acidic pretreatment strips phosphates from SS, with SSA containing 17%
of the initial phosphorous concentration. The remaining phosphorus is
represented by broad resonances at -1 and -8 ppm. In comparison, M3A retains
87% of the phosphorous concentration of M3, represented by similar broad
resonances at -3 and -9 ppm. The P loss data of SSNMR and IC in this experiment
are inconsistent due to differences in the analytical technique. Nevertheless, data

from both instruments indicate a similar scale of P loss in SSA and M3A.

A sharp peak at 6 ppm is not present in SSA or M3A due to the removal
of adsorbed water by acidic pretreatment. This removal is verified by the
reduction of adsorbed water resonance in the *H spectrum (7 ppm, Figure S 2)
[187]. As validated by SMT analysis, no signal remains at 2 ppm since a large
fraction of Ca-P is removed. The higher frequency broad resonance at -2 ppm in
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SSA and M3A might be protonated ortho-P adsorbed onto AI(OH)s [189]. This
peak could also correspond to calcium or magnesium orthophosphate (such as
Ca(H2P0s)2 and Mgs(POs4)2) [188,190]. Despite a significant loss during acidic
pretreatment, 30-40% of Ca and Mg are retained in SSA and M3A. Since SSA
and M3A have a high compositional heterogeneity (including OP and
paramagnetic nuclei) and are acidified, it is difficult to assign the chemical shifts
accurately. For both SSNMR and LSNMR, P peaks shift upfield (more negative)
at a decreasing pH [187,189]. SSA and M3A also have a peak around -9 ppm;
consistent with the 2’Al NMR, this might be amorphous Al(OH)2H2PO4 or PO*
adsorbed on AI(OH)z or both [187,189]. Thus, probably amorphous Al-P is
present in SSA and M3A, with a larger proportion present in the latter,
corresponding to more available Al. If AIPO4 was present, a lower frequency
resonance (around -30 ppm) would be expected [191].

The absence of this peak implies that acidic pretreatment eliminated
apatite phosphate but could not promote the formation of AIPO4. AI(OH)3 is
relatively unreactive, especially at about pH 5-6 [189,192] and the adsorption
reaction seems much more plausible than the formation of AIPO4 (contrary to the
chemical equations in Section 3.1). The chemical equilibrium modelling data
(Section 3.3.3) also indicate the abundance of AI(OH)3 after pH 5. Nevertheless,
adsorption onto AI(OH)s(s) is not the only reaction between aluminium and ortho-
P, as some Al(OH)2H2PO4 formation is evident. In acidic conditions (pH 3.5-6),
surface complexation can proceed through ligand exchange, i.e., ortho-P
replacing surface -OH group in Al(OH)s and forming bidentate binuclear inner-
sphere surface complexes (Figure 3.8 (d)) [189,193]. Overall, it is evident that
adsorption and surface complexation dominate over the direct precipitation in the
Al-P interaction in this study. Nevertheless, AIPOs formation is possible
depending on the operational conditions and the concentrations of ortho-P and
aluminium. The succeeding discussion provides further evidence regarding the

mechanism explained above.

The 2’Al MAS NMR spectra of the sludge samples are presented in Figure
3.10, while the determined relative integrals are given in Table S 7. AS presents
a dominant AlOs resonance, assigned as AI(OH)s (Figure 3.8 (€)), with smaller
AlOs and AlO4 resonances. SS has a low Al concentration (4% of AS), which is

AlOs dominated with a smaller AlO4 resonance. 2’Al spectrum of M3 is similar
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to AS, with the lower frequency SS AlO4 resonance (58 ppm) just visible. M3A
spectrum is almost identical to the M3 spectrum, but an increased intensity in the
low-frequency shoulder of the AlOg resonance (5 to -15 ppm) can be seen. This
resonance could correspond to AI(OH)2H2PO4 formation, which has been shown
to have an AlOs resonance at a lower frequency than Al(OH)s [189]. However,
the majority of the Al remains as Al(OH)s. Al 2p XPS spectra of M3 and M3A
also indicate negligible variation in the Al environment (Figure S 1). AIPO4
contains tetrahedral Al, so the absence of an increased AlO4 region confirms that
it did not form. The ?’Al spectra of SS and SSA are almost identical, indicating a
negligible change in the Al environment in SS after pretreatment. Al 2p XPS

spectra of SS and SSA are not presented due to a poor signal-to-noise ratio.

M3A 1

AS
120 100 80 6 4 20 0 20 40 4 80
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Figure 3.10: 2’Al MAS NMR spectra of non-pretreated (sewage sludge (SS),
alum sludge (AS) and M3) and acid-pretreated SS (SSA) and M3 (M3A) sludge
samples. M3 represents SS and AS mixture in the ratio of 3:2 (w/w).

The 3'P-'H CP-HETCOR MAS NMR spectra of the sludges after acidic
pretreatment are presented in Figure 3.11. This experiment shows resonances for
31p and !H nuclei that are spatially close. The 2D spectrum of SS shows a
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dominant environment at §(*'P) = 6 ppm correlated to 5(*H) = 7 ppm, which
correlates to HPO4%/H,PO4 anions [187,194]. However, SSA and M3A show a
correlation to 8(*H) = 4 ppm, which is related to AI(OH)s. *H spectrum of AS
shows AI(OH)z is represented by a broad resonance centred around 4 ppm (Figure
S 2). SS inset also reveals a correlation between §(*'P) = -1 ppm and §(*H) = 4
ppm, revealing some portion of POs* on AI(OH); in SS [195]. Thus, the data
from SSA and M3A corroborate that phosphates exist in hydrogenated
environments. Notably, the functional groups do not affect the changes in P
adsorption since there is no variation in functional groups during acidic
pretreatment (Figure 3.5). Overall, the analysis in this section broadly concurs

with the chemical equilibrium modelling data, elemental composition, XPS and

SMT analysis.
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Figure 3.11: 3'P-'H CP-HETCOR MAS NMR spectra of the sewage sludge (SS)
and acid-pretreated SS (SSA) and M3 (M3A). M3 represents SS and alum sludge
(AS) mixture in the ratio of 3:2 (w/w). The 3!P(*H) CP projection is presented on
the top axis in red, alongside the 3P MAS NMR spectra.

3.3.5.2. Liquid-state NMR (LSNMR) of SS and leachate samples

Liquid NMR analysis was conducted to identify P species in SS and
leachate samples (Figure 3.12). In this experiment, peaks were found within -1
to 8 ppm, though peaks of interest can range from -25 to 25 ppm in environmental
samples [51,196]. In SS extract, ortho-P was prominently observed (6.5 ppm),
but ortho-P monoester (including nucleotides, sugar phosphates and inositol
phosphate) (5 to 6 ppm) (Figure 3.8 (f)) and ortho-P diester (such as
phospholipids, DNA and ribonucleic acid (RNA)) (-0.2 ppm) (Figure 3.8 (g))

were also detected [27,51,196]. No polyphosphates were observed in SS,
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probably due to their hydrolysis during the anaerobic digestion [88]. The
proportion of inorganic ortho-P is much higher than organic phosphate
(monoester and diester), concurring with SMT analysis. Although, liquid NMR
should be preferably used for qualitative determination of OP because it is
recalcitrant to solubilization [27].
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________ | SSAB(aq)
| | SSB(aq)
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Figure 3.12: 3!P liquid-state NMR (LSNMR) of sewage sludge (SS) and leachate
samples. The ortho-P peak shows a rightward shift at the reduced pH of the
samples (i.e., SSA(aqg) and M3A(aq)).

P species in leachate samples were also determined, especially to observe
OP dissolution. The dissolution of OP depends on both the operational conditions
and OP species. Temperature and pH are essential parameters influencing
acidic/alkaline hydrolysis of OP [61]. Also, compared to the ester (P-OCHz3) and
anhydrite (P-O-P) bonds in OP compounds, the P-C bond is more recalcitrant to
disintegration [61]. The absence of OP peaks in acidic leachates indicates that
OP did not hydrolyse at pH 3-4. The chemical shifts of ortho-P in acidic leachates,
SSA(aqg) (0.8 ppm) and M3A(aqg) (3.2 ppm) were more upfield (i.e., more
negative) than in alkaline leachate. Some other studies have reported a similar
finding [88,197] because the chemical shift depends on the protonated forms of

ortho-P, which in turn depend on the pH of the sample [51].

Alkaline leachates have similar spectra with a prominent ortho-P peak
around 6.3 ppm. SSB(aq) and SSAB(aq) also have an ortho-P monoester peak
just visible at around 4.4 ppm. This small ortho-P monoester peak can be
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attributed to ortho-P monoester in SS or due to hydrolysis of ortho-P diester into
ortho-P monester at high pH [198] or both. Interestingly, the ortho-P monoester
peak is missing in the case of M3AB(aq), which might indicate the disintegration
of some OP in the presence of excess Al. Possibly, some OP precipitated with
Al(OH)z during acidic pretreatment, which eventually disintegrated during
alkaline leaching. Lin and Li [199] found that alkaline pretreatment of Al-
flocculated sewage sludge led to the dissolution of sludge flocs as well as organic

compounds, as postulated below (Eqn.(22)):
HO-AI-PO4Organic + OH  — AlO, +PO4> + Organic (22)
3.3.6. Techno-economic feasibility

This study was a “proof-of-concept” experiment and hence the operational
parameters were chosen to minimize ambiguity in hypothesis testing. For
instance, HCI was preferred over H2SO4 even though HCI is costlier since CaSO4
might precipitate during acidic pretreatment (thus keeping the P/Ca molar ratio
unaltered) [14,200]. Similarly, NaOH was preferred for alkaline P solubilization
as it has an efficiency higher than Ca(OH)2, albeit with a higher cost [71,201].
Nevertheless, a simplified cost assessment was conducted in this study to identify
critical materials and operations influencing the viability of the proposed process
for P recovery. Nattorp et al. [202] assessed nine P recovery processes (pilot and
industrial) and quantified cost-benefit in the German context. The material cost
of the process proposed in this study was compared with two processes in Nattorp
et al. (Gifhorn and Stuttgart processes), which used digested sludge for P
recovery as struvite. Assuming ~1.5% average inflation in Germany [203] after
the publication of Nattorp et al., the material cost for these two processes would
be ~7 USD/kg P currently. For the most efficient recovery process (Process D,
74% P recovery) in this study, the weight of the reagent required (Table S 3) and
the weight of P recovered were calculated. Reagent prices vary regionally and
seasonally, and currently, industrial grade HCI (31-37% wi/w) is priced at ~40-
140 USD/MT [204] and industrial grade NaOH (99% wi/w) is priced at ~500-
1000 USD/MT [205,206]. Thus, the cost for acidic pretreatment (HCI) would be
~0.07-0.23 USD/kg P, while it would be ~105-210 USD/kg P for alkaline
leaching (NaOH) (refer Table 3.2). Besides, if the recovered P in the alkaline
leachate is utilised for struvite precipitation, there would be an additional cost of
MgCl2.6H20 (~200-600 USD/MT) [207,208] and NH4Cl (~100-500 USD/MT)
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[209]. This implies an additional cost of ~1.5-5 USD/kg P for struvite production
assuming Mg:N:P ratio requirement of 1:1:1 (refer Table 3.3). Thus, cost

reduction would be necessary for the economic viability of this process.

Table 3.2: Cost incurred for leaching per kg of dry SS to recover P using the
sequential extraction process.

Category Acid leaching Alkaline leaching
Sample wt. (kg) 1 1
Acid vol(L) 100 100
Conc. (M) 0.0015-0.003 0.4
P extraction (%) NA 74
P content (%) NA 2.6
P extracted (kg) NA 0.02
Reagent molar wt. (g) 36.5 40
Reagent wt. (kg) 0.01 2
Reagent purity (w/w) 0.34 1
Reagent wt.(kg) (commercial) 0.03 1.62
Reagent cost (USD/kg) (min.) 0.04 0.5
Reagent cost (USD/kg) (max.) 0.14 1
Reagent cost (USD/kg P) (min.) 0.07 42
Reagent cost (USD/kg P) (max.) 0.23 84

NA: Not applicable

Table 3.3: Cost calculation for struvite precipitation from recovered P in this
study.

Category Value
MgCl,.6H>0 cost (USD/kg) (min) 0.2
MgCl..6H20 (USD/kg) (max) 0.6
MgCl2.6H-0 purity (w/w) 0.99
NH4ClI (99%, USD/kg) (min) 0.1
NH4ClI (99%, USD/kg) (min) 0.5
NH4ClI purity (w/w) 1.00
MgCl,.6H20 mol. wt. (g) 203.3
NH4Cl mol. wt. (g) 53.5
Mg:N:P molar ratio in struvite 01:01:01
MgCl,.6H>0 needed (kg/kg P) 6.6
NH4Cl needed (kg/kg P) 1.7
MgCl2.6H,0 cost (USD/kg P) (min) 1.3
MgCl2.6H.0 cost (USD/kg P) (max) 4.0
NH4CI cost (USD/kg P) (min) 0.2
NH4ClI cost (USD/kg P) (max) 0.9
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Apparently, there is a significant scope for cost reduction in this process,
especially for alkaline leaching, which is a major cost contributor. For instance,
~0.4 M (instead of 1 M) NaOH can be utilized for alkaline leaching since P
recovery is minimally affected by concentration beyond 0.4 M [67].
Simultaneously, the L:S ratio during alkaline leaching can be reduced from 100:1
to 10:1, albeit with a reduced P recovery. However, if the P fraction in SS is high
(~4-5%), high P recovery can compensate for a slightly reduced recovery
efficiency. Alternatively, alkaline leachate can be reused for multiple leaching
cycles [210]. For instance, in Gifu, Japan, NaOH is recycled during alkaline
leaching of P from ISSA in full-scale WRP [16]. NaOH can also be retrieved
from alkaline leachate by precipitating Ca-P using lime and removing Al using
precipitation or ion exchange [63]. This Al can be utilised as a precipitant in
wastewater treatment [14]. Thus, Al from AS can be recovered along with P from
SS, affording resource recovery from two waste streams. AS has a high disposal

cost and its management is a serious nuisance [167].

There are proven commercial technologies for both acidic and alkaline
leaching of P from waste streams [211] though P recovery efficiency is a concern.
Given the price volatility of phosphate rock in the world market, unviable P
recovery techniques might be feasible in the future [1]. In 2022, the price of
diammonium phosphate (DAP) reached a record high of ~ 900 USD/MT [212],
similar to the price in 2008 when it increased by almost 800% in a short duration
[1]. A competitive P recovery scenario will spur investment in relevant
technologies and promote research and development in this sector. Thus, future
studies can explore the material and cost optimisation for the process proposed

in this study and other promising approaches for P recovery.
3.4. CONCLUSION

This study demonstrates that high phosphorus recovery from dried sewage
sludge (SS) is possible with suitable modifications in the feedstock and the
leaching process. The highest orthophosphate (ortho-P) recovery is 74% for
amended and acid-pretreated SS (due to the conversion of apatite to non-apatite
phosphorus). This conversion prohibits the loss of P during acidic pretreatment
and enhances the P/Ca molar ratio and, consequently, alkaline P leaching. Visual
MINTEQ and solid-state NMR results indicate that ortho-P is adsorbed on

Al(OH)z during acidic pretreatment rather than AIPO4 formation from free ortho-
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P and Al ion. Thus, the ionic concentration and operational parameters play a
curial role in P speciation and recovery. The engineered approach in this study
offers a dual waste management strategy and might make alkaline leaching
feasible for SS with a low P/Ca molar ratio. However, there is a scope for further
improvement in the proposed process. The solid residue after alkaline leaching
would require processing for the removal/stabilisation of toxic trace elements,
persistent organic pollutants and pathogens. With further refinements, the process
might be technologically feasible and financially viable, thus realising the goal

of decentralised P production and a circular economy.
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4. SYNERGIZING PYROLYSIS AND
ACIDIC PRETREATMENT OF
SEWAGE SLUDGE WITH ALUM
SLUDGE FOR PHOSPHORUS
RECOVERY

The findings of this chapter have been published as an original research

article:

Tiwari, S.B., Chin, S.Y., Veksha, A., Chan, W.P., Fei, X, Lisak, G., Liu,
W. and Lim, T.T., 2024. Synergistic application of alum sludge and sequential
extraction for phosphorus recovery from sewage sludge char. Chemical
Engineering Journal, 481, p.148574. https://doi.org/10.1016/j.cej.2024.148574.

Some minor modifications have been incorporated into the published

version to ensure its consistency with this thesis.
4.1. INTRODUCTION

Sewage sludge (SS) is a prospective source of reclaimable phosphorus (P)
since it has one of the highest P concentrations among biomass wastes[1]. Among
various approaches to P recovery from SS[1,9], acidic extraction of P from
incineration SS ash (ISSA) has been a major research focus in the last two
decades. The reason for this focus is high P content in ISSA (average 8% -
comparable to medium phosphate deposits)[11] and potentially high P recovery
efficiency during acidic extraction (> 80%)[8]. However, in acidic extraction,
there is simultaneous extraction of toxic heavy metals/trace elements,
necessitating an additional purification step before final P recovery[91]. Also,
researchers are investigating alternatives to incineration, such as pyrolysis,
gasification, and hydrothermal treatment for waste mass/volume reduction and
stabilization, carbon sequestration, and biofuel recovery. SS pyrolysis can be
utilized for P recovery since SS char is also rich in P (3-6%)[83]. However, the
studies on P recovery from SS pyrolysis char are few[80]. P-related studies on
SS pyrolysis have mainly focused on P speciation and transformation during
pyrolysis and applying SS char as fertilizer[83]. Recent studies have focused on

promoting non-apatite inorganic phosphorus (NAIP) (mainly aluminum
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phosphates (Al-P)) to apatite phosphorus (AP) (mainly calcium phosphates (Ca-
P)) conversion using Ca additives during SS pyrolysis[89-91,93,98,105,213] as
AP is more bioavailable than NAIP[91]. Thus, the modified SS char is more
beneficial for soil conditioning. However, plausible soil contamination due to
TEs in SS char hinders its wider acceptance as a soil conditioner. Organic and
emerging contaminants might also be present in SS char[214] (though some
studies suggest their high removal efficiency (> 95% to > 99%) during
pyrolysis[215]).

Thus, P recovery via its wet extraction from SS char seems more
promising currently. The simultaneous TE extraction during wet P recovery can
be largely avoided in alkaline extraction as TEs precipitate in alkaline conditions.
But alkaline P extraction has a lower P extraction efficiency (< 50%)[8] due to
precipitation of AP. Some studies suggested using FeClz and Fenton's reagent for
P transformation and its recovery in alkaline/neutral conditions[41,104]. Our
previous study demonstrated that high alkaline P recovery (> 70%) from dry SS
is possible if it is suitably amended (i.e., SS is mixed with alum sludge (AS) and
then subjected to acidic wet extraction/pretreatment (pH 3-4) to get amended
SS)[12]. SS amendment promoted AP to NAIP conversion, which enhanced
alkaline P recovery, as NAIP readily dissolves in an alkali. AS is a waste by-
product from water treatment plants; thus, the additional cost of SS amendment
using pure chemicals can be avoided for P recovery. Additionally, Al from AS
can be recovered simultaneously with P during alkaline extraction. This Al can
be recovered as AI(OH)z or poly-aluminum chloride coagulant[216]. However,
it remains unclear if similar/higher alkaline P recovery efficiency can be achieved
from the char produced using amended SS. If achieved, investigating P
transformation due to the combined effect of SS amendment and pyrolytic

conditions might be interesting and insightful.

Thus, this study aimed to assess an alternative SS pyrolysis process for P
recovery and the detailed investigation of P speciation to explain the improved P
recovery efficiency. In this study, speciation means the "distribution of an
element amongst defined chemical species in a system"[217]. SS was first
amended (i.e., by mixing it with AS and then acidic pretreatment of their mixture)
and then pyrolyzed at three different temperatures (400, 600, and 900°C), and

alkaline P recovery from chars was conducted. The critical research questions
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being addressed in this study are (i) the effect of SS amendment and pyrolysis on
alkaline P recovery, (ii) P speciation due to pyrolysis temperature and relative
abundance of other major ions such as Al and Ca, and (iii) Al and C speciation
and its effect on alkaline P extraction. Al and C were characterized due to their
abundance in the sample and likely influence on P speciation and recovery.
Various characterization techniques have been employed to ascertain these
species quantitatively/qualitatively (such as NMR, XPS, XRD, and FTIR). To
the best of authors' knowledge, this is the first study on co-treatment of SS and
AS for enhanced P recovery using alkaline extraction. This study is a step towards
simultaneous management of two waste streams and make alkaline P extraction
more attractive for commercial application (irrespective of SS chemical

composition).
4.2. MATERIALS AND METHODS

This study consisted of a reference (or baseline) process and a design
process (Figure 4.1). The experimental details are explained in the subsequent
sections. Dewatered SS and dewatered AS were collected from wastewater and
water treatment plants in Singapore, respectively. Dewatered SS (DSS) was a
mixture of primary and secondary sludges from domestic and non-domestic
wastewater treatment. Dewatered AS was obtained after surface water treatment

using alum as a coagulant.

