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We may be able to substitute nuclear power for coal, and plastics for wood, and yeast for meat, and friendliness for

isolation - but for phosphorus there is neither substitute nor replacement.

Isaac Asimov, Professor of Biochemistry,

Boston University School of Medicine, 1974.
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Summary

Issues relating to the environment, resource supply, and the economy drive today’s developing
sustainable circular bioeconomy. The European Union aims to create conditions for economic
growth decoupled from resources and to be climate-neutral by 2050. One of the key factors in
reaching these targets is the conversion of biomasses into renewable enetgy carriers, bio-based
platform chemicals, and bio-based carbon materials. Hydrothermal processes (HTPs) offer a
promising conversion route for wet biomasses. Hydrothermal carbonization (HTC) and
hydrothermal liquefaction (HTL) are of particular interest. HTC enables the disposal of organic
wastes and the production of a solid coal-like product (hydrochar) that can act as a substitute for
the fossil energy carriers. HTL is applied to wet biomasses to obtain an oil-like product (biocrude)
that can be upgraded to renewable fuels. Biomasses processed with HT'C and HTL also contain
many nutrients, which are essential for the biomass production and the food supply chain. Among
these is phosphate, which is itreplaceable in agriculture. Moreover, phosphate reserves are limited,
and their sustainable management has become a priority. The HTC and HTL of phosphate-rich
biomasses, such as sewage sludge, manure, and algae, should include phosphate recovery for reuse
in agriculture. Otherwise, a negative environmental impact could occur. However, there are only
few studies considering the HTC and HTL of phosphate-rich biomasses from the perspective of
phosphate recovery. Phosphate recovery in these processes is at a later stage of development than
conversion itself, patticularly in the case of HTL. For this reason, this dissertation provides a step
toward effective phosphate recovery for agriculture in the processes of HTC and HTL and to

enhance the phosphate recovery technology readiness level.

The fate of phosphates after HTC and HTL affects the phosphate recovery approach and its
efficiency. To increase the understanding of the fate of phosphates, this work investigated how
hydrothermal conditions influence phosphate behavior during HTC of digested sewage sludge
(DSS), as one example of phosphate-rich biomass. It was identified that by increasing the treatment
temperature, the phosphates initially presented in DSS were homogenized and mainly recovered as
acid soluble inotganic phosphates in hydrochar. This is also an important basis for the knowledge
of the fate of phosphate during the HTL that takes place at higher temperatures than HTC.
Thereafter, the focus was moved to the pilot-scale HTL, which first required general investigations
to clarify uncertainty regarding the flow of phosphate and to identify the most appropriate
approach for phosphate recovery. For this purpose, a full analysis of nutrient flows between the
HTL products for two phosphate-rich biomasses, primary sewage sludge (PSS) and Spirulina
microalgae (SPR), was provided. From a partial experimentally derived mass balance of nutrient

elements, strategies for phosphate recovery were developed, taking into consideration the existing
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approaches for HTC. The processing of PSS in the pilot plant HTL produced a phosphate-rich
solid byproduct suitable for phosphate recovery as a slow-release fertilizer, such as
MgNH,PO,-6H,O or struvite via an adjusted approach from the field of HTC. This approach
includes solubilization of phosphates by means of acid from the HTL solid byproduct and
subsequent binding of these phosphates in struvite by adding HTL liquid byproduct, magnesium
ions containing salt, and by increasing the pH. For SPR, direct isolation of phosphate as struvite
from the HTL liquid byproduct proved promising. The last investigation within this work provided
a basis for the design of the unit for phosphate recovery in the form of struvite from the HTL- as
well as HTC-derived products. The used products were originated from the pilot-scale HTL of
sewage sludge and manure. This study evaluated the effects of the solution composed of extract
from the HTL solid byproduct and HTL liquid byproduct on struvite precipitation. In addition,
the effects of a specially for struvite precipitation designed air-agitated reactor were examined.
Struvite-rich product with high potential for agricultural use was recovered from HTL byproducts
of manure and sewage sludge. It was found that the application of citric acid benefits the purity of
the fertilizing product, in particular from sewage sludge. The study also demonstrated that an
air-agitated system can improve the properties of the product, leading to a fertilizer that is ready to

use in shape (particle size) and quality (struvite content).