(a) REFERENCE PROCESS: Alkaline extraction of P from the SS char
NaOH =» Liquid flow
> Mixed flow
______ ’E . Alkaline
extract

Pyrolysis Extraction  Centrifugation
[400/600/900(°C)] (pH~13.5)

(b) DESIGN PROCESS: Alkaline extraction of P from the char of AS-amended and acid-pretreated SS
HCI NaOH

i
...... N E_ _ _, Alkaline
extract

Centrifugation v . Centrifugation
Extraction Acidic Pyrolysis Extraction
(pH~3-4) tract [400/600/900(°C)] (pH~13.5)

Figure 4.1: Experimental schematic of this study showing (a) reference and (b)
design processes. Dewatered sewage sludge (DSS) and alum sludge (AS) were
mixed in a ratio of 4:1 (w/w) to obtain MS before acidic pretreatment in the
design process. The sample notation in this study is also indicated.
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4.2.1. Sample preparation and acidic pretreatment

For the reference process (Figure 4.1), dewatered SS was dried and pulverized
before pyrolysis. For the design process, dewatered AS was dried and pulverized
to fine dry powder as in the previous study[12] (henceforth labeled AS) for
amending SS. The amendment of SS (Figure 4.1) is as follows: DSS was mixed
with AS in a 4:1 (w/w) ratio (resulting in an Al:P molar ratio of ~ 3:1 in the
mixed sludge (MS)), and deionized (DI) water was added for homogeneous
mixing using a magnetic stirrer. Al:P molar ratio of 3:1 was same as the previous
study where this value was found optimum for AP to NAIP conversion[12].
Subsequently, the pH of MS was adjusted close to 3 using 6 M HCI and extraction
was conducted for 1-2 h. Thereafter, the solid was separated, dried, and
pulverized before pyrolysis. This amended SS was referred to as MA ("mixed
sludge-acidified™). An optimization study was conducted to identify the optimum
pH for acidic pretreatment. The pH at the start of acidic pretreatment of
dewatered sewage sludge (DSS), and DSS + alum sludge (AS) (i.e., MS) was set
at 1, 3, 5, and ~7 (no HCI added) in four distinct sets and extracted for 2 h to
identify the most optimum pH for acidic pretreatment. The illustrative
calculations for mixing DSS + AS + DI water + HCI (6 M) are shown in Table S
8. Subsequently, the mixture was centrifuged, the extract was filtered, and major
inorganic elements in the acidic extracts were quantified using ICPOES.

In this study (unless stated otherwise), the solid-liquid separation was
performed via centrifugation (Kubota 3700), wet solids were dried at 105°C for
at least 24 h, and liquid samples were filtered using 0.20/0.22/0.45 pm
PTFE/PVDF syringe filters. Dried solid samples were pulverized using a kitchen
blender or a ball mill (Retsch PM100) to particle size <150 um. All solid samples
were kept in airtight containers and desiccators. The solid-liquid extraction was
performed using a rotary agitator. A two-way analysis of variance (ANOVA)
with replication (a = 0.05) was performed to test the significance of the pyrolysis
feedstock and pyrolysis temperature on the mean P recovered (mg/kg and %
recovered). The normality and homoscedasticity assumptions were verified using
the Shapiro-Wilk (SW) and Levene's tests (o = 0.05), respectively. Data was also
checked for possible outliers. Tukey's HSD (honestly significant difference) test

(o= 0.05) was applied as a post-hoc method. The analysis was conducted using
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the Real Statistics tool pack[218] for Microsoft Excel. For extraction
optimization results, two-way ANOVA (a = 0.05) without replication (using
mean of replicates) was conducted. Readers should note that the experiment was
not completely randomized and that general cautions of statistical interpretation
associated with a small sample size should be considered.

4.2.2. Pyrolysis and alkaline P extraction and its optimization

The pyrolysis was performed on a benchtop horizontal furnace. The
sample (up to 10 g) was evenly placed in an alumina crucible (10 cm x 4 cm x 4
cm, thickness ~ 3.5 mm) and the crucible was placed at the center of the furnace.
The furnace was purged with N> @ 500 mL/min for 5 min to remove residual Oa.
After purging, the N> flow rate was reduced to 50 mL/min, the temperature
ramping rate was set at 20°C/min, and the residence time at peak temperature
was 1 h. Three peak pyrolysis temperatures, i.e., 400°C, 600°C, and 900°C, were
adopted to investigate the effects of low, medium, and high-temperature
pyrolysis on P, Al, and C speciation, and P recovery. After the completion of
residence time, the furnace was allowed to cool naturally, and the obtained char
was utilized for alkaline P extraction. Slow pyrolysis and longer residence time
were intended to maximize char yield[219] so that P loss in the liquid/gaseous
phase is minimized. The char from SS was labeled SCxxx, where xxx was the
pyrolysis temperature, while the char from MA was called MCxxx (C stands for

char).

Following pyrolysis, 0.1 g of char was mixed with 10 mL of 0.5 M NaOH
for 1 h for P extraction. The chars from SS and MA with the highest P extraction
efficiency (i.e., SC400 and MC400) were further investigated for optimum
extraction conditions (NaOH concentration, extraction duration, and L:S ratio)
using the one-factor-at-a-time (OFAT) method. OFAT approach was adopted for
fine-grained investigation of three of the most critical parameters for extraction.
The mass balance for the entire process was quantified based on the calculations

explained in Table S 9.
4.2.3. Sample characterization

The physico-chemical characterization of SS and AS was performed: pH,
wet density, moisture content, total dissolved solids, elemental composition (C,

H, N, S), Ashsso, Ashoso, and higher heating values were determined, as reported
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in the previous study[12]. Some major and trace inorganic elements were
quantified after digesting the samples in a microwave acid digester (Anton Parr
Multiwave5000) using HCIl + HNOz + HF + H3BOs (EN13656:2020)[170]. Char
sample (0.1 g) was mixed with 1 mL HCI (37%) + 8 mL HNO3 (69%) + 2 mL
H20, (30%) + 0.5 mL HF (40%). The temperature in the digestion vessels was
increased from room temperature to 180°C in 10 min and maintained at 180°C
for 20 min and thereafter allowed to cool naturally. After digestion, 3 mL H3BO3
(4.5%) was added to the digestion vessel, and the mixture was re-digested. For
re-digestion, the temperature was ramped up from ambient to 150°C in 10 min,
maintained at 150°C for 20 min, and then allowed to cool down naturally to room
temperature. The inorganic elements were quantified using Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES, Perkin Elmer Optima 8300
OES). Blank, blank spiked, and matrix spiked samples were analyzed to assess
the recovery percentage of analytes during ICP-OES analysis. The analysis was
performed at least in triplicates (except for alkaline P extraction optimization,
which was conducted at least in duplicate). The general physico-chemical
characteristics of SS and AS are summarized in Table 4.1.

Table 4.1: Physico-chemcial characteristics of sludge samples.

Parameter Sewage sludge (SS) Alum sludge (AS)
Moisture content (wt.%)* 87+0.1 66 + 0.1
pH 6.7+0.1 7.2+0.0
Dry density (g/mL) 06+0.0 06+0.0
Higher heating value (J/g) 17044 + 348 ND

Total dissolved solids (wt.%) 3.0+0.0 1.2+0.1
Ashsso (Wt.%) 23.7+0.3 59.7+0.6
Ashgso (Wt.%) 22204 31.7+74
Al (wt.%) 1.1£0.0 19.1+£1.6
C (wt.%) 38.2+0.3 9.8+0.0
Ca (wt.%) 24+0.1 05+0.1
Fe (wt.%) 1.4+0.0 1.7+0.0
H (wt.%) 6.2+0.1 40+£0.2
Mg (wt.%) 0.8+0.0 0.2+0.0
N (wt.%) 6.0+0.1 1.0+0.0
P (Wt.%) 20+£0.1 0.1+£0.0
S (wt.%) 1.2+0.1 1.6+0.2
Si (wt.%) 3.2+0.2 42+0.0

* As-received dewatered sludge samples.
ND: Not determined
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Standards Measurements and Testing (SMT) protocol[44,171] was
performed to operationally determine AP, NAIP, organic phosphorus (OP), and
inorganic phosphorus (IP). Solid-state nuclear magnetic resonance (SSNMR)
analyses were performed using a Bruker Avance Il HD 600 MHz (14.1
T) spectrometer with a Bruker 3.2mm HXY magic angle spinning (MAS) probe
for 27Al and 1H, and samples were spun at 15 kHz. The recycle delay for 27Al
and 1H was 1 s and 1.5 s, respectively. 31P measurements were conducted using
a 400 MHz (9.4 T) spectrometer with a Bruker 4 mm HXY MAS probe, and a
recycle delay of 3 s. 13C{1H} cross-polarization (CP) was measured at MAS of
15 kHz, 1.5 ms contact time. 80 kHz TPPM high power decoupling was used
during acquisition. All spectra were processed using Topspin software, and the
chemical shift was calibrated using 13C adamantine methylene resonances
(37.77 ppm). The spectral deconvolution was performed with Origin software,
and the SSNMR spectra were normalized for their graphical presentation. 31P
liquid-state nuclear magnetic resonance (LSNMR) was conducted using JEOL
ECA400 spectrometer. The operational parameters of LSNMR analysis are as
follows: 162 MHz frequency with 90° pulse, 32768 data points, 5 s relaxation
delay, 2.03 s acquisition time, and 104 scans. The extracts for LSNMR analysis
were obtained using a conventional method[41] with some modifications. Briefly,
0.8 g of SS and MA each and 0.4 g of char samples were mixed with 40 mL of
0.05 M EDTA separately for 1 h using a magnetic stirrer. Subsequently, the
mixture was centrifuged, and the solid residue was mixed with 40 mL 0.25 M
NaOH and left for overnight mixing. The supernatant was extracted from the
mixture via centrifugation and filtration and left for lyophilization in a freeze
dryer (CHRIiST ALPHA 1-4 LD plus) for two days. The lyophilized sample was
mixed with 2 mL 0.25 M NaOH and then centrifuged to obtain the final extract.
760 pL extract was mixed with 240 pL D20 in a 5 mm NMR tube for 3P
LSNMR analysis.

Fourier transform infrared (FTIR) spectroscopy (Shimadzu IRPrestige-
21) analysis of the sludge and char samples was performed in attenuated total
reflection (ATR) mode to identify the changes in some of the functional groups
due to SS amendment and pyrolysis. Sludge and char samples were also subjected
to x-ray diffraction (XRD) (Bruker D2 Phaser, Cu Ka radiation with A = 1.54 A
at 30 kV and 10 mA) analysis to assess the changes in crystalline phases in the

samples due to SS amendment and pyrolysis. The operational parameters are as
78



follows: time/step was 1s with a step size of 0.1°, 10°<26< 60°, and 496 steps in
Bragg-Brentanno geometry. X-ray photoelectron spectroscopy (XPS) was
conducted on AXIS Supra spectrometer (Kratos Analytical) operated at 5 mA
using a monochromatic Al K-alpha source. Peaks for sludge samples (SS and
MA) were referenced using adventitious carbon, C 1s (284.8 eV), while char
samples were referenced using graphitic carbon (C=C) (284.5 eV). XPS peak
deconvolution was performed using ESCApe software. Total carbon (TC) and
total inorganic carbon (TIC) were determined using Shimadzu TOC-Lcsh for the
liquid samples (after filtration) and Shimadzu SSM-5000 for the solid samples.
Total organic carbon (TOC) was calculated by subtracting TIC from TC. TOC
constitutes organic and elemental carbon, while TIC represents C species such as
carbonate, bicarbonate, and dissolved CO.. Scanning electron microscopy (SEM)
was performed on JEOL JSM-7200F FESEM. The surface area and porosity of
the char samples were determined using the N2 adsorption method (QuadraSorb
Station 2). About 0.5 g sludge and char samples were degassed at 200°C for 24
h, bath temperature being 77.3 K (-195.85°C), and saturation pressure (Po) was
766.02 mm Hg (102.1 kPa). The surface area was determined using the BET
(Brunauer-Emmett-Teller) model, while pore size and pore volume were based
on the highest relative pressure (P/Po) (~0.94-0.95) in the isotherm. Pore size
distribution was based on QSDFT (Quenched Solid Density Functional Theory)
adsorption model, assuming slit/spherical/cylindrical shaped pores.

4.3. RESULTS AND DISCUSSION
4.3.1. Acidic pretreatment optimization

After the acidic pretreatment of SS and MS, the acidic extracts were
analyzed to quantify major ions and assess the fraction extracted (Figure 4.2).
There was a sharp reduction in the fraction of Al and Fe extracted at pH ~3 and
above. The reduction in P extraction was more prominent for MS at this pH range
but not for SS, indicating the positive effect of AS addition and likely
precipitation of aluminum phosphates (Al-P). There might also be some iron
phosphate precipitation, but its proportion compared to Al-P was likely negligible
due to the high Al/P molar ratio in MS. On the contrary, Ca and Mg did not show
an abrupt drop in the fraction extracted. The molar ratio of major elements to P
in the samples after acidic pretreatment of SS and MS (SSA and MA, respectively)

are also shown in Figure 4.2. It shows that at pH>3, Ca/P molar ratio increased
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while Al/P ratio was almost constant. Thus, to maximize P (via Al-P precipitation)
and minimize Ca/P molar ratio in the acid-pretreated amended SS (MA), a pH

range of 3-4 was recommended. Subsequently, acid pretreatment was conducted

again to prepare the samples for pyrolysis.
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T b
$ i (a) -&-MS(P) ( ) SSA (Al)
< 80 - i SS (Al) = MA (Al)
< 5 . MS (Al) 230 SSA (C
e Y 1 SS (Ca) 5 (Ca)
Y 60 NN MS (Ca) E MA (Ca)
| - A ~ - - _
£ o1 NN ® - 5SS (Fe) 2,0 - @ - SSA (Fe)
N I 1 \\ \\-"'-.- -*-MS(Fe) E -*‘MA(FG)
£40{ S SS(Mag)| SSA (M
s | e \ Ny MS (Mg) . (Mg)
o LN "\ g S 1.0 - MA (Mg)
o 20 o A N = e
| \\.'\ \k— ) *‘._—-_._ < p=<$
S M a N
0 . T Py | W— 0.0 T T T T T T
0 2 4 8 8 0 2 4 6
Equilibrium pH Equilibrium pH

Figure 4.2: (a) The fraction of major ions extracted during acidic pretreatment of
SS and MS at various pH (b) molar ratio of inorganic phosphate forming elements
(Al, Ca, Fe, and Mg) with P after acidic pretreatment of SS (labeled SSA) and
MS (labeled MA).

4.3.2. Effect of SS amendment on P speciation

SS amendment was conducted to promote AP to NAIP conversion in SS,
and the conversion mechanism has been discussed in detail in the previous
study[12] (but briefly explained here). Most of the Al (mainly from AS) and P
precipitated and remained in solids during acidic pretreatment, while other major
inorganic ions (such as Ca and Mg) dissolved and were discarded with the acidic
extract. The molar ratio of major elements that form inorganic compounds with
P was altered in the amended SS (Table S 10). Among these, reduction in Ca/P
was most critical for improving the alkaline extraction of P from char. This aspect
has been discussed in detail in the subsequent sections. Furthermore, it was
reported that Al-P precipitated as AIPO4 in acidic conditions[14,35], but it was
found that Al-P association was through adsorption and surface complexation
(bidentate binuclear innersphere) of orthophosphate (ortho-P) with AI(OH)3[12].

4.3.3. Effect of operational conditions on alkaline extraction of P
P extraction (mg/kg and %) was significantly higher for MCs than SCs for

all the pyrolysis temperatures (Figure 4.3) (p <.001, degrees of freedom (df) = 1)
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despite higher P concentration in SCs. The higher alkaline P extraction efficiency
for MCs (51-88%) than SCs (9-32%) was due to a higher fraction of NAIP

(mostly Al-P) in them (discussed in detail in subsequent sections). Moreover, P

recovered (mg/kg and %) was reduced significantly (p < .001, df = 2) for both
SCs and MCs with increasing temperature, i.e., SC400 (32%) > SC600 (22%) >
SC900 (9%) and MC400 (88%) > MC600 (66%) > MC900 (51%). Tukey's test

confirmed this trend was significant (p < .001, total df = 12) for P recovery. This

trend can be attributed to the increasing fraction of stable and less labile P

minerals at higher temperatures and the immobilization of P during carbonization.

This aspect has been discussed in detail in the subsequent sections. Two-way

ANOVA also revealed a significant interaction effect (for both absolute P
recovered (mg/kg) (p =.018, df = 2) and % recovered (p = .002, df = 2)) between
two independent variables (i.e., pyrolysis feedstock type and temperature), but

not as significant as the main effects of these variables.
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MC400 outperformed SC400 in P extracted (absolute value and %) for all
three critical extraction operational parameters. For liquid-to-solid (L/S) ratio,
the difference in P recovery (mg/kg and %) between SC400 and MC400 was
significant (p < .001, df = 1) across the operation range. It was also significant
within the individual cohorts of SC400 and MC400 (p < .001, df = 5). For other
parameters normality/ homoscedasticity assumptions were not met and hence
ANOVA results are not reported. However, it is apparent that NaOH
concentration (or pH of the extractant) was important for P extraction in the
investigated range of conditions. It was important because the change in P
extracted with changing NaOH concentration was stark for both SC400 and
MC400. At lower concentrations (10 and 102 M), the total P extracted was
relatively higher for SC400 than MC400, as the latter lost labile P during acidic
pretreatment (though the difference is inconsequential due to low absolute value
of P extracted (~ 20-120 mg/kg)). However, with increasing concentration (> 10
3 M), MC400 outperformed SC400 (in both total P extracted, and percentage of
P extracted), highlighting the critical role of NAIP proportion in char for alkaline
extraction. The effect of extraction duration was more pronounced for SC400
than MC400, as the difference between the highest and lowest extraction
efficiencies were 42% and 23%, respectively. The enhanced P dissolution
kinetics in MC400 could be due to a higher proportion of NAIP than in SC400,
which is easily extracted in alkaline conditions. The influence of L/S was
practically insignificant in both SC400 and MC400, as alkaline P extraction is
less influenced by the L/S ratio[220,221].

The mass balances for the entire process in the reference and design
processes are shown in Figure 4.4. P concentration in char increased with
increasing pyrolysis temperatures for both SS and MA as P in SS is largely non-
volatile below 1100°C[222]. The increase in P concentration in char is consistent
with some other studies[105,223]. P loss in gaseous/liquid phases during
pyrolysis was higher for SS (~ 14%) than MA (~ 2%, except for 600°C (~ 9%))
for all the temperatures. It was likely because OP volatilization was inhibited
more during MA pyrolysis than during SS pyrolysis. In other words, Al
abundance promoted the formation of metal phosphate complexes and minerals
during the thermal decomposition of OP[81]. Moreover, these inorganic
phosphate phases might have interacted with the organic fraction of char and

stabilized further by organo-mineral interaction[224]. However, relatively higher
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P loss during the MA pyrolysis at 600°C than at 400/900°C was unclear. Overall,
the condensation of P on the solid char dominated the P volatilization even at
high temperatures (~ 900°C).

(@) P=100mg  pyoysis  P=Bmg Alkaline P =D mg

—_— —

@ (400/600/900°C) extraction
Drywt.=5g 1 Drywt. =Ag 1

Ploss=Cmg @

g Ploss=Emg
—~
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~

Overall efficiency (%), G = (P/100)*100%
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o Alkaline extraction efficiency (%), F = (D/B)*100% y
T

Overall efficiency (%), G = (P/100)*100%

Feedstock | Pyrolysis | Char Pehar P loss via Paikaii P loss via Alkaline Overall
temp. wt. (&) | (B) pyrolysis D) char (E) extraction efficiency
(TC} (9) (mg) | (C)(mg) (mg) (mg) efficiency (F) (%) | (G) (%)
SS 400

24 86 14 28 58 32 28
SS 600 21 87 13 19 67 22 19
SS 900 1.9 86 14 8 78 9 8
MA 400 3.2 87 2 76 11 88 76
MA 600 28 80 9 53 27 66 53
MA 900 25 87 2 44 43 51 44

Figure 4.4: The mass balance for the entire process in the (a) reference and (b)
design cases based on the average values of the replicates. The results are
summarized in the table below the schematics.

In conclusion, SS amendment followed by low-temperature pyrolysis was
most suitable for alkaline P recovery from char. The proposed novel process
engineered P transformation in SS using a waste, which led to relatively higher
alkaline P recovery efficiency, hitherto unreported in prior literature. Some of the
operational parameters, such as NaOH concentration, L/S, and extraction

duration, might be adjusted to lower the economic and environmental cost of the
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process (though detailed research is pertinent in this regard). P speciation had a
critical role in its extractability from char, so it was investigated in detail and

discussed in the subsequent subsections.
4.3.4. XRD of sludge and char samples

XRD analysis was conducted to identify the structural characteristics of major
minerals in SS and MA and changes due to thermal treatment (Figure 4.5).
Generally, identifying crystal phases in complex environmental samples is
challenging due to overlapping peaks and amorphous phases (but useful,
nonetheless). The broad hump in the range 14° <26 <26° in SS and MA spectra
represents the amorphous phase. Similar spectra for SS and MA indicated that
SS amendment did not lead to a change in crystal structures. With increasing
pyrolysis temperature, the broad hump reduced, indicating the increasing
crystallization of char samples. Regarding P compounds, the sludge samples and
chars prepared at temperatures up to 600°C did not exhibit P crystals (except
SC600). The whitlockite peak was evident in SC600 and SC900, indicating the
formation of Ca-P crystals at higher temperatures (> 600°C). Conversely, AIPO4
and augelite peaks rather than whitlockite peaks were detected in MC900 due to
relatively higher Al/P and lower Ca/P molar ratios in MA than in SS. The
formation of whitlockite partially explained the low alkaline P dissolution from
SC900 (9%) compared to MC900 (51%). These findings concurred with the 31P
SSNMR analysis in this study. The peak for aluminum phosphide (AIP) was also
observed but not assigned, as its formation in this study was unlikely. AIP is
highly reactive and thus likely to transform into other stable P compounds in the
char samples. Besides, SiO2 was a prominent mineral detected in all the samples.
The increasing relative intensity of SiO2 with increasing temperature could be
attributed to changes in the ultrastructures of chars[225]. It could also be
attributed to the reduction in the relative intensity of other crystal phases (such

as FeS) due to thermal decomposition.
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Figure 4.5: XRD peaks of (a) SS and its chars and (b) MA and its chars.

4.3.5. P speciation and its role in P extraction
4.3.5.1. SMT analysis

SMT analysis was conducted to ascertain the variation in P species (AP,
NAIP, OP, and inorganic phosphorus (IP)) due to SS amendment and pyrolysis
(Figure 4.6). The effect of SS amendment on AP to NAIP conversion was evident
as AP/NAIP ratio in MA (0.04) was about 14 times lower than in SS (0.57). The
reason for the conversion was explained in the preceding section. With increasing
pyrolysis temperature, AP/NAIP ratio increased in SS chars, a trend observed in
other studies as well[91,96,105]. This increase was due to the formation of
thermodynamically more stable P species, such as apatite, as the pyrolysis
temperature increased[222] (corroborated by XRD data in this study). The
increasing AP/NAIP ratio from SC400 (0.84) to SC600 (1.67) to SC900 (2.19)
partly explained the reduction in alkaline P extraction efficiency in SS chars with
increasing temperature. Conversely, AP/NAIP stagnated or reduced with
increasing pyrolysis temperature among MC chars. AP/NAIP in MC400, MC600,
and MC900 was 0.22, 0.12, and 0.20, respectively. This trend was attributed to
the deficiency of Ca and abundance of Al due to SS amendment. Multiphase,
multicomponent thermodynamic equilibrium modeling using Gibbs free energy
minimization also indicated that Al-P and iron phosphate species might dominate

in the char if their concentrations were relatively high[226].
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Figure 4.6: (a) P species in the sludge and char samples determined using the
SMT protocol. (b) Ratio of P species in sludge and char samples. P species are
apatite phosphorus (AP), non-apatite inorganic phosphorus (NAIP), organic
phosphorus (OP), and inorganic phosphorus (IP). The error bar represents the
standard deviation.

OP/IP ratio in MA (0.18) was higher than in SS (0.14) due to the loss of
labile IP during acidic pretreatment of MS. OP was not lost as it is recalcitrant to
acidic hydrolysis at pH 3-4[12]. Pyrolysis at 400°C led to a reduction in OP/IP as
it was 0.02 in SC400 and 0.01 in MC400. This reduction was due to the thermal
decomposition of OP to ortho-P and the formation of IP when released ortho-P
binds with inorganic elements. However, OP decomposition did not accentuate
with increasing pyrolysis temperature in some cases (contrary to the general
trend[81]), as evidenced by its finite presence in MC600 (OP/IP = 0.15), and
MC900 (OP/IP = 0.14). Minor OP presence in MC900 was also corroborated by
the LSNMR and SSNMR data. The decomposition of OP was further discussed
in the sections on 3P LS/SSNMR.

In conclusion, AP/NAIP ratio increased and stagnated with increasing
pyrolysis temperature in SC and MC chars, respectively. SS amendment reduced
AP in MA, affecting its concentration in char samples due to Ca deficiency. OP
did not decompose completely, even at 900°C. Overall, it was evident that SS
amendment partially rectified the temperature effect to obtain P species in char
that dissolved in an alkali (i.e., Al-P) rather than precipitated (such as Ca-P). It is
worth noting that sequential fractionation techniques, including SMT, are limited
by the nature of the sample (soil, lake sediment, and sludge), sample composition,

and operational considerations[43]. Hence, it was supplemented with other
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analytical techniques, such as P 2p XPS, 3'P LSNMR, and SSNMR analyses, for

detailed P speciation in this study.
4.3.5.2. P 2p XPS analysis

XPS analysis was conducted to determine the oxidation states of P and
correlate it with other data in this study (Figure 4.7). The deconvoluted peaks for
all the samples with their relative areas and assignments are enumerated in Table
4.2. In SS, two major deconvoluted peaks possibly corresponding to HPO4>, C-
O-P, (PhO)3PO (where Ph is phenyl group, -CeHs) (133.9 eV) and metal-bound
PO4>/P,07* (such as with Ca) (133.1 eV) were identified. In MA, the fraction of
C-0-P, HPO4*, (PhO)sPO increased while the peak at 133.1 eV was missing,
possibly indicating the loss of Ca-P during acidic pretreatment. Instead, a
prominent peak at 135.1 eV in MA could correspond to H2PO4 bound to
metal[227]. The presence of protonated ortho-P was confirmed by 3P SSNMR
analysis as well. Given the acidic pretreatment pH range of ~ 3 (less than pKaz
(7.21) of H3POg4), HoPO4 dominates in the dissociation equilibrium and is more
likely to associate with metal ions. Among char samples of SS, the area % of
peak at around 133.2 eV increased from SS to SC400 to SC600 and then
decreased for SC900, possibly indicating the changes in metal phosphate
compounds. It could also imply the formation of pyrophosphate (133.2 eV) as
the temperature increased up to 600°C and then their destruction with further
temperature increase (as corroborated by LSNMR data). SC900 also has a
prominent peak at 135.7 eV, indicating the presence of phosphorus pentoxide (as
P2Os or P4O10). A similar trend of ortho-P, pyro-P, and C-O-P presence was
observed among the chars of MA. Interestingly, metaphosphate (PO3’) was
detected in some samples but not confirmed by other analytical techniques,
possibly due to methodological limitations. For instance, it was not detected in
LSNMR analysis because metaphosphate hydrolyses to ortho-P and pyro-P
during dissolution[86].
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Figure 4.7: P 2p spectra of (a,b,c,d) SS and its chars (e,f,g,h) MA and its chars.
Experimental, simulated, and deconvoluted spectra are shown in multicolor solid
lines, black dashed lines, and blue solid lines, respectively.

Table 4.2: P 2p XPS deconvoluted peak assignments for sludge and char samples,
relative areas, and FWHM.

130

Sample Peak  Full width Area Peak assignment Ref.
energy at half (%)
(eV)  maximum
(FWHM)
(eV)
SS 1331 125 34.79 PO, P,O7* [228,229]
133.9 1.6 65.21 C-O-P, HPO4* [86,228,230]
SC400 1332 141 53 PO, P.O7* [228,229]
1341 1.6 47 C-O-P, POg, (PhO);PO  [86,230,231]
SC600 1332 141 65.9 POs P,O7* [228,229]
1343 1.6 34.1 C-O-P, PO3, (PhO);PO  [230,231]
SC90 1332 14 29.54 PO, P,O7* [228,229]
1343 1.6 48.01 C-O-P, PO3, (PhO);PO  [230,231]
135.7 1.6 22.46 P20s, P4O10 [232]
MA 133.9 1.6 77.32 C-O-P, HPO4* [86,228,230]
1351 16 22.68 H2PO4 [227]
MC400 133.6 1.6 66.47 C-P, C-O-P, HPO+* or [230,232,233]
P,O7*
1343 1.6 33.53 C-O-P, PO3, (PhO);PO  [230,231]
MC600 1336 155 67.92 C-P, C-O-P, HPO+? or [230,232,233]
P,O7*
1345 1.6 32.08 C-O-P, POs, (PhO);PO  [230,231]
MC900 1333 16 28.74 PO4*, P,O7* [228,229]
1342 1.6 57.05 C-O-P, POs, (PhO);PO  [230,231]
1353 15 14.21 P20s [229]
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Overall, the changes in P species were evident due to SS amendment and
pyrolysis temperatures, even though P species can have overlapping peaks, and
it might be hard to trace changes in specific P compounds. The presence of ortho-
P, protonated ortho-P bound to a metal ion, and pyro-P were in conformity with
NMR data. Besides, the detection of C-O-P, (PhO)sPO, and C-P bonds indicated
the association of P with carbon in the samples. It was likely that the association
of P with aromatic carbon increased with increasing temperature (especially at

900°C) (discussed in detail in the sections on carbon analysis).
4.3.5.3. 3P LSNMR analysis

Figure 4.8 shows that almost the entire P in SS and MA was detected as
ortho-P, as evident from one prominent peak in their spectra[196]. The
abundance of ortho-P was confirmed by P 2p XPS analysis. A minor rightward
shift in ortho-P peak for SS and MA compared to their chars was likely due to
their lower pH than their chars[12] (as char can be more alkaline than SS[95]).
In SC400, a prominent pyrophosphate peak at -4.3 ppm might be due to
polymerization and condensation reactions of P compounds during
pyrolysis[81,234,235]. It could also be due to the decomposition of OP via
hydrolysis and facilitated by H>O from the decomposition of carboxylic acid or
dehydration of ortho-P[95]. However, OP content in SS was low; hence,
pyrophosphate formation via degradation of OP was improbable. The
pyrophosphate formation was likely due to dehydration of metal ortho-P, such as
that of Ca[236,237]. Since MA had much lower Ca/P, the pyrophosphate
formation was negligible in MC400. The pyrophosphate fraction in SC600 and
SC900 was also low, possibly indicating the destruction of pyrophosphates and
formation of inorganic P minerals at temperature > 600°C by the combination of
ortho-P with metals such as Ca and AI[59]. Similar findings were reported in
some other studies on SS pyrolysis[91,95,96]. Interestingly, both ortho-P
monoester and pyrophosphate were detected in MC900 (though with minor
peaks). As mentioned in the previous section, generally, OP decomposition
accentuates with increasing pyrolysis temperature[81], but there are exceptions
to this trend. The fractional content of OP species such as ortho-P monoester and
diester has been reported to be as high as 39% and 21%, respectively, in char
prepared at 900°C[93]. In MC900, some pyrophosphate and ortho-P monoester

were possibly stabilized by interaction with the ash component of the char or
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formed a stable organo-mineral complex or bound to aromatic carbon through
electrostatic and hydrogen bonding interactions[224,236,238]. The direct or
indirect P bonding with C was also observed via P 2p XPS analysis in this study.
However, it is likely that additives such as CaO, Ca(OH)2, MgO[89,93] and AS
(this study) had a greater role than carbon in preventing the decomposition of OP
during pyrolysis. Otherwise, SS chars would also have OP content comparable

to amended SS, which was not the case in this study.

Ortho-P
(a) (b) monoester FYro-P
SC900 / MC900
SC600 MC600
Ortho-P Pyro-P O“ho'i
\‘| SC400 l MC400
l S MA
20 -20 20 -20

10 0 10 10 0 -0
31P chemical shift (ppm) 31P chemical shift (ppm)

Figure 4.8: 3P liquid-state NMR (LSNMR) of sludge (SS and MA) and char
samples.

However, the OP data from the SMT protocol and LSNMR did not
corroborate for some samples in this study. This is possibly due to the
methodological limitation of LSNMR (hydrolysis of OP during NaOH-EDTA
extraction or non-extraction of condensed organophosphates, making
identification of P speciation difficult). In SSNMR, samples are analyzed directly
in the solid samples; hence, it was helpful for the in-situ characterization of P

species.
4.3.5.4. 3P SSNMR analysis

31p chemical shifts depend on the electronegativity, charge, and radius of
the next-nearest-neighbor cation and generally have a linear relationship with P-
O bond length and O-P-O bond angle in ortho-P[186]. 3P SSNMR analysis of
sludge (SS and MA) and char samples is shown in Figure 4.9, along with peak
assignments to various P species and their fractional distribution. The peak

assignments for deconvoluted peaks are tabulated in Table 4.3.
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Figure 4.9: 3'P single pulse- magic angle spinning (SP-MAS) NMR spectra of (a)
SS and its chars, (b) MA and its chars, (c) the approximate peak range for some
important P species in this study (M* and M?* represent alkali and alkaline earth
metals, respectively) (d) fractional distribution of P species in the samples.
Experimental spectra, simulated spectra, and deconvoluted resonances are shown
in multicolor solid lines, black dotted lines, and black solid lines, respectively.
Some of the peaks were in the overlapping region and hence assigned with an
overlap in (d). The spinning sideband is marked with *.

Table 4.3: Peak assignment for deconvoluted peaks of 3'P single pulse-magic
angle spinning (SP-MAS) NMR spectra of sludge and char samples.

Sample Peak Peak assignment Ref.
(ppm)
SS 4.1 Ortho-P monoester [196,239]
1.2 Octacalcium phosphate (OCP) [186,187]
(CagH2(P0O4)s-5H20),
NHsH2PO4,(NH4).HPO4
-3.2 Protonated ortho-P adsorbed to [187,189]
Al(OH)z,uncondensed aluminum
phosphate
-9.5 Protonated ortho-P adsorbed to [187,189]
Al(OH)s,uncondensed aluminum
phosphate
SC400 1.1 OCP (CagH2(PO4)6-5H20), NH4H2PO4 [186,187]
-10.5  Pyrophosphate (P207*) [196,239]
-21.8  Lazulite (MgA12(OH)2(POa4)2) [240]
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SC600 8.8
15

-1.5
-11.2

-19.8
-31.8
SC900 9.1
0.6
-3.8
-14.8
-31.8
MA 6.7
0.3

-10.2

-16.1

-29.6
MC400 0.11

-11.2

-17.0
-21.6
-25.1
-29.9
MC600 1.4

-3.2

-8.3

-12.4
-17.8
-21.4
-25.2

Inorganic ortho-P

OCP (CagH2(POa4)s-5H20), Brushite
(CaHPO4.2H20), (NH4)2HPO4
Pyrophosphate (P.07*)

Wavellite

(Alz(OH)3(PO4)2-5H20),unknown (likely

Al-P)

Lazulite (MgA12(OH)2(POs)2)
Augelite (Al2(OH)3PO4)

Inorganic ortho-P

Mg3(POa)2

Pyrophosphate (P207*)

Unknown (likely Al-P)

Augelite (Al2(OH)3PO4)

Ortho-P monoester

OCP (CagH2(POa4)s-5H20), dicalcium

phosphate anhydrous (DCPA, monetite

(CaHPOQa))

Protonated ortho-P adsorbed to
Al(OH)3z,uncondensed aluminum
phosphate

Protonated ortho-P adsorbed to
Al(OH)3,uncondensed aluminum
phosphate

Senegalite (Al2(OH)3(PO4).H20,
unknown (likely Al-P)

Augelite (Al2(OH)3PO4)
Monetite (CaHPQ4)/ OCP
(CagH2(PO4)s-5H20), NasP20O7
Wavellite (Als(OH)3(POa)2-5H20),
unknown (likely Al-P)

Unknown (likely Al-P)

Lazulite (MgA12(OH)2(POs)2)
Berlinite (AIPO.)

Augelite (Al2(OH)3PO4)

OCP (CagH2(PO4)s-5H20), Brushite
(CaHPO4.2H20) (NH4)2HPO4
Protonated ortho-P adsorbed to
Al(OH)z,uncondensed aluminum
phosphate

Pyrophosphate (P.07*)
Unknown (likely Al-P)
Unknown (likely Al-P)

Lazulite (MgA12(OH)2(POs)2)
Berlinite (AIPO,)
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[196]
[186,187]

[196,239]
[187,188,240]

[240]

[240]

[196]

[187]
[196,239]
[187,188]
[240]
[51,196,239]
[187]

[187,189]

[187,189]

[188,240]

[240]
[187,241]

[187,188,240]

[187,188]
[240]
[187,240]
[240]
[186,187]

[187,189]

[196,239]

[187,188]
[240]
[187,240]



328 Augelite (Al,(OH)sPO,) [240]

MC900 0.6 Mgs(PO4)2, Ortho-P monoester [187,239]
7.8 Pyrophosphate (P207*) [196,239]
-12.3  Unknown (likely Al-P)
-16.1  Senegalite (Al2(OH)3(PO4).H20, [188,240]
unknown (likely Al-P)
-20.6  Lazulite (MgA1,(OH)2(POs4)2) [240]
-24.8  Berlinite (AIPO4) [187,240]
-31.4  Augelite (Al2(OH)3PO4) [240]

SS and SC samples had a prominent resonance at around 1 ppm and
several weaker upfield resonances (ranging from -10 to -30 ppm). The peak at 1
ppm possibly indicated octacalcium phosphate (OCP), with upfield resonances
encompassing various Al-P species and protonated phosphates adsorbed on
Al(OH)s. This peak sharpened with increasing pyrolysis temperatures in SC
samples while the upfield shoulder of the spectrum reduced in prominence. This
indicated an increase in the proportion of AP in SC samples, which is also
corroborated by SMT analysis. In MA, a broad peak was observed encompassing
various P species but mainly corresponding to the adsorption of phosphates on
AIl(OH)s and uncondensed Al-P, indicating AP to NAIP conversion due to SS
amendment. Al-P species transformed with increasing pyrolysis temperature,
more so beyond 600°C, as evident from a few distinct peaks in MC900. More
negative chemical shifts have been reported for aluminum phosphate precipitates
that had been calcined[242]. Some of the minerals mentioned in Table 4.3 (such
as whitlockite and augelite) were observed in the XRD spectra of these samples.
Interestingly, some peaks in the 3P SSNMR spectra of the chars could be
assigned to hydrated compounds such as OCP, brushite, wavellite, and senegalite.
However, their presence in this study was less likely as water of hydration peak
was not apparent in *H single pulse-magic angle spinning (SP-MAS) SSNMR
spectra of the char samples (further discussion in supplementary information (Sl),
Figure S 3). So, these peaks could be assigned to some unidentified compounds
but broadly corresponding to M*/M?*-P or Al-P (Figure 4.9).

OP (such as orthophosphate monoester) was barely detected in SS. In the
LSNMR of SS, OP was also not detected, though some of it was quantified in the
SMT analysis. A small peak at 0.6 ppm in MC900 might correspond to monoester
(also observed in LSNMR). Besides, small resonances (from -7 to -9 ppm) seen
in SC/MC400 to SC/MC900 were likely associated with pyrophosphate, as
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corroborated by the LSNMR of SC400 and MC900 as well (but not for other char
samples). However, a clear assignment to OP was difficult as this resonance

region overlapped with the Al-P region.

After alkaline extraction, SSNMR analysis of the char samples was
conducted to identify unextracted P species (Figure S 4). All samples showed a
peak at ~ 2.8 ppm, likely corresponding to Ca-P such as hydroxyapatite (HAP)
(Cas(PO4)30H), OCP (CagH2(PO4)s-5H20) or Casz(POs4)2. Moreover, line
sharpening in the spectra for all the samples indicated a higher degree of
crystallinity of Ca-P species in the samples, as sharp lines represent the
uniformity of the environment surrounding the P nuclei. The stable crystalline
phases, such as apatite, are less labile than amorphous phases. Some of these
crystalline phases were apparent in XRD spectra, especially when amorphous
phases were thermally decomposed. The absence of resonance in the Al-P region

was due to their dissolution during alkaline extraction.

Overall, the dominance of Ca-P in SC chars and Al-P in MC chars
explained the higher alkaline P extraction efficiency in the latter. Moreover,
increasing pyrolysis temperatures led to the formation of stable Ca-P species in
SC and MC chars, further preventing their alkaline dissolution. To investigate the
effect of Al on P extractability (especially from MC chars), Al speciation analysis

was conducted in detail and elaborated in the subsequent section.
4.3.6. Al speciation and its relationship with P
4.3.6.1. Al SSNMR analysis

2T Al spectra, the resonance range for various Al coordination states, and
the fractional distribution of Al coordination states are presented in Figure 4.10.
The deconvoluted resonance assignments are given in Table 4.4. In general, AlOg
resonances in 2’Al spectra became less dominant with increasing temperatures,
with a simultaneous increase in AlO4 peak intensity, valid for both SC and MC
samples. This corresponded to AIPO4 formation in SC600, SC900, and MC600.
Owing to the thermal treatment and sample type, different forms of AIPO4 were
formed, as confirmed by resonant peaks. Distinct resonance for berlinite, or the
quartz form, was observed in MC600 at ~ 44 ppm, which is characteristic of the
AIPO4 environment in crystalline alumino-phosphate[243]. The tridymite form
(38.8't0 39.8 ppm) was observed in SC600 and SC900. Both quartz and tridymite
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forms exist in tetrahedral coordination. Another berlinite resonance (36 ppm) was
observed in MC400 without the other resonance reported around 26
ppm[242,244], most likely due to its broad and weak nature. A corresponding
berlinite peak was seen in 3P SSNMR of MC400. In MC900, a prominent AlOg
resonance (7 ppm) coupled with a smaller AlOs peak (64 ppm) were both
assigned to y-Al203[245]. Similar downfield resonances were seen in MA,
MC400, and SC400; however, those were not assigned due to the lack of the
dominant AlOg resonance at ~ 8 ppm. It indicated the formation of y-Al2O3 by
thermal dehydroxylation of boehmite (AIO(OH)) between 500-750°C[246]. The
abundance of Al.Oz over AIO(OH) in SC/MC900 was also evident from Al 2p
XPS analysis (Section 4.3.6.2). Broad resonance for augelite (-31 ppm) in
MC900 (3P SSNMR spectrum) was consistent with prominent AlOs resonance
in 2Al spectra, while less prominent augelite peak in MC400 and MC600 show
little to no AIOs resonance (possibly masked by more dominant AIPO4
resonance). Augelite resonance in 3P SSNMR spectra in SC600 and SC900 was
too weak, corroborated by the absence of an AlOs peak in the 2’ Al spectra. XRD
analysis verified the presence of augelite in MC900 but not berlinite in char
samples prepared at 400°C. In conclusion, the Al environment in the samples was
marked by the diversity of coordination states, especially for the chars prepared
at 600°C and above. ?’Al spectra were also helpful for confirming various P

species determined using 3P SSNMR (such as berlinite and augelite).

95



AlOg EAIO; mAIO,4
#y-Al,0; ®AIPO,

o
o
i

1 w — 7
7
; 17
< ] ‘ /
= 80 /
Z
kS | 7
5 60 1 N 7
2 /
80 40 0 40 8080 40 0  -40 80 40 1
Z7Al chemical shift (ppm) 27Al chemical shift (ppm) >
% 20
Cc 12 ]
AlO, 0 ]
S & O S & O
AIPO4 & P é‘v'o@ & &
AlOs 9" 9 9 S O
AlOg
8l0 L L) L 4'0 Ll Ll Ll 6 Ll L] L) 4'0 Ll L] ._8'0

27Al chemical shift (ppm)

Figure 4.10: 2’Al SP-MAS spectra of (a) SS and its chars, (b) MA and its chars,
(c) the approximate resonance range for various Al coordination states relevant
to this study, and (d) fractional distribution of Al coordination states in the
samples. Experimental spectra, simulated spectra, and deconvoluted resonances
are shown in multicolour solid lines, black dotted lines, and black solid lines,
respectively. The spinning sideband is marked with *.

Table 4.4: Peak assignment[242,245,247—249] for deconvoluted peaks of 2’Al
SP-MAS NMR spectra of sludge and char samples.

Sample Deconvoluted peak Peak assignment
(ppm)
SS 56.0 Tetra-coordinated Al
3.3 Hexa-coordinated Al
-8.7 Hexa-coordinated Al
SC400 68.9 Tetra-coordinated Al
55.3 Tetra-coordinated Al
3.4 Hexa-coordinated Al
-6.4 Hexa-coordinated Al
SC600 57.0 Tetra-coordinated Al
38.9 AIPO4 (tridymite form)
7.0 Hexa-coordinated Al
-5.0 Hexa-coordinated Al
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SC900 56.1 Tetra-coordinated Al

38.8 AIPOg (tridymite form)
12,5 Hexa-coordinated Al,
Boehmite (AIO(OH))
-4.3 Hexa-coordinated Al
MA 69.8 Tetra-coordinated Al
56.1 Tetra-coordinated Al
3.8 Hexa-coordinated Al
-5.7 Hexa-coordinated Al
MC400 67.9 Tetra-coordinated Al
55.3 Tetra-coordinated Al
36.6 Berlinite (AIPO4)
1.7 Hexa-coordinated Al
MC600 59.1 Tetra-coordinated Al
45.6 Berlinite (AIPO4)
27.9 Penta-coordinated Al
0.8 Hexa-coordinated Al
MC900 64.3 v-Al>O3 (tetra-coordinated,
first peak)
56.1 Tetra-coordinated Al
36.5 Penta-coordinated Al
7.1 Hexa-coordinated Al, y-

Al>03 (second peak)

4.3.6.2. Al 2p XPS analysis

Al 2p spectra of the samples are presented in Figure 4.11 while XPS peak
deconvolution and peak assignments with their relative area are summarized in
Table 4.5. Unlike P 2p and C 1s, Al 2p XPS spectra of most samples were
dominated by a single peak. Aluminum oxides and hydroxides were difficult to
differentiate due to overlapping peak ranges. In this analysis, aluminosilicate and
other minor Al compounds, which might have insignificant repercussions for P
speciation and P extraction, were not considered for peak assignment. The peak
at 74.4 eV in SS probably represented Al-O bonding, possibly due to Al-O-P
innersphere complexation between Al and phosphate ion[250] during wastewater
coagulation. It could also represent AI(OH)3, Al.O3, or AlIPO4[251,252], though
the last one was less likely since the peaks for AIPO; in 3P and 2’Al SSNMR of
SS were not detected in this study. SiO2 and Al.Oz are generally significant
constituents of the inorganic fraction of SS[253,254]. In MA, there were two
peaks, among which the peak at 75 eV might be Al(OH)3z and that at 74.3 eV
might be Al,03 as AI(OH)s has higher binding energy than Al>Os. Al in MA was

primarily sourced from AS, so MA was likely to have predominantly Al(OH)s.
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This is because AS primarily comprises AI(OH)z as alum reacts to form Al(OH)s

during the coagulation-flocculation process[167]. However, AS can also have
Al,O3 and SiO2[166,253]. Aluminum oxide, hydroxide, and oxyhydroxide

presence was ascertained in SCs and MCs. As the pyrolysis temperature

increased, Al(OH)z was likely to dehydroxylate to various forms of Al,03[255],

some of which were confirmed by 2’Al SSNMR in this study. AIPO4 presence
was plausible (74.3 eV) in MC400/600, as corroborated by 2’Al SSNMR as well.
However, AIPO4 peak was not detected in SC600/900 in XPS spectra, contrary
to 2’Al SSNMR findings. Possibly, AIPOs XPS peak was masked by the

aluminum oxide/hydroxide peak in SC600/900.
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Figure 4.11: Al 2p spectra of (a,b,c,d) SS and its chars (e,f,g,h) MA and its chars.

Table 4.5: Al 2p deconvoluted peaks with peak assignments[164,250-252] and

relative area.

Sample Peak Full width at half ~ Area (%) Peak assignment
energy maximum

(eV) (FWHM) (eV)
SS 74.43 1.55 100 Al-O, Al(OH)s, Al203
SC400 74.61 1.62 100 Al(OH)s, Al203, AIO(OH)
SC600 74.54 1.6 88.32 Al-O, Al(OH)s, Al203

76.01 1.6 11.68 Al203, AIO(OH)
SC900 74.7 1.6 77.68 Al(OH)s, Al203

76.28 1.6 22.32 AIO(OH)
MA 74.26 1.24 16.66 Al(OH)s, Al203

74.98 1.6 83.34 AI(OH)s, Al203
MC400 74.34 1.6 100 Al-O, AlI(OH)s, Al,03, AIPO4
MC600 74.36 1.6 100 Al-O, Al(OH)s, Al203, AIPO4
MC900 74.53 1.6 92.95 Al-O, AI(OH)s, Al203

76.12 1.6 7.05 AIO(OH)
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4.3.7. C speciation and its relationship with P

Carbon constituted a significant fraction of sludge and char samples in
this study (Table S 11). Besides, the alkaline extract of MC400 had a distinct dark
color compared to the alkaline extracts of other char samples (Figure S 5). Since
MC400 also had the highest alkaline P extraction efficiency; hence, carbon
analysis was conducted to investigate the relation between P recovery and C

speciation.

TOC analysis indicated that organic carbon and elemental carbon
constituted the predominant majority in total carbon (TC) in solid and liquid
samples (Table S 11 and Table S 12), as total inorganic carbon (TIC) was below
the detection limit. Besides, dissolved organic carbon (DOC) in alkaline extracts
(Table S 12) showed that carbon in chars produced at elevated temperatures (>
600°C) was more recalcitrant to dissolution. Increasing pyrolytic temperatures
can promote aromatization and formation of turbostratic graphite structures with
poor crystallinity[256,257]. Possibly, elevated temperature induced structural
changes in the carbon matrix leading to its consolidation, and P might have been
trapped in the consolidated carbon, inhibiting its extraction from SC600/900 and
MC600/900. Notwithstanding, P speciation was also vital for extraction. For
instance, P dissolution efficiency from MC900 was > 50%, while it was < 10%
in SC900 due to relatively higher NAIP in MC900 than in SC900. Thus, P
transformation as NAIP played a predominant positive role in P dissolution over
the inhibitory effects of carbon transformation during pyrolysis.

Interestingly, C dissolution from MC400 was ~ 5-25 times higher than
other char samples and had the highest P recovery efficiency. As explained in the
previous section, thermal treatment might have promoted the formation of
organo-mineral complexes of P, especially in MA chars. High DOC and P
extraction from MC400 could be due to the dissolution of these organo-mineral
complexes. Additionally, high Al concentration in MA might have catalyzed
pyrolytic reactions leading to the formation of easily extractable DOC, similar to
biomass chars[258]. A study on chars from lignocellulosic feedstock reported the
formation of weakly bound low molecular weight neutrals (uncharged small
organics such as alcohols, aldehydes, ketones, sugars, and amino acids) and
humic acids during low-temperature pyrolysis (<450°C)[258]. Humic acid and

other negatively charged DOC could promote P solubility by enhancing ortho-P
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desorption from char, and itself get adsorbed on minerals[177]. On the other hand,
temperatures > 450°C promoted secondary pyrolytic reactions, leading to the
formation of poorly extractable carbon species[258]. Additionally, the C-O-P
bond was possibly weak in MC400 but stronger in MC900 due to encapsulation
in stable carbon compounds[86]. Hence, both P and C were poorly dissolved
from SC900 and MC900. Stable carbon species (such as aromatic/graphitic
carbon) were confirmed by C 1s XPS (Section 4.3.7.1) and FTIR analysis
(Section 4.3.7.2) of char samples.

4.3.7.1. C 1s XPS analysis

C 1s spectra of sludge and char samples are shown in Figure 4.12, while
the deconvoluted peaks, relative peak area, and peak assignments are
summarized in Table 4.6. In general, coherence between C 1s XPS data and 3C
SSNMR data was evident. In SS and MA, the alkyl group (C-C, C-H) was
predominantly present, followed by alcohol (C-OH)/ether (C-O-C) and minor
amounts of carbonyl groups (C=0, O-C=0). The alkene (C=C)/ graphitic carbon
fraction in char samples was higher than the other groups (alkyl, ether, amide,
and carbonyl). With increasing temperature, the fraction of the alkyl group
reduced and completely decomposed at >600°C (as confirmed by *C SSNMR
data as well). Besides, the increasing sharpness of the graphitic peak with
increasing temperature indicated the enhanced orderliness/crystallization of the
carbon structure. This might explain the higher stability of carbon and low DOC
content in SC900 and MC900. P association with this recalcitrant carbon
probably made it stable and less prone to dissolution, hence its immobilization.
Overall, the thermal treatment increased the stable carbon matrix in both SS and
MA chars.
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Figure 4.12: C 1s spectra of (a,b,c,d) SS and its chars (e,f,g,h) MA and its chars.

Table 4.6: Deconvoluted peaks of C 1s with their relative area and peak
assignments[259-261].

Sample Peak Full width at half ~ Area (%) Peak assignment

energy maximum
(eV) (FWHM) (eV)
SS 284.71 1.31 68.80 C-C,C-H
286.21 1.31 21.08 C-OH, C-0-C
287.71 1.31 6.81 C=0
288.71 1.31 3.31 O-C=0
SC400 284.35 1.37 62.31 Cc=C
284.87 1.5 23.03 C-C,C-H
286.15 1.5 11.09 C-OH, C-0-C
288.55 1.5 3.57 O-C=0
SC600 284.47 1.21 63.64 Cc=C
285.37 1.17 14.59 C-N
286.27 1.57 12.04 C-0-C
287.97 1.6 55 C=0
290.88 2.71 4.23 Satellite
SC900 284.53 1.07 58.69 Cc=C
285.4 1.19 19.21 C-N
286.53 1.8 14.55 C-0O-C
289.03 1.8 5.55 O-C=0
290.94 2.71 2 Satellite
MA 284.81 1.39 67.85 C-C,C-H
286.41 1.39 21.24 C-OH, C-0-C
287.81 1.39 6.02 C=0
288.65 1.39 4.88 O-C=0
MC400 284.4 1.41 53.44 Cc=C
284.9 2.22 39.11 C-C,C-H
286.24 1.8 4.44 C-0-C
287.9 1.66 3.01 C=0
MC600 284.47 1.33 77.39 Cc=C
285.6 1.08 8.59 C-N
286.27 1.65 9.98 C-O-C
287.97 1.8 4.05 C=0
MC900 284.54 1.16 76.26 Cc=C
285.74 1.03 12.79 C-N
286.64 1.8 10.95 C-0-C
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4.3.7.2. FTIR analysis

Some of the important functional groups in the samples were identified
(Figure 4.13, Table 4.7), though precise identification in carbonaceous materials
was difficult due to the band overlap of functional groups. The effect of acidic
pretreatment on the variation in the functional groups was not prominent, as SS
and MA have similar spectra. Generally, the functional groups were removed
with increasing temperature during the pyrolysis of SS and MA. The absence of
a broad peak at 3279 cm™ in char samples indicated the decomposition of
inter/intramolecular H-bonded OH groups at 400°C and above[262], likely
leading to dehydration reactions. Similarly, aliphatic C-H (2924 cm™) and
aliphatic CHx (2853 cm™) peaks were absent, possibly due to lipid loss as CHa,
CO., and other gases or aromatic compounds during pyrolysis. Some of the
reactions involving the formation of these gases are enumerated in Section 2.5.
These findings were consistent with the 3C SSNMR and C 1s XPS data in this
study. The shift in peak at 1636 cm™ in SS and MA to ~1600 cm™ (in SC/MC400)
could be due to conjugation (might be olefinic C=C conjugated with phenyl,
alkene, and a, B-unsaturated carbonyls) and eventual loss due to heating at 600°C
and above. The aromatic ring peak at 1518 cm™ was apparent in SS and MA but
not so much in the char samples (but present nonetheless), possibly due to the
high intensity of other functional groups in char. The peak at ~1420 cm™ in SS,
MA, SC400, and MC400 likely corresponded to aliphatic C-H stretching, as
carbonate was less likely to be present in the samples (evident from TOC analysis
in this study). With increasing pyrolysis temperature, the peak intensity in the
range 850-1200 cm™* was reduced but still predominant in the spectra. This trend
indicated that while C-O was lost due to heating, P-O was retained as inorganic
compounds (such as hydroxyapatite)[263,264]. Finally, Si-O vibration (~780 cm"
Land ~680 cm™) of inorganic minerals such as clay and quartz was observed in
both sludge and char samples, as these compounds are found in sludge and are
thermally stable. In conclusion, sludge samples had diverse functional groups,
but with increasing pyrolysis temperature, aliphatic, hydroxyl, and carbonyl
groups were lost, while aromatic and inorganic groups (such as P-O and Si-O)

were retained.

102



MC900

SC900

MC600 |

4000 3500 3000 2500 2000 1500 1000 500
Wave number (1/cm)

Figure 4.13: FTIR spectra of the sludge and char samples.

Table 4.7: Peak assignments for the spectra of sludge and char samples[263—
267].

Peak (cm™) Peak assignment

3279 H-bonded OH, possibly OH-ether hydrogen bonds

2924 Aliphatic CH

2853 Aliphatic CHy

1636 C-OH, C=0, C=C, amide I

~1600 Possibly olefinic C=C conjugated with phenyl, alkene, and
unsaturated carbonyl

1518 Aromatic ring

~1420 Carboxyl-carbonate structure, aliphatic C-H stretching

850-1200 P-O, C-O

~780 Si-O vibration of inorganic compounds

~680 Si-O vibration of inorganic compounds

4.3.7.3. 3C SSNMR analysis

13C{'H} cross polarization — magic angle spinning (CP-MAS) NMR
analysis of the sludge and char samples was conducted for detailed carbon
assessment. However, only C species closer to H in space rather than all C species
were assessed. In the alkyl region of 0-50 ppm, broad resonance from 10-40 ppm
was observed in sludges (SS and MA) and SC400 and MC400. These groups
could be -CH: or -CHg, with the latter seen more upfield than the former. Alkyl
groups started to disappear > 400°C (in SC600, the -CH> resonance was very
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weak). It indicated the decomposition of organic fatty hydrocarbons into CHg,
COo, and other gaseous and aromatic compounds[268]. In the O-alkyl region of
60-110 ppm, resonance corresponding to carbohydrates[177] was present in SS,
MA, SC400/900, and MC400/600 (chemical shift depended on what was directly
bonded to the -OH). The trend was similar to alkyl groups; -CH3z showed peaks
more upfield, followed by -CH:R, then -CHR> and -CR3. O-CH-O resonance,
possibly in SS, MA, and SC400 (too weak in MC400, hence not assigned), also
confirmed the presence of carboxyl carbons. The abundance of alkyl and alcohol
groups in the char prepared at 400°C possibly explained their higher DOC, as
explained in the previous section. It was found that OP associated with O-alkyl
groups was more easily extracted than those associated with refractory alkyl and
aromatic carbon groups[59,269]. Moreover, some carboxyl and hydroxyl groups
may form organo-mineral with Ca and Mg and thus prevent the contact between
Ca, Mg, and P and their consequent precipitation[59]. With increasing pyrolysis
temperatures, such groups reduced (while aromatic carbon increased), which
meant the formation of Ca and magnesium phosphate compounds[59], which
were recalcitrant to dissolution in alkaline conditions. In the aromatic region of
110-160 ppm, broad resonance appeared in all the char samples (except MC900),
and its prominence increased with the increasing temperature, indicating the
conversion of alkyl and O-alkyl groups to aryl C. Carbon atoms existed primarily
as RC=CR in MC900 (inset of Figure 4.14), with no H bonded or nearby (i.e.,
exists as an extended carbon network). However, in SC900, H-bonded carbon
was predominant as *C{*H} CP-MAS and 3C SP-MAS had similar spectrum
(inset of Figure 4.14). Nevertheless, increasing aromaticity with increasing
pyrolysis temperatures was confirmed. A slight resonance corresponding to
carboxylic C=0 (170 to 180 ppm) in the protein region was also observed in SS
and MA.

In conclusion, increasing pyrolysis temperature led to the loss of diverse
functional groups and aromatization of carbon. P was encapsulated in a
recalcitrant carbon matrix when pyrolysis was conducted at elevated
temperatures (> 600°C). Thus, low-temperature pyrolysis (~ 400°C) was most
suitable for P recovery from char.
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Figure 4.14: B3C{*H} CP-MAS spectra of (a) SS and its chars (b) MA and its
chars. 33C SP-MAS of SC900 and MC900 are shown with black lines and
compared with their respective **C{*H} CP-MAS spectra (multicolor) in the inset
of (a) and (b), respectively.

4.3.8. Trace element analysis

Some major trace elements (TEs) detected in sludge and char samples
were Ba, Cu, Ti, and Zn (Table 4.8). In general, TEs concentration increased with
increasing pyrolysis temperature in the char samples. This enrichment was
expected as TEs such as Cu and Zn do not volatilize easily even at high
temperatures (~1000°C), especially if thermally treated without chlorine-based
additives[270,271]. However, in this study, Zn concentration in SC900 was lower
than SC400/600, while in MC char, the trend was: MC400>MC600/900. It seems
that excess Al ions in MA positively influenced the Zn volatilization, and hence,
it was removed at a lower temperature compared to SS pyrolysis. High Zn
volatilization (>70%) during SS pyrolysis above 750°C has been reported in
another study[272]. Though there are several studies on the co-pyrolysis of SS
with organic and inorganic additives for TE stabilization/removal[273], the
authors could not find any such study on the co-pyrolysis of SS with AS. Thus,
this could be an interesting research avenue to explore.
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Table 4.8: Trace element in sludge and char samples.

Sample Trace element (mg/kg)
Ba Cu Ti Zn

SS <500 664 + 21 1944 +71 1318 £ 51
AS <500 <500 834 +10 <500
SC400 <625 1350 + 37 3623 + 29 2526 + 63
SC600 729 £ 41 1532 £ 93 3631 £ 619 2945 + 177
SC900 810 + 29 1669 + 72 4416 £ 176 960 + 13
MC400 <1000 1525 + 299 3450 + 132 1679 + 272
MC600 <1250 <1250 3154 + 312 <1250
MC900 <1000 1465 + 66 4186 + 240 1092 + 22

As per EU regulation of 2019/1009[274] for fertilizing products, the chars
in this study exceeded the maximum allowable concentration for Cu and Zn. Thus,
P extraction from char in this study was more prudent than the direct application
of char on farms. In acidic or alkaline extract, the major TEs reported in this study
were below the calibration limit of ICPOES. In other words, analyzed TEs were
contained in the solid matrix during the entire operation, making their disposal
easier. It would be interesting to analyze TEs using ICPMS for their more

nuanced assessment in future studies.
4.3.9. Morphology, surface area, and porosity of chars

The surface characteristics of char affected the leachability of elements
from it and its potential application as an adsorbent for environmental
remediation. The morphology (Figure 4.15) and N2 adsorption-desorption
isotherms (Figure 4.16) are shown below. The main parameters for BET fitting
are summarized in Table S 13, while the surface characteristics are summarized
in Table S 14. Char samples had irregular surfaces, and there was no apparent
distinction between chars of SS and MA in this regard (Figure 4.15). All the char
samples had negligible micropores (pore diameter< 2nm). The surface area for
the chars prepared at 900°C was higher than those prepared at 400/600°C (in their
respective cohort), indicating the positive influence of high temperature on the
surface area. SC900 and MC900 had the smallest pore size among their cohort,
possibly due to the loss of volatiles leading to unblocking of micropores[263]. At

lower temperatures (400/600°C), these micropores might have been blocked due
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to the recondensation of volatiles (especially when pyrolysis is conducted in a
horizontal tube furnace). There was no clear trend of changes in surface area and
pore size with temperature for SS chars. For MA chars, the surface area increased
with temperature, but no clear trend in pore size was observed. These trends may
be due to the complex interplay of factors such as the blocking of pores due to
sintering and inorganic compounds[263] and pore enlargement during the
intermediate thermoplastic stage (550-650°C)[275]. Nevertheless, the positive
influence of co-pyrolysis of SS with AS on the surface characteristics was
apparent. The surface area and average pore diameter of MA chars were higher
than SS chars for all the pyrolysis temperatures (except the average pore diameter
of SC900 was greater than MC900). In conclusion, the pyrolysis temperature
seemed to play a predominant role in determining the char surface characteristics,
and co-pyrolysis of SS with AS led to improved surface area across the

temperature range.

Figure 4.15: SEM images of the char samples (2500x magnification).
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Figure 4.16: Adsorption-desorption isotherm of the char samples. The pore size distribution is provided in the inset.
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4.3.10. Environmental implications

Most of AS worldwide is landfilled[166] (including in Singapore), which
has a significant economic and environmental cost[166,167]. This study offered
a dual waste management strategy along with P extraction. The P extraction
efficiency from the char prepared using amended SS and low-temperature
pyrolysis (400°C) was highest due to the relative abundance of alkaline soluble
P species and DOC compounds. The process mechanism is illustrated in Figure
4.17, summarizing the changes in P, Al, and C species in the char samples. SS
char had a relative abundance of Ca ortho-P across various pyrolysis
temperatures while Al ortho-P dominated in the MA chars. This trend is
consistent with the relative abundance of these cations in the pyrolysis feedstock.
SC400 had a relatively higher concentration of pyro-P compared to MC400
indicating that excess Al ions in MA prevented the formation of pyro-P and
instead enhanced Al-P formation. The fraction of Ca-P in total P of MA chars
increased when pyrolysis temperature increased to 900°C which indicates that
Ca-P is thermodynamically more stable at elevated temperatures. The changes in
Al and C species in SC and MC samples are similar, with some exceptions such
as the formation of AIPO4 and y-Al2Os. Higher pyrolysis temperature (> 600°C)
led to the formation of some graphitic carbon. Possibly, P was bound to
recalcitrant aromatic and graphitic carbon which led to its lower alkaline
extraction efficiency. As P and Al compounds are relatively non-volatile in the
temperature range investigated in this study, their concentration in the char
increased with increasing pyrolysis temperature leading to their consolidation in
the solid phase. The crystallinity of the compounds was also more evident with

increasing pyrolysis temperatures.
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Figure 4.17: The process mechanism is summarized highlighting the changes in
P (black font), Al (dark red font), and C (navy blue font) speciation during the
entire process. The predominant species are indicated with a bigger font and in
bold. The acidic pretreatment and pyrolysis temperature had a critical effect on P
speciation.

Low-temperature pyrolysis meant a relatively lower energy requirement
for pyrolysis. Further, the alkaline extract was rich in P and Al with low
contaminant concentrations (e.g., trace elements). P can be recovered as fertilizer
salts such as struvite, dicalcium phosphate, and hydroxyapatite[8], while Al as a
Other

recycling acidic and alkaline extract for multiple extraction cycles[210,276] and

polyaluminum chloride-based coagulant[14,216]. alternatives are
recovering NaOH after removing P and AI[63]. However, the additional
economic and environmental cost and process sophistication might hinder the
commercial exploitation of these alternatives. Thus, there is a need for further

research in this direction.

The direct application of char as a fertilizer might not be feasible as TEs
in char were above the regulatory limits. Being essentially free from TEs, the

addition of AS aided the dilution of TEs in SS. But it also reduced the calorific
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value of the mixture, affecting the potential recovery of biofuel using pyrolysis
(though the quality of biofuel might improve[277]). Nevertheless, AS improved
the surface properties of MC chars compared to SC chars. Thus, after alkaline
extraction, the char might be useful as an adsorbent in primary wastewater
treatment or other applications. However, further research is required in this
direction to ascertain techno-economic feasibility. The eventual goal is to prevent

CO- emission and resource loss via incineration and landfilling.
4.4, CONCLUSION

This study demonstrated that acidic pretreatment of SS with AS before
pyrolysis led to higher alkaline P recovery from char than unamended SS. This
high recovery was due to the conversion of apatite phosphorus (AP) to non-
apatite inorganic phosphorus (NAIP) in amended SS. Speciation of P, Al, and C
(the three most important elements in this study) using liquid/solid-state NMR
(L/SSNMR), XPS, XRD, and FTIR indicated that P extraction from char
prepared at high temperature (900°C) was difficult due to its immobilization in
the carbon matrix (mainly composed of aromatic/graphitic carbon). In
unamended SS char (900°C), P extraction was reduced further due to the
formation of recalcitrant Ca-P crystalline phases such as whitlockite. Some of the
major trace elements (TEsS) in SS were concentrated in char irrespective of
pyrolysis temperature, except Zn, which was partially volatilized beyond 600°C.
The approach proposed in this study might be helpful for the co-treatment of two
sludges with resource recovery. Nevertheless, environmental and economic cost
assessment, and pilot studies must be conducted to assess its potential for
commercial application. With further refinement, this process might promote

sustainable fertilizer production and efficient sludge management.
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5. EFFECT OF ACIDIC
PRETREATMENT IN
HYDROTHERMAL CONDITIONS ON
PHOSPHORUS TRANSFORMATION
AND ITS RECOVERY

Chapter 5 has been submitted as a research article in Resources,
Conservation and Recycling and it is currently under revision. The preprint is
available as: Tiwari, Satya Brat and Veksha, Andrei and Chan, Wei Ping and Fei,
Xunchang and Liu, Wen and Lisak, Grzegorz and Lim, Teik Thye (T.T.),
Directional Sewage Sludge Transformation Using Acidic Hydrothermal
Carbonization for Enhanced Alkaline Extraction of Phosphorus.
http://dx.doi.org/10.2139/ssrn.4848678. It has been published with some
modifications in the Resources Conservation and Recycling journal after peer
review (https://doi.org/10.1016/j.resconrec.2024.107936).

Some minor modifications have been incorporated into the published

version to ensure its consistency with this thesis.
5.1. INTRODUCTION

Sewage sludge (SS) stands out as a prospective source of reclaimable
phosphorus (P) owing to its elevated P content relative to other biomass residues
[1]. Among diverse strategies for P recovery from SS [1,9], acidic extraction of
P from incineration SS ash has been well investigated and it has reached
commercial application. However, incineration is both capital- and energy-
intensive, has a substantial carbon footprint, and requires feedstock to be dried
before operation. Most of these disadvantages plague other thermochemical
treatment methods such as gasification and pyrolysis. Hydrothermal
carbonization (HTC) offers direct treatment of SS with high moisture content,
leading to SS valorization into biofuels and chemicals with potentially lower
carbon footprint and operational cost [278]. Hence, HTC has attracted the

attention of researchers in recent years.

During HTC, moist SS is subjected to heating at ~180 — 250 °C in a closed

vessel in autogenous pressure. The end product is mainly the solid residue, often
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called hydrochar, and process water rich in organics and elements such as P and
N, depending on HTC operational. Prior P-related studies on HTC of SS mainly
assessed the effect of HTC operational conditions on the fate of P [115,279]. HTC
temperature stood out as the most critical parameter for P speciation in these
studies [115]. A few studies aimed for directional P transformation i.e., its
conversion to apatite phosphorus (AP) (mainly Ca-P) from non-apatite inorganic
phosphorus (NAIP) (mainly Al-P) or vice versa. For instance, additives such as
CaO and CaCly in SS during HTC promoted NAIP to AP conversion
[156,161,162,280,281]. Conversely, AP to NAIP transformation can be
promoted by adding Al and Fe salts such as AICIs; and FeCls [41,281], though
such studies are relatively few. Nevertheless, the addition of salts for P
transformation increases the HTC operational cost and natural resource
consumption. The concentration of major cations (Al, Ca, Fe and Mg) can
influence the precipitation/dissolution of phosphate and its speciation [84] but
depends on other factors such as HTC temperature and pH, among others.
Though these studies investigated the influence of major cations on P extraction,
they did not quantify the concomitant extraction of trace elements (TEs). The
studies on the co-dissolution of TEs with P from hydrochar using acidic
extraction are rare while those using alkaline extraction are even rarer [8,80].
Thus, the research gap in identifying the P transformation strategy during HTC
to enhance its recovery, while simultaneously reducing the contamination with

TEs was apparent.

This study sought to bridge this gap by applying a two-step process of SS
treatment for P recovery with reduced TE contamination. Instead of using a pure
salt, Al-rich alum sludge (AS) from the water treatment plant was mixed with SS
and thereafter subjected to acidic HTC. It was hypothesized that the abundant Al
from AS could accentuate AP to NAIP conversion in SS during acidic HTC,
leading to its increased proportion in hydrochar. Subsequently, P could be
recovered from hydrochar using alkaline extraction as NAIP readily dissolves at
high pH. Since most TEs precipitate in an alkaline environment, the proposed
approach might be a cost-effective and convenient method of separating P from
TEs. The main objectives of this study were to: (1) assess and optimize the effect
of HTC temperature and Al/P molar ratio (APMR) in the feedstock on P
conversion and subsequent P alkaline extraction from the hydrochar, (2) evaluate

the fate of major cations that form phosphate compounds (i.e., Al, Ca, Fe, and
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Mg) in the entire process, (3) quantify the distribution of targeted TEs in solid
and liquid phases in the entire process, and (4) identify the optimum pH of acidic
HTC to maximize P recovery and minimize the concentration of other elements

of concern.
5.2. MATERIALS AND METHODS
5.2.1. Sample preparation and characterization

In this study, dewatered sewage sludge (SS) and dewatered alum sludge
(AS) were collected from a wastewater treatment plant (WWTP) and a water
treatment plant (WTP) in Singapore, respectively. WWTP treats wastewater from
domestic and non-domestic sources[282] while WTP treats surface water[283].
Dewatered SS was a mixture of primary and secondary sludges after their
digestion in an anaerobic digester while dewatered AS was obtained after the
sedimentation process using alum. The collected samples were dried at 105°C,
pulverized to particle size < 150 um and kept in airtight containers within
desiccators. Henceforth, SS and AS samples in this study would mean processed
SS and AS, respectively (unless stated otherwise). The physico-chemical
characterization of SS and AS is presented in Table 5.1.

Table 5.1: Physico-chemical characterization of the sludge samples.

Parameter Sewage sludge (SS) Alum sludge (AS)
Moisture content (wt.%)* 87+0.1 66 + 0.1
pH* 6.7+0.1 7.21+0.04
Dry density (g/mL) 0.62 £ 0.02 0.58 £ 0.04
Higher heating value (J/g) 17044 + 348 ND
Total dissolved solids (mg/kg) 29696 + 389 11880 + 462
Ashssg (%) 23.7%£0.3 59.7+0.6
Ashgso (%) 222+04 31.7+74
C (wt.%) 38.2+0.3 9.79 £ 0.04
H (wt.%) 6.2+0.1 40£0.2
N (wt.%) 6.0+£0.1 1.01+£0.03
S (wt.%) 1.2+£0.1 1.6+£0.2
Al (mg/kg) 11101 + 429 190977 + 15906
Ca (mg/kg) 23614 + 896 4788 + 1039
Fe (mg/kg) 13676 + 499 16937 + 227
Mg (mg/kg) 7938 £ 289 1764 + 327
P (mg/kg) 20159 + 786 1072 £ 37
Si (mg/kqg) 32260 + 1835 42204 + 279

* As-received dewatered sludge samples.

ND: Not determined
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Moisture content, pH, dry density, higher heating value, total dissolved
solids, Ashsso, Ashgso, and CHNS analysis in SS and AS were analyzed as per the
conventional methods[168,169]. The elemental composition in SS, AS, and
hydrochar samples was determined after digesting them in a microwave acid
digester (Anton Parr Multiwave5000) using a mixture of concentrated HCI,
HNOs3, HF, and HsBO3[170]. Major elements such as P, Al, Ca, Fe, and Mg were
quantified using Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES, Perkin Elmer Optima 8300 OES). The prominent TEs generally found
in SS[77] were quantified using ICP-Mass Spectrometry (ICP-MS, Thermo
Fisher iCAP QC) via the TE isotopes recommended in ISO 17294-1:2006[284].
During elemental quantification, blank, blank-spiked and matrix-spiked samples
were also analyzed for quality control. The TEs in SS and AS are listed in Table
5.2.

Table 5.2: Trace elements in the sludge samples.

Trace element (mg/kg) Sewage sludge (SS) Alum sludge (AS)

As 13.8+0.8 38.91 £ 0.05
Ba 256.3+1.8 44.0+£21.2
Cd <10.0 <10.0

Co < 80.0 <80.0

Cr 113.9+£29 18.2+0.8
Cu 611.1 £10.0 40.1+17.4
Hg <12.0 <12.0

Mn 125.4 + 3.0 272.9+6.3
Mo 13.6 £0.3 25.3+04
Ni 176.4 £ 38.2 494 +£9.1
Pb <60.0 107.7+4.1
Sh <10.0 <10.0

Se <10.0 <10.0

Sn 403+£1.1 <10.0

Sr 56.0£15 <40.0

Ti 1902.2 +21.9 7845+ 19.2
\Y/ 11.6 +0.3 31.7+0.9
Zn 1223.9+£53.4 91.6+10.5

5.2.2. Acidic hydrothermal carbonization and alkaline extraction

The experimental plan of this study is illustrated in Figure 5.1. It consisted

of a reference process to assess the baseline scenario and a design process
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illustrating the proposed process for enhancing alkaline P recovery.
Circumscribed central composite design (CCD) was applied to investigate the
effect of the APMR in the SS + AS mixture (i.e., MS, “mixed sludge”) and HTC
temperature on alkaline P recovery. These factors were selected as they were
most critical in this study. Other parameters such as residence time, and L:S ratio

demonstrated a minor effect on P recovery[115].

(a) REFERENCE PROCESS: Alkaline extraction of P from SS hydrochar [

NaOH = » Liquid flow
T T ---» Mixed flow

...... ,E B -‘ — — —, Alkaline
- - extract

Centrifugation . Centrifugation
Hydrothermal Process Extraction
carbonization (HTC) water (pH ~ 13.5)

(b) DESIGN PROCESS: Alkaline extraction of P from amended SS hydrochar
HCI NaOH

I

...... ,Z‘ B E_ _ o Alkaline
== extract

Centrifugation I Centrifugation
Acidic HTC Process Extraction
(pH ~ 13.5)

water

Figure 5.1: Experimental plan in this study showing the (a) reference process to
assess the business-as-usual scenario and (b) design process showing the
amended scenario. The parameters varied in process (b) are the SS:AS mixing
ratio (2.8 — 11.5) to achieve the Al/P molar ratio (APMR) of 1.6 — 4.4 in the
mixture (MS), pH at the start of HTC (1 — 3), and HTC temperature (158 —
242°C). In process (a), HTC temperatures are in the range of 158 — 242°C, while
other parameters are constant.

HTC temperature can range from 180 — 250°C[113] but due to the absence
of a specific boundary[115], 200°C was selected as a centre point of CCD to
broadly encompass the temperature range of HTC. For APMR, 3 was the centre
point within a CCD range of 1.6 to 4.4, suitable for examining the impact of Al
on P transformation. The design space of CCD is detailed in Table 5.3 and
depicted in Figure S 6, along with their notations for referencing. Factorial points
and axial points were performed in duplicates while the centre point had four
replicates. For the reference process, only temperature was varied as acidic HTC
would have led to a disproportionate loss of P in the process water[115]. All the
SS HTC runs were conducted in duplicates, and all the runs were independent

and randomized.
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Table 5.3: Hydrothermal carbonization runs conducted using SS and MS as
feedstocks.

Run Feedstock Temp.  Al:P  Notation Point Initial pH pH Vol. of
(°C) molar pH after after 6 M
ratio adding HTC or HCI
(APMR) acid final added
pH (mL)

1S SS 170 - 170 - 524 - 5.35 -

2S SS 230 - 230 - 532 - 5.29 -

3S SS 170 - 170 - 5256 - 5.37 -

4S  SS 242 - 242 - 528 - 5.05 -

58 SS 200 - 200 - 528 - 5.41 -

6S SS 230 - 230 - 535 - 5.28 -

7S SS 242 - 242 - 530 - 5.16 -

85 SS 200 - 200 - 527 - 5.4 -

9S SS 158 - 158 - 532 - 5.38 -

10S SS 158 - 158 - 526 - 5.34 -

IM MS 230 4 230-4 Factorial 5.54 3.04 3.64 0.17
2M  MS 230 2 230-2 Factorial 5.50  3.02 3.97 0.18
3M  MS 242 3 242-3 Axial 557 3.01 4.20 0.18
4M  MS 200 4.4 200-4.4  Axial 556  3.00 4.16 0.18
5M MS 200 1.6 200-1.6  Axial 533  2.99 3.75 0.18
6M MS 200 1.6 200-1.6  Axial 544  2.98 3.90 0.17
™M MS 230 2 230-2 Factorial 5.33  2.99 3.87 0.18
8M MS 200 3 200-3 Centre 535 2.99 4.08 0.17
9M MS 200 3 200-3 Centre 548  2.97 3.97 0.18
10M MS 230 4 230-4 Factorial 5.66  3.01 4.20 0.17
11IM MS 200 3 200-3 Centre 557 3.01 4.06 0.17
12M  MS 200 4.4 200-4.4  Axial 554 297 3.95 0.18
13M  MS 242 3 242-3 Axial 544  3.02 4.20 0.17
14M  MS 170 4 170-4 Factorial 5.54  3.00 3.93 0.18
15M MS 170 2 170-2 Factorial 5.43  3.00 3.75 0.19
16M MS 158 3 158-3 Axial 543  2.99 3.65 0.17
17M MS 170 4 170-4 Factorial 5.54 3.00 3.90 0.17
18M MS 200 3 200-3 Centre 548 3.01 4.03 0.17
19M MS 170 2 170-2 Factorial 5.35  3.03 3.72 0.17
20M MS 158 3 158-3 Axial 550 2.98 3.77 0.17

Each HTC run was conducted in a 45 mL PTFE-lined hydrothermal vessel

(4744 General Purpose Vessel, Parr Instrument Company). SS or MS was mixed

with ultrapure water using a magnetic stirrer in a ratio of 1:20 g/mL and the initial

pH of the mixture was recorded. For acidic HTC, 6 M HCI was added

incrementally to lower the pH to 3 (while inducing a negligible change in solid-
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to-liquid ratio). Once pH 3 was reached, the vessel was immediately transferred
(as pH increased slowly due to the ongoing reactions) to the oven and left for 1
h. After natural cooling, the final pH was recorded, and the process water was
separated from hydrochar using centrifugation. The hydrochar was dried and
pulverized, and it was mixed with 0.5 M NaOH in a ratio of 1: 50 g/mL for
alkaline P extraction. The extraction was conducted in a rotary agitator for 1 hour
and thereafter hydrochar was separated, dried, and pulverized. Hydrochar after
alkaline extraction was called “hydrochar (B)” (B stands for base). The fractional
distribution of major and trace elements of the feedstock in various phases during
the entire process was quantified using the mass balance as explained in Table S
15. The experimental errors of > 100 % and < 0 % distribution in some cases
could be due to the inadequacy of the microwave acid digestion method to
quantify the “total” analyte concentration, sample dilution, and other random

errors.

An one-factor-at-a-time (OFAT) experiment was conducted to explore
how the final pH after acidic HTC affected the P transformation and overall P
recovery, given that CCD runs achieving maximum P recovery had final pH
levels exceeding the recommended 3 — 4 range[13]. With temperature and APMR
optimized for maximum overall P recovery, pH at the start of HTC was set at 1,
1.5, 2, 2.5, and 3 but the analogous final pH was 1.97 + 0.15, 2.52 + 0.08, 3.29 +
0.23, 3.88 + 0.04, and 4.42 £ 0.01, respectively. All the runs in OFAT were
duplicated, randomized, independent, and listed in Table S 16.

5.2.3. Other analyses

Statistical analysis of CCD was analyzed using the Stat-Ease 360 software
(version: 22.0.8 64 bit). Before executing the runs, CCD was checked for the
precision of the model, which meant its fraction of design space (FDS) > 0.95.
The statistical significance of the model was evaluated using the analysis of
variance (ANOVA) (a = 0.05). The models obtained were also verified using
confirmation runs conducted in duplicates. Some of the samples that exhibited
the highest and lowest overall P recovery (as detailed in Table 5.4) were further
analyzed for P and Al speciation. Solid-state nuclear magnetic resonance
(SSNMR) analyses were performed using a Bruker Avance 11l HD 600 MHz
(14.1 T) spectrometer with a Bruker 3.2 mm HXY magic angle spinning (MAS)

probe for 3P and 2’Al. The samples were spun at 10 kHz and the recycle delay
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was 3 s for 3P while it was 12.5 kHz and 1 s for 2’All, respectively. 80 kHz TPPM
high-power H decoupling was used during data acquisition and the chemical shift
was calibrated using 3C adamantine methylene resonances (37.77 ppm). All
spectra were processed using Topspin software, and SSNMR spectra were
normalized for their graphical presentation. X-ray photoelectron spectroscopy
(XPS) was carried out using an AXIS Supra spectrometer (Kratos Analytical)
with a monochromatic Al K-alpha source at 5 mA. The XPS spectra peaks were
referenced to adventitious carbon at 284.8 eV for C 1s for charge correction and
peak deconvolution was conducted using ESCApe software. Fourier transform
infrared (FTIR) spectroscopy (Shimadzu IRPrestige-21) was conducted in
attenuated total reflection (ATR) mode to investigate the changes in the

functional groups before and after the alkaline extraction of hydrochars.

Table 5.4: Selection of runs for qualitative analysis.

Run Description Selection criteria
200-3 Centre point of CCD For reference
242-4.4 CCD run with temp = 242 °C; APMR = Highest overall P recovery in the CCD
4.4 (confirmation run) experiment
158-1.6 CCD run with temp = 158 °C; APMR = Lowest overall P recovery in the CCD
1.6 (confirmation run) experiment

242-4.4-2  pH optimization run with temp = 242 Lowest overall P recovery in the pH
°C; APMR = 4.4; final pH = 2 optimization experiment

242-4.4- pH optimization run with temp = 242 Highest overall P recovery in the pH

2.5 °C; APMR =4.4; final pH = 2.5 optimization experiment

5.3. RESULTS AND DISCUSSION
5.3.1. Effects of HTC conditions on process outcomes
5.3.1.1. Effects on final pH and hydrochar yield

pH was one of the most critical operational parameters influencing P
speciation and repartitioning. The highest and lowest final pH for SSHTC (along
with their runs) were 5.41 + 0.01 (200) and 5.11 £ 0.01 (242), respectively. HTC
involves various intermediate reactions, including hydrolysis, decarboxylation,

condensation, dehydration and polymerization[285] leading to the breakdown of
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biomacromolecules and the formation of organic acids such as formic, acetic,
lactic, and levulinic acids[116]. For the temperature range 158 — 200 °C, the pH
increase during SS HTC could be due to the formation of NH4* via the hydrolysis
of amino acids from the proteins in SS, while the accumulation of organic acids
likely led to a reduction in pH above 200°C (Figure 5.2 (a)). The dissolution of
inorganic ions during HTC can also influence the final pH as it can have a
buffering effect[115], leading to a pH increase with increasing temperature, as
evident in MS HTC runs (Figure 5.2 (b)). For MS HTC runs, the highest and
lowest final pH were 4.20 £ 0.00 (242-3) and 3.7 £ 0.1 (158-3), respectively.
Possibly, severe HTC conditions at 242°C induced relatively higher dissociation
of AI(OH)s in MS leading to the highest final pH. Prior studies suggest OH" ion
increment after HTC when biomass feedstock was catalyzed using an alkali
leading to an increase in final pH[116]. The statistical analysis indicated that the
final pH in MS HTC was dependent on temperature, though R? was relatively
low (< 0.5) (Table S 17).
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Figure 5.2: pH of the feedstock after HTC (i.e., final pH) of (a) SS (b) MS and
the hydrochar yield (%) via HTC of (c) SS and (d) MS. The shaded region in (b)
represents the upper and lower bounds of the 95 % confidence interval. The error
bar represents the standard deviation.

The hydrochar yield trends (Figure 5.2 (c,d)) for both SS and MS
indicated that higher temperatures promoted organic matter dissolution via
decarboxylation and  dehydration[113], and inorganic  compound
solubilization[115]. The highest and lowest hydrochar yields from SS HTC (with
their corresponding runs) were 83 + 1 % (170) and 69 + 4 % (242), respectively.
For MS HTC, the highest and lowest hydrochar yields were 81 + 1 % (170-4) and
69.00 + 0.00 % (242-3), respectively. The statistical analysis indicated that
temperature had a negative influence on hydrochar yield while APMR had a
positive influence (Table S 17). In conclusion, the pH variation was the opposite

while the hydrochar yield variation was similar in SS and MS HTCs.
5.3.1.2. Effects on P recovery

During the entire process, P was distributed in process water, alkaline
extract, and hydrochar (B). P extraction efficiencies based on this distribution are
shown in Figure 5.3, while P concentrations (mg/kg) in hydrochars and
hydrochars (B) are provided in Figure S 7 (a). For SS HTC, the highest P loss via
process water was 27 = 2 % (242) while the lowest was 15.9 + 0.2 % (170). P
loss increased with increasing temperature above 170°C (Figure 5.3 (a)) which
can be attributed to the scarcity of cations such as Al, Ca, Fe, and Mg in SS which
generally form compounds with P. The cation/P molar ratio in SS was 0.6, 0.9,
0.4, and 0.5 for Al, Ca, Fe., and Mg, respectively.
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Organic P decomposed to ortho-P during HTC and possibly the released
P did not precipitate with these 1ions due to their insufficient
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concentration[84,115]. The autogenous acidic medium during SS HTC might
have also led to a repartitioning of inorganic ortho-P compounds to the aqueous
phase leading to further loss of ortho-P, especially when competing anions such
as SO4* were abundantly present (generally so in SS) to bind with the cations. In
MS HTC, P loss only depended on APMR (Figure 5.3 (b)), indicating the critical
role of cation (Al) in binding P in hydrochar during HTC. As APMR increased,
more Al ions were available to precipitate ortho-P ions released by organic P and
AP in the acidic HTC conditions leading to the increase in NAIP. The
precipitation of ortho-P with Al was through surface complexation rather than a
combination reaction to form AIPOs, as elaborated in the SSNMR analysis
(Section 5.3.3).

The highest and lowest alkaline P extraction efficiencies (%) from SS
hydrochars were 48 £ 1 % (158) and 41 + 3 % (242), respectively (Figure 5.3
(c)). Due to the relative scarcity of NAIP in SS hydrochars, alkaline P extraction
efficiency was < 50 %. With increasing temperature, AP increased while NAIP
reduced[115] because the formation of AP is thermodynamically more
favourable at higher HTC[125]. Besides, the Ca/P molar ratio was higher than
APMR in SS. The alkaline P recovery efficiency (%) in MS HTC was dependent
on both APMR and temperature because they contributed to the AP to NAIP
conversion (Figure 5.3 (d)). The highest and lowest alkaline P extraction
efficiencies (%) from MS hydrochars were 79 £ 1 % (242-3) and 74 = 1 % (200-
1.6), respectively.

The overall P extraction was lowest for SS HTC at 242°C, i.e.,, 30 £ 1 %
while the highest was at 158°C, i.e., 37 £ 2 %. The results suggested that low
temperature (~150 — 160°C) HTC was most favourable for alkaline extraction of
P from SS hydrochar (Figure 5.3 (e)). The highest and lowest overall P extraction
efficiencies (%) from MS hydrochars were 75 = 7 % (170-4) and 59 + 8 % (200-
1.6), respectively. The overall P extraction efficiency (%) depended only on
APMR (Figure 5.3 (f)), as the effect of temperature was statistically insignificant
(p > 0.05) (Table S 17). While a higher APMR was preferred, its increase was
constrained by the reduction in total P extracted per unit mass of MS, given that
AS contained negligible P (~0.1%). For instance, if the effect of temperature was
disregarded in MS HTC, P recovered was highest when APMR was 4 (11.46 +
0.73 mg P/g MSgry) but lowest when APMR was 4.4 (10.62 + 0.86 mg P/g MSaqry).
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Moreover, since AS had a low calorific value (3390 + 282 J/g) [286], MS
hydrochar would not be a suitable biofuel if APMR was too high. The ANOVA
and fit statistics indicated that the models describing the fate of P were adequate
except for the significant lack of fit (p < 0.05) (Table S 17). Confirmation runs
were conducted to verify the models, whose details are available in SI (Table S
18 and Table S 19). In conclusion, acidic HTC and the addition of AS with SS
led to AP to NAIP transformation and consequently, ~22 — 45 % higher overall
P extraction efficiency was achieved compared to SS HTC.

5.3.1.3. Effect on other relevant major elements

The distribution of Al, Ca, Fe, and Mg in the by-products of HTC are
shown in Figure 5.4 while their concentrations in hydrochars are provided in
Figure S 7. The fraction of these elements in the process water reduced with
increasing temperature above 170°C during SS HTC (Figure 5.4 (a)). The average
Mg fraction in process water of SS HTC ranged from 36 to 46 % which was the
highest among all the relevant major elements while Fe had the lowest (5 — 13
%). Al and Fe had relatively higher fractions of alkaline extractable species (~15
— 20 %) compared to Ca and Mg (~5 — 15 %). Overall, these elements were
concentrated in hydrochar (B) (> 45 %), irrespective of temperature. Besides, the
immobilization in hydrochar increased with increasing temperatures above
170°C. For MS HTC, the average fraction in process water was highest for Ca
(64 — 71 %) (Figure 5.4 (b)). This range was much higher compared to the Ca
fraction in process water during SS HTC (13 — 33 %), indicating the critical role
of low pH (~3 — 4) in accentuating Ca dissolution during HTC. The average Al
fraction in process water was 14 — 23 %, which was much lower than Ca. The
average alkaline extractable fraction of Al was 49 — 57 %, which was much
higher than Ca, Fe, and Mg (< 17 %). The scarcity of Ca, Fe, and Mg in alkaline
extracts for MS HTC cases meant that relatively purer salts such as struvite and
Al(OH)3 could be recovered from the alkaline extract[216] in the downstream
process compared to SS HTC. Overall, the co-dissolution of P and Al and a
relative scarcity of other major elements during alkaline extraction possibly

indicated the Al-P association in the hydrochars of MS.
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5.3.1.4. Effect on trace elements

Based on EU regulation[274] on fertilizing products (including those
obtained from SS), solid organic fertilizer containing solely P as a macronutrient
should have at least 2 % by mass of total P.Os equivalent. Though N and K were
present in hydrochar and hydrochar (B), they were not analyzed. SS hydrochars,
SS hydrochars (B), and MS hydrochars had P concentration as P2Os equivalent
> 2% but the trace element concentration in them was unacceptable according to
the EU regulation (Figure S 8). Therefore, P extraction from hydrochar was a
safer approach for P recovery but it was pertinent to assess the partitioning of
TEs in various phases during the extraction process. For SS HTC (Figure 5.5 (a)),
Zn, had the lowest average dissolution in process water while Ni had maximum,
i.e.,, 6 — 16 % and 33 — 46 %, respectively. In the alkaline extract, the average
fraction was highest for Zn (28 — 40 %) while Cr had the lowest (4 — 26 %). Ti
had the highest average fraction (62 — 66 %) in hydrochar (B), while Ni had the
lowest (39 — 42 %) due to its dissolution in process water. For MS HTC (Figure
5.5 (b)), the lowest and highest average fraction in process water was for Cu and
Ni, i.e., 8 — 23 % and 46 — 56 %, respectively. In the alkaline extract, Zn
predominated with the average fraction of 27 — 42 % while Cr was <5 %. Cr was
primarily present in hydrochar (B) with an average fractional distribution of 74 —
82 % while Zn had the lowest fractional distribution in hydrochar (B) (29 — 40
%) owing to its extraction during acidic HTC and alkaline extraction.
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The fate of TEs was dependent on the complex interplay of factors such
as dissolution in acidic conditions, re-precipitation with anions, chelation with
functional groups, and immobilization in the carbon matrix of hydrochar[287].
The addition of AS with SS diluted the concentration of most of the analyzed
TEs. P content in alkaline extracts corresponding to SS HTC and MS HTC were
~0.04 % and ~0.1 % by mass of P.Os equivalent. This is much lower than the EU
regulation for liquid organic fertilizer (i.e., at least 1 % by mass of P20s
equivalent if P is the only macronutrient in the fertilizer). Thus, P recovery via
salt precipitation or other further processing methods is necessary though this
aspect was beyond the scope of the current study. In conclusion, the fractional
distribution of TEs in the alkaline extract was relatively less (except Zn) and the
immobilization of TEs in hydrochar was more successful for MS HTC than SS
HTC. The TEs with concentration below the calibration limit in hydrochar and
hydrochar (B) are listed in Table S 20 and Table S 21.

5.3.2. pH optimization of acidic HTC — effect of final pH of HTC on the

extraction of major and trace elements

Among the major elements, P and Al had similar dissolution patterns
during acidic HTC and alkaline extraction (Figure 5.6 (a)). P fraction in
hydrochar (B) increased (from 6 to 12 %) while that in process water reduced
(from 21 to 17 %) with increasing final pH from 2.5 to 4.4. P fraction in the
alkaline extract also reduced marginally (from 73 to 71 %) with increasing pH in
the same pH range. This trend indicated that as the final pH increased, the AP to
NAIP conversion was less efficient. The increasing concentration of Ca in
hydrochar (B) with increasing final pH reaffirmed this conversion trend. Due to
the higher acid volume needed to achieve a final HTC pH of < 2.5, the suggested
final pH for optimal P recovery in this scenario would be ~3 — 4, consistent with
non-HTC conditions[13]. For the final pH in the range of 2.5 — 4.4, Al had the
highest fraction in alkaline extract (52 — 63 %) while Ca and Mg were prominent
in process water across the entire final pH range, i.e., 65 — 93 % and 60 — 69 %,
respectively. Fe had distribution strongly dependent on the final pH.
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Among the TEs (Figure 5.6 (b)), the lowest final pH led to maximum
fractional distribution in process water, which was expected as the dissolution of
elements is high at low pH. Mn, Ni, and Zn had > 80% fraction in process water
at pH 2. These elements were more sensitive to pH variation as evidenced by a
steep gradient of fraction in process water as the final pH increased. For other
TEs, the fraction in process water at pH 2 was < 50 % and the fraction in process
water in the pH range of 2.5 — 4.4 was relatively stable. The fraction in the
alkaline extract was relatively higher for Cu (10 — 51 %) while it was < 12 % for
Cr, Mn, and Ni. Ba (43 — 97 %), Cr (53 — 68 %), Cu (50 — 93 %), and Ti (77 — 82
%) had the highest fraction in hydrochar (B). The absolute concentration of these
TEs in different phases depended on their initial concentrations in MS and that
determined the appropriate operational final pH. Overall, the final pH of ~3 — 4
was most desirable for P recovery and the immobilization of TEs in the hydrochar
but the exact recommended pH would depend on the purity of the alkaline extract
expected and other techno-economic considerations. The concentration of
relevant major and trace elements in hydrochar and hydrochar (B) are provided
in Figure S 9 while the TEs with concentrations below the calibration limit in
hydrochar and hydrochar (B) are listed in Table S 22.

5.3.3. P and Al speciation and effects on its extraction
5.3.3.1. 3'P and ?Al SSNMR analysis

31p and 2’Al SSNMR analyses of the hydrochar and hydrochar (B)
samples revealed the chemical state of P and Al in the samples. 3!P spectrum for
AS was not reported as it had negligible P concentration (~0.1 %). SS had a sharp
resonance at 3.4 ppm followed by an adjacent broad shoulder upfield (-10 — 2
ppm) (Figure 5.7 (a)). The peaks of various crystalline Ca-P species such as
monetite, brushite, hydroxyapatite and octacalcium phosphate (OCP) have been
reported in the range of -1.5 — 3.4 ppm[187]. The peak at 3.4 ppm likely
corresponded to OCP but it could also encompass peaks of other amorphous Ca
ortho-P (protonated or deprotonated) species, as evidenced by the adjacent broad
shoulder. It could also include ammonium phosphate species such as NHsH2PO4
and (NH4)2HPO4[186] because SS is also rich in ammonia. The protonated ortho-
P presence is affirmed by P 2p XPS analysis as well (Section 5.3.3.2). Generally,
a more negative chemical shift is associated with protonated phosphate anion

while positive values indicate deprotonated phosphate species[187]. The adjacent
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shoulder in the range -10 — 0 ppm indicated the presence of protonated ortho-P
adsorbed to AI(OH)s or uncondensed aluminum phosphate[13] or M* & M?*
aluminophosphate [188] (where M is metal). On comparing hydrochar spectra
with the SS spectrum, it was clear that acidic HTC led to P transformation (Figure
5.7 (a)). The broad peak at -12.6 ppm in all the hydrochar samples before alkaline
extraction represented Al orthophosphate and aluminophosphate of alkali (M*)
and alkali earth metals (M?*)[188]. Possibly, ortho-P formed bidentate binuclear
inner-sphere surface complexes with Al[12]. The absence of a peak at -30 ppm
implied that there was no AIPO4 formation. Nevertheless, this shift from
predominantly apatite phosphate to Al-P in hydrochar led to higher alkaline P
recovery compared to SS. Further, the conversion from AP to NAIP in MS was
accentuated by high APMR. For instance, the small peak corresponding to AP
was present in 200-3 and 158-1.6 but absent in other hydrochar samples, which
had APMR of 4.4 (Figure 5.7 (a)). In the spectra of hydrochar (B) samples, the
only prominent peak at 3.6 ppm likely corresponded to Ca-P (Figure 5.7 (b)). It
indicated that Ca-P remained undissolved in alkali and thus affected the overall
P recovery. In essence, *!P spectra indicated that high APMR promoted AP to
NAIP conversion during acidic HTC and the AP that did not convert would

remain undissolved during alkaline P extraction.

2424425 | (a)* 242-4.4-2.&3 (B) . (b)
242442 x 242-4.4-2 (B) \
15818, , * )
158-1.6 (B
242-44 X ©h A
200-3 % 242-4 4 (Bx *
. SS 4 . . 200-3 (B) , *
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3P chemical shift (ppm) 31P chemical shift (ppm)
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Figure 5.7: (a, b) 3P and (c, d) 2’Al SSNMR spectra of selected hydrochar and
hydrochar (B) samples. SS and AS spectra are also provided for reference. The
asterisk (*) represents the spinning sideband.

The changes in the Al chemical environment were also assessed to
complement the 3'P spectra data. In AS and hydrochar samples, AlOs (hexa-
coordinated Al) was predominant as evident from a single major peak at 7.3 ppm
(Figure 5.7 (c)). AS is expected to be predominantly composed of Al(OH); as a
result of the reaction of alum during the coagulation-flocculation process but it
can also contain Al,O3 and SiO-[13], or Al-Si compounds. However, the
prominent peak of AS at 7.3 ppm neither corresponded to Al(OH)s (major peak
at 8.2 ppm) nor to Al.Oz (peak at 16.0 ppm) (Figure S 10). Nevertheless, minor
peaks at 38.2 ppm and 70.5 ppm in the AS spectrum closely resembled the minor
peaks of AI(OH)s. It was highly likely that the AI(OH)3 signal was masked by
other AlOs species in AS. These minor peaks of AS were absent in hydrochar
species which indicated the depletion of Al(OH)s and probable complexation of
Al with ortho-P, as mentioned for 3!P spectra. Alternatively, AI(OH)s could have
dissociated and reprecipitated as Al (hydroxo) oxides as apparent from XPS data
(Section 5.3.3.2). Also, in 242-4.4-2 and 242-4.4-2.5 (Figure 5.7 (c)), a low-
frequency shoulder in the -15 — 5 ppm region was visible. This resonance could
correspond to AI(OH)2H2POs which has a resonant frequency lower than
AI(OH)3[189]. The presence of protonated ortho-P in 242-4.4-2 and 242-4.4-2.5
was corroborated by 3P spectra as well. Other hydrochar samples did not have
this lower frequency shoulder prominently because their final HTC pH was more

than 3. As the pH increased, the deprotonated ortho-P form dominated the
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dissociation equilibrium of HsPO4. Thus, the role of final pH was more important
than temperature in determining Al speciation. AlO4 coordination state
corresponding to AIPO4 was missing in hydrochar samples, which corroborates
with the findings of 3!P spectra. All hydrochar (B) samples had similar spectra
marked by the major resonant frequency at 6.7 ppm corresponding to AlOsand a
minor peak at 62.0 ppm corresponding to AlO4 (Figure 5.7 (d)). In conclusion,
the variation in Al coordination states was influenced more by final pH than

temperature and this was corroborated by the 3!P spectra data.
5.3.3.2. P 2p and Al 2p XPS analysis

P 2p XPS spectra of SS and hydrochar samples were meant to complement
31p SSNMR analysis. P 2p spectra of hydrochar (B) samples are not shown due
to poor signal/noise ratio. The details of the deconvoluted peaks such as peak
energy, relative area, peak assignment and full width at half maximum can be
found in Table 5.5. Due to the proximity of peaks and heterogeneity of the
samples, accurate peak assignment was difficult. Nevertheless, the approximate
assignment was useful for assessing the trend in P speciation. The deconvoluted
peaks of SS (Figure 5.8 (a)) indicated the presence of HPO,> at 133.2 eV and
H2PO4 at 134.1 eV, mainly associated with Ca, Na and NH4", as concurred by
31p SSNMR data. The acidic HTC led to a peak shift to a higher binding energy
value in the hydrochar samples (Figure 5.8 (b — f)), indicating the changes in P
speciation. Most hydrochar samples have two deconvoluted peaks at 133.5 £ 0.1
eV and 134.6 + 0.2 eV, corresponding to metal PO, and metal HPO4?", such as
with Ca, Fe and Al. Na and K ortho-Ps were not expected in hydrochar samples
as they are highly reactive and labile in acidic conditions compared to other metal
ortho-Ps. P could be linked directly or indirectly to C as well given the abundance
of C in hydrochars. Thus, P linked to the phenolic group (Ph), C-POz and C,-POs
groups and C-O-P groups were possible. Some of these could correspond to
organic phosphates in SS[13]. However, the presence of organic phosphates in
the hydrochars was less likely as hydrothermal conditions generally led to the
conversion of all the P species to ortho-P[81]. Thus, the presence of condensed
phosphates such as metaphosphate (POs*) and pyrophosphates (P,O7*) in the
hydrochars, was also less likely. However, some pyrophosphate and monoester-
P (< 5 %) were reported in FeClz-assisted HTC of SS at 200°C[41]. Hence, the

peaks were assigned to meta-P and pyro-P but their presence was expected to be
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minor. Interestingly, at low pH (< 3) HTC, phosphorus pentoxide (P20s or P4O10)
and its compounds with metals were also detected. There is a need for further

research to elucidate their presence.
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Figure 5.8: P 2p XPS spectra of (a) SS and selected hydrochars corresponding to
HTC runs (b) 200-3, (c) 242-4.4, (d) 158-1.6, () 242-4.4-2, and (f) 242-4.4-2.5.
The spectra of corresponding hydrochar (B) samples are not shown due to poor
signal/noise ratio. Experimental, simulated, and deconvoluted spectra are shown
in yellow solid lines, black dashed lines, and blue solid lines, respectively.

Table 5.5: P 2p XPS deconvoluted peak assignments with their peak energy,
relative area and full width at half maximum (FWHM) for SS and hydrochar
samples.

Sample Peak FWHM Area Peak assignment Reference
energy (eV) (%)
(eV)

SS 133.2 1.29 46.3 CasOH(PO4)s, CaHPO4 [230,288]

Caz(POs4)2, NazHPO4, C-PO3 or
C2-PO2 groups

1341 152 53.7 Ca(H2P0sa)2, (NH4)H2POa4, [86,230,288]
Ca(H2P04)2.H20, NaH2PO4, C-O-
p
200-3 133.7 150 54.5 CaHPOg4, FePOa4, Caz(POa4)2, [231,288]
(PhO)3PO
1346 1.58 455 POs*, (PhO)sPO, C-O-P [230,231,288]
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242-44 1336 1.38 48.8 CaHPO4.2H20, CaHPO4, FePO4,  [230,231,233,

POs*, C-POz or C,-PO2 groups,  288]

(PhO)3PO
1345 1.60 51.2 POs%*, (PhO)sPO, C-O-P [231,288]
158-1.6 133.7 1.44 53.4 CaHPOy4, FePOy4, Cas(POs4)2, [231,288]
(PhO)3PO
1346 1.60 46.6 POs*, (PhO)sPO, C-O-P [230,231,288]
242- 1335 1.19 21.4  Cag(POa)2, Cas(PO4)sCl, [230,233,288]
4.4-2 CaHPO4.2H,0, CaHPO4, P207*,
C-POg3 or C2-PO: groups
1342 0.70 11.7  Ca(H2POa4)2, (NH4)H2POs4, [230,231,288]
Ca(H2P04)2.H20, NaH2PO4, C-O-
P, POs>
134.8 1.60 65.1 P20s compounds [288]
1359 0.30 1.83  P4O10 [230]
242- 1339 157 65.3 P05 compounds, Ca3(POa)2, [230,231,288]
4.4-2.5 Ca(H2POa4)2, (PhO)3PO, C-O-P
1348 1.46 34.7 P»20s compounds [288]

Al 2p peaks were also difficult to assign for the reasons stated above. For
instance, AlI(OH)z and Al>Os3 had peak binding energies at 74.2 eV and 74.1 eV,
respectively in this study (Figure 5.9 (j,k)). Nevertheless, approximate peak
assignments for the deconvoluted peaks are presented in Table 5.6. SS and
hydrochar samples with APMR < 4.4 had a poor signal/noise ratio and hence
were not reported. AS had two peaks at 73.9 eV and 74.5 eV indicating the
presence of mainly Al-Si compounds with some Al(OH)3, AIOOH, and Al-OH
bonding (Figure 5.9 (a)). The peak of AI(OH)s in the SSNMR spectrum was
confirmed, corroborating with the Al 2p XPS data. The change in Al speciation
due to acidic HTC was evident from peak energies shifting to higher values
(Figure 5.9 (b —f)). The hydrochar samples had two peaks in the range of 74.4 +
0.2 eV and 75.3 £ 0.3 eV. Al-Si compounds were likely to predominate in
hydrochars as they are stable but in the pH range 3 — 5, Al(OH)z and AIOOH
could be found, as evident from the thermodynamic equilibrium modelling[12].
Also, when pH was less than 3, AI(OH)s was not detected in the hydrochar
samples, in confirmation with the thermodynamic modelling. In hydrochar (B)
samples, Al-Si compounds were present along with some AI(OH)s (Figure 5.9 (g
—1)). For hydrochar samples with APMR < 3, Al concentration in hydrochar (B)
was relatively low (~2 % or lower) and hence, the Al 2p peaks with appreciable

signal/noise ratio could not be obtained. In conclusion, P and Al species changed
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to acidic HTC and the final pH was more important than temperature for these

changes.
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Figure 5.9: Al 2p XPS spectra of (a) AS and selected hydrochars corresponding
to HTC runs (b) 200-3, (c) 242-4.4, (d) 158-1.6, () 242-4.4-2, (f) 242-4.4-2.5.
For the HTC runs 242-4.4-2 and 242-4.4-2.5, the hydrochars after their alkaline
extraction had an appreciable signal/noise ratio and hence represented as (h) 242-
4.4-2 (B), and (i) 242-4.4-2.5 (B). Other hydrochar (B) samples had poor
signal/noise ratios. The spectra of salts (j) AI(OH)s and (k) Al>Os are also
provided for reference. Experimental, simulated, and deconvoluted spectra are
shown in yellow solid lines, black dashed lines, and blue solid lines, respectively.
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Table 5.6: Al 2p XPS deconvoluted peak assignments with their peak energy,
relative area and full width at half maximum (FWHM) for AS, hydrochar, and
hydrochar (B) samples.

Sample Peak Full widthat Area (%) Peak assignment Ref.
energy half
eV) maximum
(FWHM)
(eV)
AS 73.9 1.60 60.8 Al-OH, Al-Si [250,288]
compounds
74.5 1.60 39.2 Al(OH)s, AIOOH, Al-  [288]
Si compounds
200-3 74.5 1.51 53.6 Al(OH)s3, AIOOH, Al- [288]
Si compounds
75.1 1.60 46.4 Al-Si compounds [288]
242-4.4 74.4 1.44 46.6 AI(OH)s, Al-Si [288]
compounds
75.0 1.60 53.4 Al2(SO0u4)s, Al-Si [288]
compounds
158-1.6 74.6 1.60 73.2 Al-Si compounds, [288]
AIOOH
75.2 1.60 26.8 Al-P-Si compounds [288]
242-4.4-2 74.8 1.57 65.7 A", Al(SOa4)s, Al-Si [164,288]
compounds
75.7 1.60 34.3 CaAl204 [288]
242-4.4-25 746 1.60 64.9 Al-Si compounds, [288]
AIOOH
75.4 1.60 35.1 Al-O-C bonding, Al-  [288]
Si compounds
242-4.4(B) 74.2 1.48 100 Al(OH)s, Al-Si [288], this
compounds study
242-4.4-2 74.4 1.40 100 Al(OH)s, Al-Si [288]
(B) compounds
242-4.4-25 742 1.45 89.8 Al(OH)s, Al-Si [288]
(B) compounds
75.3 1.03 10.2 Al-P-Si compounds [288]

5.3.4. FTIR analysis for changes in functional groups

The functional groups in SS, AS, hydrochar, and hydrochar (B) samples
are presented in (Figure 5.10). A precise functional group identification was
difficult due to peak overlap and sample heterogeneity. Nevertheless, the trend
based on previous studies was evident. Since carbon content in AS was much
lesser than in SS, the peaks attributed to C-H (2924 cm™), aliphatic CHx (2853
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cm™) and aromatic ring (1516 cm™)[13] were missing in AS (Figure 5.10 (a)).
The overlapping peak at 1100 cm™ possibly indicated a C-O functional group,
but given the low C content in AS, it could also imply inorganic compounds, such
as sulphates, phosphates and silica compounds[263]. The presence of these
inorganic compounds was further evidenced by the peak at around 900 cm™. The
presence of carbonate in this peak range (900-1100 cm™) in hydrochar samples
was less likely because of the low pH (< 5) of hydrochar samples. Besides, AS
had relatively more prominent inter/intramolecular H-bonded OH groups (~3300
cm™?) indicating the presence of Al(OH)s which was confirmed by 2’Al SSNMR
and Al 2p XPS spectra. Barring these differences, SS, AS and hydrochar samples
had similar characteristics spectra, suggesting that acidic HTC did not lead to

significant changes in functional group composition.
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Figure 5.10: FTIR spectra of (a) SS, AS, and hydrochars of selected HTC runs,
(b) hydrochar (B) samples of the corresponding HTC runs.

However, after alkaline extraction, some modifications in the spectra of
hydrochars were apparent (Figure 5.10 (b)). The presence of the free -OH group
at ~3700 cm™[263] might be due to residual OH ions after alkaline extraction.
The relative increase in the intensity of the aromatic ring, carboxyl-carbonate
structure, and aliphatic C-H stretching (~1420 cm™) probably suggested their
recalcitrance to alkaline dissolution. The inorganic functional groups (< 1000cm"
1 in hydrochar (B) samples were relatively more prominent than in hydrochar
samples, possibly due to their unmasking because some labile carbon functional
groups were lost during alkaline extraction. In conclusion, FTIR spectra of
samples indicated the diversity of functional groups whose composition was

affected more by alkaline extraction rather than acidic HTC.
5.3.5. Process mechanism

As shown in this study, P recovery depended on multiple factors and
definite generalization of the process mechanism is difficult. However, an
approximate detailing of the process mechanism is possible and it is pictorially
represented in Figure 5.11. P species and TEs were distributed in all the solid and
liquid by-products of the entire process of SS. Consequently, it was challenging
to recover relatively purer P from one of the by-products of the entire process

(i.e., either hydrochar or liquid extract).
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With the addition of AS with SS and acidic hydrothermal treatment, NAIP
fraction of total P in hydrochar increased while AP fraction was reduced. The
relative increase/decrease of P species was dependent on the fraction of AS in
SS+AS mixture, HTC temperature and pretreatment pH. P concentration was
inversely proportional to Ca and Mg concentrations in process water in the given
operational conditions indicating their partitioning during acidic HTC. Some TEs
were retained in hydrochar while others were extracted to process water during
acidic HTC. Finally, after alkaline extraction, the relative fraction of AP and
NAIP in hydrochar (B) of the amended process was lower than hydrochar (B) of
the reference process and vice versa for TEs. In the alkaline extract of the
amended process, P and Al were abundant compared to the reference process,
which indicated that the conversion of AP to NAIP during acidic HTC was
beneficial for higher alkaline extraction efficiency of P. Most TEs in the amended
process were concentrated in hydrochar (B) and the alkaline extract was
relatively free from TE contamination compared to the reference process. The
addition of AS led to dilution of TE concentration in the HTC feedstock which
also affected this trend. Overall, the proposed process achieved its objective of
partitioning P from TEs and alkaline P extraction from hydrochar was enhanced

due to acidic pretreatment.
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Figure 5.11: The process mechanism is shown via the approximate partitioning
trend of P, some major and trace elements along the process. The green and red
arrows indicate the increase and decrease in the proportion of the species in the
design process (MS HTC) compared to the reference process (SS HTC),
respectively. The thicker the arrow, the higher the extent of increase or decrease
compared to the reference process.

5.4. CONCLUSION

This study demonstrated the positive effect of acidic HTC of SS mixed
with Al-rich AS on AP to NAIP conversion. P conversion led to its enhanced
recovery in aqueous form via alkaline extraction with reduced contamination
from trace elements (TEs). High HTC temperature (~240 °C), high APMR (~4)
in the feedstock and low final pH of feedstock post-HTC (~3 — 4) were
recommended for maximizing P recovery. The highest alkaline P recovery was
82 % while the highest overall P recovery was 75 % for acidic HTC. For SSHTC,
the highest alkaline and overall P recoveries were 48 % and 37 %, respectively.
Solid-state NMR and XPS analyses revealed that APMR and final pH were more
important determinants than temperature for P and Al speciation. Most analyzed

TEs were concentrated in hydrochar (B) in the acidic HTC cases compared to SS
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HTC cases. But more importantly, TEs such as Cr, Cu, and Ti were
predominantly present in the hydrochar (B) (> 60%) for acidic HTC cases. Only
Zn had an appreciable fraction in alkaline extract (27 — 42 %). Further techno-
economic assessment is imperative for pilot/industrial application, and leachate
management will be crucial for lowering the environmental impacts of this
process. With refinements, the proposed process can be an effective strategy for
P recovery with the circular management of the two major waste streams from

wastewater and drinking water treatment plants.
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6. CONCLUSIONS AND
RECOMMENDATIONS

The studies conducted in this thesis investigated the synergistic effect of
SS amendment using AS, thermochemical treatment, and sequential wet
extraction for P recovery. The first study explored the mechanistic aspect of AP
to NAIP transformation during acidic pretreatment of SS with AS at pH ~3 — 4.
This transformation occurred via the dissociation of AP and adsorption of
released ortho-P on Al(OH)s or other (hydroxo)oxide minerals of Al, as validated
by Visual MINTEQ simulation and experimental data from SSNMR and XPS.
The presence of AS inhibited the loss of P during acidic pretreatment via acidic
extract. The overall alkaline extraction of P from the acid-pretreated and
amended SS was ~12% higher than the control case (non-amended and non-acid-

pretreated).

The second study assessed the synergistic role of acidic pretreatment and
pyrolysis on the fate of P and its recovery using alkaline extraction. The findings
indicated that low-temperature pyrolysis (400°C) after acidic pretreatment was
most suitable for P recovery. Increasing temperature from 400 to 900°C led to
NAIP to AP transformation in both unamended and amended cases as it was
thermodynamically favourable. However, when Al was abundantly present, this
transformation was inhibited significantly. Also, higher temperatures led to the
formation of recalcitrant minerals and immobilization of P in the char matrix

which inhibited its release during alkaline extraction.

The third study focussed on acid pretreatment in HTC conditions to
explore the accentuating effect of high-temperature and high-pressure conditions
on AP to NAIP transformation. The effect of various ratios of SS: AS in the sludge
mixture, pH of acidic pretreatment, and HTC temperatures were investigated.
Central composite design and one-factor-at-a-time experiment revealed that AS
addition was redundant beyond a limit in promoting AP to NAIP conversion.
Moreover, the optimum pH for acidic pretreatment was ~3 — 4. The higher
temperature of HTC promoted the formation of AP in the non-amended case

while excess Al in the amended case inhibited AP formation.

Some of the trends apparent from the three studies above are: (1) addition

of AS with SS in mildly acidic conditions promoted AP to NAIP conversion with
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or without HT (2) P loss during acidic pretreatment for SS + AS was within 5 —
25%, and HT condition did not accentuate AP to NAIP conversion relative to
non-HT condition (3) optimized alkaline P recovery was highest for pyrolysis
char (~88%), followed by hydrochar (~81%), and dry amended SS (~77%) (4)
optimized overall P recovery (after accounting for acidic pretreatment loss and
alkaline recovery) was approximately same for all the three process explored in
this thesis (~75%) (5) most trace elements were concentrated in the solid matrix
after the entire extraction process, though some amphoteric elements such as Zn
could be present in the alkaline extract. Given the high extraction efficiency of P
and low trace elemental contamination, this process might be one of the feasible
strategies for P recovery in many locations worldwide and promote the co-

treatment of two waste streams with resource recovery.

There are some recommendations for future studies. To assess the
effectiveness of the process proposed in this thesis, pilot-scale studies should be
conducted with feedstocks obtained from diverse sources. Process automation
and modelling using software such as Aspen can be explored. If similar extraction
efficiencies as bench scale studies are obtained, detailed techno-economic
analysis and life cycle assessment should be performed to evaluate the
commercial viability and environmental footprint of this process. To reduce the
cost further, by-products from other industrial processes can be explored. For
instance, HCI and NaOH might be obtained from the plant treating brine using
direct electrosynthesis. Beyond this process, more studies are required on
extractant management after P recovery. Most studies have focussed on final P
recovery as salt such as struvite or hydroxyapatite which is not financially
lucrative. In addition to the production of these P salts from alkaline extract, other
chemicals such as flame retardants, salts for electric vehicle batteries and the
electronic industry should be explored. The methods of integrating these recovery
options with the existing wastewater treatment at the pilot/industrial scale should
be studied as well. With integrated wastewater treatment and resource recovery,

circularity in water and wastewater treatment can be achieved.
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SUPPLEMENTARY INFORMATION

CHAPTER 2

Table S 1: Key chemical properties of phosphorus.

Property Remark

Oxidation It can vary from -3 to +5 (such as -3, 0, +1, +3, +4, +5), though most transitional

state oxidation states disproportionate into +5 (most common in nature) and -3, both
in alkali and acid[289].

Isotopes 31p has 100% natural abundance as most other isotopes are highly radioactive
(half-lives in seconds). Two other isotopes with relatively longer half-lives are
2P (14 days) and 3P (25 days)[290].

Allotropes ~ White (or yellow) phosphorus (P4) is the most prominent and reactive allotrope
of P, hence stored under water. Other allotropes are red, violet and black
phosphorus. Diphosphorus (P2) is gaseous phase of P, very reactive and stable
above 1200°C and until 2000°C[290].

Compounds Due to its large atomic radius (1.8 A, non-bonded), P tends to form single bond

with itself and other elements such as O, N and S. Besides, due to lower
electronegativity (2.19, Pauling scale), P tend to exist more in positive oxidation
states. The electronic configuration of P is [Ne]3s23p® and has 5 valence
electrons for bonding. However, due to empty 3d atomic orbitals, P can expand
valence shell to incorporate 10 or more electrons (such as in compounds PFs and
PFs)[291].

Table S 2: Standard protocols useful for sewage sludge characterization.

Standard Title/ Utility Originally applicable for Ref.

method
ISO Pretreatment of samples for physico- Soil [292]
11464:2006 chemical analyses: drying, crushing,

sieving, dividing and milling.
ISO Screening methods for soil and waste Waste (solid, liquid), soil [293]
12404:2021 characterization. and soil-such as
materials.

ISO Pretreatment of samples by freeze-drying Soil [294]
16720:2007  for subsequent analysis
ISO Moisture content on a mass basis using Soil [295]
11465:1993 gravimetric method.
ISO 9963- Determination of total and composite Water and wastewater [296]
1:1996 alkalinity
EN pH determination. Municipal sludge, [168]
15933:2012 compost, arable and
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ASTM Proximate analysis by macro Coal and coke [297]
D7582-15 thermogravimetric analysis (moisture,
volatile matter, ash and fixed carbon).

ISO Total carbon, hydrogen and nitrogen by ~ Coal and coke [298]
29541:2010 the instrumental method.
EN Calorific value. Sludge and sludge [299]
15170:2008 products
ISO/TR Sludge recovery, recycling, treatment and Municipal and industrial [300]
20736:2021 disposal - Guidance on thermal treatment  sludge

of sludge.
ISO Elemental composition using X-ray Homogenous solid waste, [301]

18227:2014 fluorescence (XRF). Applicable for major soil and soil-such as
and trace elements with approximately materials.
0.0001% to 100% concentration.

ISO 11885:  Determination of selected elements using Water, sludge, and [302]
2007 ICP-OES sediments
ISO 17294-  Application of Inductively Coupled Water, sludge, and [284]
2:2016 Plasma — Mass Spectrometry (ICP-MS)  sediments

for selected elements
ISO/TS Trace element determination in soil Municipal sludge, [303]
16965: 2013 extracts by ICP-MS compost and sludge-

amended soils.

ISO 54321: Digestion of sample with aqua regia for ~ Sludge (municipal and [304]
2021 elemental composition determination. industrial), treated

biowaste (compost), soil

and solid waste.

EN Digestion of sample with hydrochloric Sludge (municipal and [170]
13656:2020 (HCI), nitric (HNOs) and tetrafluoroboric  industrial), treated
(HBF34) or hydrofluoric (HF) for elemental biowaste (compost), soil

composition determination. and solid waste.
ISO Digestion of sample with nitric acid for Municipal sludge, [305]
16729:2013 elemental composition determination. compost and sludge-

amended soils.

ISO 14869- Digestion of sample by alkaline fusion for Soil [306]
2:2002 elemental composition determination.
ISO Determination of phosphorus — Water, wastewater, [307]
6878:2004  Ammonium molybdate spectrometric seawater, etc

method
ISO 10304-  Determination of phosphate and other Water, wastewater, [308]
1:2007 anions using liquid chromatography seawater, etc
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CHAPTER 3

Table S 3: Specification of sample weight and volume of leachant in all the

processes. M3 represents the mixture of SS and AS in the ratio 3:2 (w/w).

Process Sample for Vol. of acid or Sample for Vol. of base
procedure before base before alkaline (mL)
alkaline leaching alkaline leaching

(sample name, leaching (mL)  (sample name,

sample amount sample amount

(9)) (9))

A - - SS, 0.25 25
B SS,04 40 SSA, 0.25 25
C - - M3, 0.25 25
D M3, 0.4 40 M3A, 0.25 25
E AS, 0.1 25 SS, 0.25 25

Table S 4: The concentration of trace elements (mg/kg) in the dried sludge

samples.

Element Sewage sludge (SS) Alum sludge (AS)
Barium (Ba) 255.4+5.2 98.1+8.7
Cadmium (Cd) <20 <20
Cobalt (Co) <100 <100
Chromium (Cr) 121.6+5.4 27.0£5.5
Copper (Cu) 597.1+41.5 <100
Mercury (HQg) <20 <20
Manganese (Mn) 115.6+1.9 263.4+3.0
Molybdenum (Mo) <20 <20
Nickel (Ni) 130.5+4.3 64.7+6.3
Lead (Pb) 20.7+£1.1 44.0£2.6
Antimony (Sh) <20 <20
Selenium (Se) <20 <20
Tin (Sn) 26.4+0.5 <20
Strontium (Sr) 43.9+1.7 <20
Titanium (Ti) 1358.2+19.6 658.5+3.6
Vanadium (V) <20 29.4+1.0
Zinc (Zn) 905.0£19.6 ND

ND: Not determined.
Isotope with the highest natural abundance was determined.

147



Table S 5: The extent of trace elements released into the acid leachates after the
acidic pretreatment of SS (SSA(aqg)) and M3 (M3A(aq)). M3 represents the
sewage sludge (SS) and alum sludge (AS) mixture in the ratio 3:2 (w/w).

Element SSA(aq) M3A(aq)
Conc.(mg/kg) % Released Conc.(mg/kg) % Released
Barium (Ba) <4 <1.6 <4 <2.1
Cadmium (Cd) <4 - <4 -
Cobalt (Co) <20 - <20 -
Chromium (Cr) <4 <3.3 <4 <4.8
Copper (Cu) <20 <3.3 <20 -
Mercury (Hg) <4 - <4 -
Manganese (Mn) 51.546.2 44.6 54.6+£10.8 31.3
Molybdenum (Mo) <4 - <4 -
Nickel (Ni) 19.4+1.7 14.9 10.8+3.1 10.4
Lead (Pb) <4 <19.3 <4 <13.3
Antimony (Sb) <4 - <4 -
Selenium (Se) <4 - <4 -
Tin (Sn) <4 <15.2 <4 -
Strontium (Sr) 15.6+2.3 35.5 12.2+3.6 -
Titanium (Ti) 20.6+2.1 1.5 18.1+3.0 1.7
Vanadium (V) <4 - <4 -
Zinc (Zn) 185.1+38.5 20.5 ND -
ND: Not determined.
Isotope with the highest natural abundance was determined.
Table S 6: 3'P SSNMR fitting parameters and assignments for non-pretreated
(sewage sludge (SS) and M3) and acid-pretreated SS (SSA) and M3 (M3A)
sludges. M3 represents the SS and alum sludge (AS) mixture in the ratio 3:2
(Wiw).
Sample  Assignment diso FWHM Relative  Normalized Normalized
integrals® integrals® integral sum®
(ppm) (ppm) (%)
SS HPO.* on H,0 6.16 0.72 39.51 0.395 1.000
Amorphous ortho-P  1.17  11.89  60.49 0.605 '
SSA Adsorbed or 149 717 5614 0.095
amorphous ortho-P
Al(OH)2H2PO4 0.169
and/or PO4 on -8.48 1455  43.86 0.074
Al(OH)3
M3 HPO4* on H20 6.17 08 40.47 0.269 0.665
Amorphous ortho-P 12 59.53 0.396 '
M3A Adsorbed or 314 962 176 0101
amorphous ortho-P
AI(OH)2H2PO4 0.576
and/or PO4 on 1456 824 0.475

Al(OH)3

10.02

2 Relative integrals of deconvoluted resonances in NMR line-shape.
b Integrals of deconvoluted resonances normalised to sum of SS integral
¢ Sum of normalised integrals for each spectrum.
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Table S 7: 2’Al SSNMR fitting parameters and assignments for non-pretreated
(sewage sludge (SS), alum sludge (AS) and M3) and acid-pretreated SS (SSA)
and M3 (M3A) sludges. M3 represents the SS and AS mixture in the ratio 3:2

(Wiw).
Sample Assignment  Siso Relative ~ Normalized Normalized
(ppm) integrals®  integrals® integral sum°®
(%)
AS AlO4 80 > 50 6 0.067
AlOs 50 > 30 7 0.081 1.000
AlOs 20>-15 87 1.000
SS AlO4 80 > 50 22 0.011 0.042
AlOs 20>-15 78 0.037 '
SSA AlO4 80 > 50 21 0.010 0.041
AlOs 20>-15 79 0.037 '
M3 AlO4 80 > 50 7 0.030
AlOs 50 > 30 8 0.034 0.396
AlOs 20>-15 86 0.391
M3A AlO4 80 > 50 7 0.037
AlOs 50 > 30 6 0.032 0.448
AlOs 20 >-15 86 0.444
2 Relative integrals of deconvoluted resonances in NMR line-shape.
b Integrals of deconvoluted resonances normalised to sum of SS integral
¢ Sum of normalised integrals for each spectrum.
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Figure S 1: Al 2p XPS spectra of M3 and acid-pretreated M3 (M3A) solid
samples. M3 represents the SS and AS mixture in the ratio 3:2 (w/w).
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Figure S 2: 'H MAS NMR spectra of non-pretreated (sewage sludge (SS), alum

sludge (AS) and M3) and acid-pretreated SS (SSA) and M3 (M3A) sludges. M3
represents the SS and AS mixture in the ratio 3:2 (w/w).
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CHAPTER 4

Table S 8: The calculations for the acidic pretreatment of DSS and MS (DSS +
AS).

Parameter DSS  Amended
DSS

Total solids of DSS (g) (1) 1 0.8

Total solids of AS () (2) 0 0.2

Total solids for acidic pretreatment (g) (3) [= (1) + (2)] 1 1

Wet weight of DSS (g) (4) [= (1)/{1-0.87}]* 7.7 6.3

Total weight of sample for acidic pretreatment (g) (5) [= (2) + (4)] 7.7 6.5
Liquid-to-solid ratio (L:Sw) (mL:(g,wet)) (6) 5:1 5:1

DI water added to the sample (7) [= (5) % (6)] 38 32

Liquid-to-solid ratio (L:Sp) (mL:(g,dry)) (8) [={(7) + (4) x 0.87}/(3)]*? 45:1  38:1

a. Moisture content of DSS = 87 %

Table S 9: lllustrative table showing the calculation steps for the weight of P and
samples in the process flow (with clarifications in the footnote). Average values
of the replicates were used for the calculations.

Parameter SS MS
P in the dry sample at the start of the process (mg) (1) 100 100
Dry sample wt. (g) [= (2)/P]? (2) 5 6

P loss during acidic pretreatment (mg) (3) [= (2)*(Pwms - Pwa)]® 0 11
P in pyrolysis feedstock (mg) (4) [= (1) — (3)] 100 89
Char yield (%)° (5) NA NA
Char wt. (g) (6) [= (2)*(5)/100] NA NA
P in char (mg) (7) [= (6)*Pchar]® NA NA
P loss due to pyrolysis (mg) (8) [= (7) — (4)] NA NA
P in alkaline extract (9) [= (6)*Paikai]® NA NA
P lost after alkaline extraction (10) [= (7) — (9)] NA NA
Alkaline extraction efficiency (%) (11) [= (9)*100/(7)] NA NA
Overall efficiency (%) (12) [= (9)*100/(1)] NA NA

a. P (mg/g) in SS (Pss) was determined using ICPOES and in MS (Pwms) using the mass
balance (using mass fraction and P in SS and AS).

b. Pwma (mg/g) was determined using ICPOES. No mass loss was assumed during acidic
pretreatment.

c. Charyield (%) = [Char wt. (g)/Feedstock wt. (9)]*100. Since the char yield for both
processes differs for different pyrolysis temperatures, the entry is filled as NA in this
row and subsequent rows.

P content in char (Pcrar) (Mg/g) was obtained using ICPOES.
P content in alkaline extract (Panai) Was obtained using ICPOES.
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Table S 10: Molar ratio of major ions in the samples that form inorganic
compounds with P. The values for MS are based on mass balance.

Molar ratio SS AS MS MA
Al/P 0.6 204.6 3.0 4.0
Ca/P 0.9 35 0.9 0.4
Fe/P 0.4 8.8 0.5 0.5
Mg/P 0.5 2.1 0.5 0.3

Table S 11: Total carbon (TC) in the solid sludge and char samples.

Sample Total carbon (TC, %) Sample Total carbon (TC, %)
SS 39.6+£05 MA 36.8+0.4
SC400 38.1+0.2 MC400 34.1+0.3
SC600 38.3+0.2 MC600 33.6+0.3
SC900 40.2+0.5 MC900 31.2+04

Table S 12: Total carbon (TC) and dissolved organic carbon (DOC) in the filtered
liquid extracts obtained from acidic pretreatment and alkaline extraction.

Sample Total carbon Dissolved organic Fraction of TC
(TC, mg/kqg)) carbon (DOC, mg/kg) extracted from
solid to liquid (%)

Acidic extract 5417 £+ 88 5358 £ 116 15
Alkaline extract (SC400) 4666 = 302 3277 £ 161 1.2
Alkaline extract (SC600) 4263 £ 879 3140 + 208 1.1
Alkaline extract (SC900) 1166 £ 53 <1000 0.3
Alkaline extract (MC400) 24087 + 649 22937 £ 652 7.1
Alkaline extract (MC600) 2792 + 623 2028 + 165 0.8
Alkaline extract (MC900) 1023 + 402 <1000 NA

Table S 13: The main parameters for BET fitting to quantify surface
characteristics.

Sample C (unitless) r (unitless) Lowest P/P,  Highest P/Po
for fitting for fitting
SC400 65.752 0.999 0.049 0.287
SC600 134.605 0.999 0.050 0.144
SC900 85.283 0.999 0.049 0.286
MC400 70.481 0.999 0.049 0.286
MC600 108.966 0.999 0.049 0.286
MC900 294.287 0.999 0.049 0.287

152



Table S 14: Surface characteristics of the char samples.

Sample Surface Avg. Pore vol Highest pore dia. ~ P/Po for Micropore
area pore dia. (cm*g)  (nm) (for pore vol.) pore vol. vol.
(m?/g) (nm) (cm°g)
SC400 7.6 6.7 0.0 40.1 0.95 0.000
SC600 4.1 8.6 0.0 40.4 0.95 0.000
SC900 27.5 4.8 0.0 40.3 0.95 0.000
MC400 19.2 8.7 0.0 39.6 0.95 0.000
MC600 22.0 10.6 0.1 39.7 0.95 0.000
MC900 91.0 6.5 0.1 39.5 0.95 0.004
R-OH R
SC900 MC900

MC600

14 12 8 4 0 -4 14 12 8 4 0 -4
'H chemical shift (ppm) 'H chemical shift (ppm)

Figure S 3: 'H SP-MAS NMR spectra of (a) SS and its chars (b) MA and its
chars.

'H SP-MAS NMR spectra of sludges and char samples confirmed the
BC{'H} CP-MAS findings. The spectra showed a general trend of decreasing
alkyl and hydroxyl groups and increasing aromatic groups with increasing
temperatures. SS and MA had similar *H spectra as samples contained alkyl,
alcohol, water, and carbonyl groups. Peak around 9 ppm in SS, MA, SC400/600,
and MC400/600 likely represented aromatic protons, which decreased with
increasing temperatures. SS and MA had a small resonance (10 to 12 ppm)
assigned as a carboxylic C=0 peak (might be present in other samples, but the
peaks were too weak). SS and SC samples likely contained R-OH, which
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presented as a sharp resonance (4 ppm). A peak closer to 4.7 ppm in SS and MA

was missing in char samples, indicating the absence of water of hydration.

(a) (b)
*
*
SC900 MC900
SCE00 * MC600 *
* MC400 *
. SC400 A

50 0 -50 50 0 . -50
31p chemical shift (ppm) 3P chemical shift (ppm)

Figure S 4: 3P SP-MAS NMR spectra of (a) SS chars and (b) MA chars after
alkaline extraction of P from them. The spinning sideband is marked with *.

SC900 MC600

0 L

© MC400 MCOO

Figure S 5: The extracts obtained after the alkaline extraction of chars for P
recovery.
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CHAPTER 5

Table S 15: Illustrative example of mass balance of P and other major and trace
elements in this study using hypothetical values.

Parameter Quantity
(1) Dry feedstock (SS or MS) wt. for HTC (g) 1

(2) P in feedstock [= (1)*Pss or ms]® (Mg) 20

(3) Hydrochar yield [= (dry hydrochar wt. (g)/dry feedstock wt. (g))] 0.75

(4) P in hydrochar [= (1)*(3)*Phydrochar)]* (MQ) 16

(5) P in process water [= (2) — (4)] (mg) 4

(6) Hydochar yield after alkaline extraction® [= dry hydrochar wt. (g)/ dry 0.8
hydrochar (B) wt. (9)]

(7) P in hydrochar (B) [= (1)*(3)*(6)*Phydrocher 8)]* (M) 4

(8) P in alkaline extract [= (4) — (7)] (mQ) 12
(9) P in process water [= (5)*100/(2)] (%) 20
(10) P in hydrochar (B) [= (7)*100/(2)] (%) 20
(11) P in alkaline extract [= (8)*100/(2)] (%) 60
(12) Alkaline extraction efficiency [= (8)*100/(4)] (%) 75
(13) Overall extraction efficiency [= (11)] (%) 60

a. Pss, Phydrochar and Phydrochar (8) Were determined using ICP-OES after
microwave acid digestion (MAD). Pms was calculated using the mass
fraction of SS and AS in MS, and P in them.

b. Hydrochar after alkaline extraction was named ‘“hydrochar (B)”.
Hydrochar yield after alkaline extraction had a range of ~0.7 — 0.9 in this
study. Therefore, in case of unavailability of data, 0.8 was assumed.

Table S 16: HTC runs conducted during the pH optimization experiment in this
study.

Initial pH after ~ pH after  Run notation Vol.of 6 M

Run
pH adding HTC or HCI (mL)
acid final pH
1 5.38 3 441 4.4 0.17
2 5.38 2 3.45 3.3 0.32
3 5.57 3 4.42 4.4 0.18
4 5.49 1.49 2.57 2.5 0.65
5 5.49 2.02 3.13 3.3 0.34
6 5.34 2.52 3.9 3.9 0.23
7 5.37 1 1.86 2.0 1.1
8 5.35 2.5 3.85 3.9 0.24
9 5.38 1.5 2.46 2.5 0.6
10 5.36 0.99 2.07 2.0 1.1
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Table S 17: ANOVA and fit statistics for the response variables.

Final Hydrochar P in process Alkaline P Overall P
pH yield (%) water (%) extraction extraction
efficiency (%)  efficiency
(%)
Coded model 393+ T77.7-34*A + 16.8-6.4*B 748+ 1.2*A 62.4+6.0*B
0.11*A 0.9*B-1.8*A2 +1.5*B
ANOVA: p-value
Model 0.011  <0.0001 0.0002 0.0047 0.0003
A: Temperature 0.011 <0.0001 - 0.028 -
(°C)
B: APMR - 0.042 0.0002 0.007 0.0003
A2 - 0.002 - - -
Lack of fit 0.216  0.545 0.007 0.0043 0.0025
Fit statistics
R? 0.309 0.840 0.554 0.468 0.520
Adjusted R? 0.271  0.810 0.529 0.406 0.493
Predicted R? 0.144 0.744 0.447 0.241 0.397
Adequate precision 6.316  14.565 10.518 7.049 9.818

The model terms such as A, B, and A? were included in the model if they
were statistically significant (p < 0.05). Insignificant lack of fit (i.e., p > 0.05)
meant that the model fitted well with the experimental data. If the difference
between predicted R? and adjusted R? was < 0.2, it suggested that there was no
model overfitting. Adequate precision > 4 implied that the signal-to-noise ratio
was adequate to navigate the design space using the model. A relatively low R?
(< 0.5) indicated that the model did not explain much of the variability in the
dependent or response variable.

Multi-criteria optimization and model validation

Using multi-criteria optimization, the best and worst conditions for
alkaline and overall P recoveries were determined (Table S 18) and these runs
were conducted in duplicate to verify the model predictions. The best condition
for maximizing P recovery was computed to be at 242°C and APMR of 4.4 while

the worst condition was at 158 °C and APMR of 1.6. The experimental data
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validated all the models except the hydrochar yield (%) model for a 99 %
prediction interval (Table S 19). However, if the validation conditions were more
stringent, for instance, confidence < 95 %, the prediction interval would be
narrower implying that some of the other models would be invalidated as well.
Hence, the evaluation of the models depended on design criteria and the critical
objectives of the process. In this study, the objective was to identify a broad trend
in P extraction variation with HTC process parameters, which were met
satisfactorily.
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Table S 18: The optimized factor and response variables as per the models obtained using the CCD.

Obijective Factor variables Response variables Optimized factor
condition
Temp. (°C) APMR Final Hydrochar P in process Alkaline P Overall P Temp. APMR
pH yield (%) water (%) extraction (%) extraction (%) (°C)

Maximize P 158-242 1.6-4.4  None None Minimize Maximize Maximize 242 4.4
recovery

Minimize P 158-242 1.6-4.4  None None Maximize Minimize Minimize 158 1.6
recovery

Table S 19: The outcome of the confirmation runs of the CCD to validate the prediction models.

Response Maximize P recovery Minimize P recovery
Predicted 99 % prediction Experimental Predicted 99 % prediction Experimental
values interval values values interval values

Final pH 4.09+0.16 3.72-4.46 4.37£0.10 3.78+£0.16 3.41-4.15 3.83+£0.02
Hydrochar yield (%) 70.79 £ 1.64 66.20 — 75.39 60.45 + 0.07 77.61+1.64 73.02 -82.21 73.90 £ 0.42
P in process water (%) 7.73+£5.42 -5.07 — 20.54 18.23+1.44 25.76 £5.42 12.96 — 38.57 38.15+3.19
Alkaline P recovery (%) 78.48 £ 1.95 73.43 - 83.53 82.05 +0.02 71.02 £1.95 65.97 — 76.07 68.89 + 2.20
Overall P recovery (%) 70. 69 £ 5.37 58.00 — 83.39 67.09 +1.19 54.01 +£5.38 41.31-66.71 42.64 £ 3.55
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Table S 20: Trace element concentration in hydrochar corresponding to each run. Ba, Sn and Sr were not analyzed. As per EU

regulation for organic fertilizers, the maximum allowable concentration (mg/kg) of As (inorganic), Cd, Hg and Pb are 40, 1.5, 1 and
120, respectively.

Feedstock  Run notation As Cd Co Hg Mn Mo Pb Sb Se \Y/
SS 158 <17 <17 <17 <17 140.5 + 27.0 <17 941+11 <17 <17 <17
SS 170 <17 <17 <17 <17 <133 <17 83.8+x0.7 <17 <17 <17
SS 200 <17 <17 <17 <17 152.9+37.2 <17 86.1+13 <17 <17 <17
SS 230 <17 <17 <17 <17 145.6 £ 134 <17 92.7+39 <17 <17 <17
SS 242 <17 <17 <17 <17 147.0+ 4.6 <17 113.7+0.8 <17 <17 19310
MS 158-3 <17 <17 <17 <17 <133 <17 915x16 <17 <17 <17
MS 170-2 <17 <17 <17 <17 <133 <17 88.1+0.1 <17 <17 <17
MS 170-4 <17 <17 <17 <17 <133 <17 92.1+22 <17 <17 <17
MS 200-1.6 <17 <17 <17 <17 <133 <17 90.9+57 <17 <17 <17
MS 200-3 <17 <17 <17 <17 <133 170+0.7 96.1+0.7 <17 <17 <17
MS 200-4.4 175+04 <17 <17 <17 <133 172+04 983+18 <17 <17 <17
MS 230-2 <17 <17 <17 <17 <133 174+0.7 1005+6.5 <17 <17 <17
MS 230-4 18.1+0.1 <17 <17 <17 <133 19.0+0.7 1029+19 <17 <17 <17
MS 242-3 <17 <17 <17 <17 <133 18.0+0.0 1036+11 <17 <17 <17
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Table S 21: Trace element concentration in hydrochar (B) corresponding to each run. Ba, Sn and Sr were not analyzed. As per EU
regulation for organic fertilizers, the maximum allowable concentration (mg/kg) of As (inorganic), Cd, Hg and Pb are 40, 1.5, 1 and
120, respectively.

HT Run As Cd Co Hg Mn Mo Pb Sb Se \Y/
Feedstock notation

SS 158 <17 <17 <17 <17 <133 <17 79.0£2.0 <17 <17 <17
SS 170 <17 <17 <17 <17 <133 <17 91.6+4.9 <17 <17 <17
SS 200 <17 <17 <17 <17 <133 <17 83.5+5.6 <17 <17 <17
SS 230 <17 <17 <17 <17 <133 <17 86.3+10.5 <17 <17 <17
SS 242 <17 <17 <17 <17 141950 <17 929+74 <17 <17 <17
MS 158-3 <17 <17 <17 <17 <133 <17 1139+23 <17 <17 <17
MS 170-2 <17 <17 <17 <17 <133 <17 107.3+2.0 <17 <17 <17
MS 170-4 <17 <17 <17 <17 <133 <17 130.6 + 14.0 <17 <17 <17
MS 200-1.6 <17 <17 <17 <17 <133 <17 108.3+214 <17 <17 <17
MS 200-3 <17 <17 <17 <17 <133 <17 105.9+8.5 <17 <17 <17
MS 200-4.4 <17 <17 <17 <17 <133 <17 113.0+ 3.3 <17 <17 <17
MS 230-2 <17 <17 <17 <17 <133 <17 122.1+26.1 <17 <17 <17
MS 230-4 <17 <17 <17 <17 <133 <17 123.7+0.9 <17 <17 <17
MS 242-3 <17 <17 <17 <17 <133 <17 120.1+ 3.7 <17 <17 <17
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Table S 22: Concentration of trace elements in hydrochar and hydrochar (B) during pH optimization experiment. The mass balance
was not calculated for these elements. As per EU regulation for organic fertilizers, the maximum allowable concentration (mg/kg)
of As (inorganic), Cd, Hg and Pb are 40, 1.5, 1 and 120, respectively.

Final pH As Cd Co Mo Pb Sb Se Sn Sr
Concentration in hydrochar (mg/kg)
20+0.1 19.8+1.2 <17 <17 28724 86.6 £ 0.5 <17 <17 56.8+ 3.8 20.1+0.7
25+0.1 24.1+45 <17 <17 27.5%6.0 118.6 +14.2 <17 <17 56.5+15.2 22.1+34
3.3+£0.2 21.7+1.3 <17 <17 21.2+13 129.1+75 <17 <17 441+20 22.5%0.6
3.9+0.0 21.1+05 <17 <17 20.9+0.7 138.8+0.2 <17 <17 43.0+1.0 26.4+1.3
44+0.0 224 +0.0 <17 <17 21.5+25 141.5+6.7 <17 <17 48.7+4.7 36.5+3.2
Concentration in hydrochar (B) (mg/kg)

20+0.1 <17 <17 <17 179+24 103.9+0.9 <17 <17 34549 25.7+0.8
25+0.1 <17 <17 <17 <17 133.7+25 <17 <17 29.1+19 269+1.3
3.3+£0.2 <17 <17 <17 <17 166.2+4.4 <17 <17 31.1+11 32.1+0.8
3.9+0.0 <17 <17 <17 <17 183.9+0.2 <17 <17 34.1+0.6 385+14
44+00 <17 <17 <17 <17 180.2+ 2.7 <17 <17 33.1+1.0 498+24
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Figure S 6: Circumscribed central composite design (CCD) illustrating the actual
values and coded values of the factors in the entire design space.
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Figure S 8: Concentration of selected trace elements, i.e., (a) Cr, (b) Cu, (c) Ni,
(d) Ti, and (e) Zn in hydrochar and hydrochar (B) samples. The horizontal dashed
lines represent the maximum allowable concentration in organic fertilizer as per
EU regulation (no specification for Ti and Cr corresponds to Cr (VI) in the
regulation). The error bar represents the standard deviation.
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Figure S 10: SSNMR spectra of Al salts. The spinning sidebands are denoted by
an asterisk (*).
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