The findings presented in this work support optimization and the upscaling of phosphate recovery
in the processes of HTC and HTL of phosphate-rich biomasses. Additionally, these findings can
improve further life cycle and techno-economic assessments of HT'C and HTL-based biorefineries.

This work also indicates gaps and limitations that open opportunities for future research.
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Zusammenfassung

Gegenwirtig treiben Umwelt-, Ressourcenversotgungs- und Wirtschaftsfragen die Entwicklung
einer nachhaltigen zirkulire BioSkonomie an. Die Europiische Union hat es sich zum Ziel gesetzt,
die Voraussetzungen fiir ein von Ressourcen entkoppeltes Wirtschaftswachstum zu schaffen und
bis zum Jahr 2050 klimaneutral zu werden. Einer der Schlisselfaktoren zur Erreichung dieser Ziele
ist die Umwandlung der Biomassen in Bioenergietriger und biogene Kunststoffe oder
Kohlenstoffmaterialien. ~ Hydrothermale = Prozesse  (bydrothermal  processes, HTPs)  sind
vielversprechende Methoden zur Umwandlung feuchter Biomassen. Von besonderem Interesse
sind hier die hydrothermale Karbonisierung (hydrothermal carbonization, HTC) und die hydrothermale
Verflissigung  (bydrothermal liquefaction, HTL). Erstere erméglicht es, organische Abfille zu
entsorgen und ein festes, kohledhnliches Produkt (Hydrochar) zu erzeugen, mit welchem fossile
Energietriger ersetzt werden kénnen. Die HTL dient hingegen der Gewinnung eines 6lartigen
Produkts (Biocrude), welches zu Kraftstoffen weiterverarbeitet werden kann. Die bei der HT'C und
der HTL verwendeten Biomassen enthalten Nihrstoffelemente, die in der landwirtschaftlichen
Produktion und der Ernahrung von Bedeutung sind. Dazu zihlt unter anderem Phosphat, welches
als Dungemittel in der Landwirtschaft eingesetzt wird. Fur Phosphat gibt es aktuell keinen Ersatz.
Die weltweiten Phosphatreserven sind auBlerdem  begrenzt, weshalb eine nachhaltige
Riickgewinnung zur Prioritit geworden ist. Die hydrothermale Behandlung von phosphatreichen
Biomassen wie Klirschlamm, Giille und Algen sollte zukiinftig eine Rickgewinnung von
Phosphaten zur Wiederverwendung in der Landwirtschaft beinhalten. Anderenfalls kénnte sich
dies negativ auf die Umwelt auswirken. Derzeit werden die HTC und die HTL unter dem
Gesichtspunkt der Phosphatriickgewinnung jedoch nur eingeschrinkt berticksichtigt. Auch
befindet sich die Phosphatriickgewinnung in einem niedrigeren Entwicklungsstand als die
eigentliche hydrothermale Umwandlung. Insbesondere gilt dies fiir die HTL. Aus diesem Grund
treibt diese Dissertation die effektive Phosphatriickgewinnung fur die Landwirtschaft in den
Prozessen der hydrothermalen Behandlung von phosphatreichen Biomassen voran und verbessert

somit den Entwicklungsstand der Phosphatriickgewinnung.

Der allgemeine Ansatz und die Effizienz der Phosphatrickgewinnung wird dadurch beeinflusst, in
welchem Produkt und in welcher Form die Phosphate nach der HTC und der HTL verbleiben.
Um das Verstindnis fir den Verbleib von Phosphat zu erweitern, wurde im Rahmen dieser Arbeit
untersucht, wie hydrothermale Bedingungen das Verhalten von Phosphat wihrend der HTC von
ausgefaultem Kldrschlamm (digested sewage siudge, DSS), als Beispiel fiir phosphatreiche Biomasse,
beeinflussen. Durch die Erh6hung der Behandlungstemperatur wurden die urspriinglich im DSS

vorhandenen Phosphate homogenisiert und im Wesentlichen als siureldsliche anorganische
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Phosphate in der Hydrokohle zuriickgewonnen. Dies ist auch eine wichtige Grundlage fir die
Bestimmung des Verbleibs von Phosphat nach der HTL, die bei héheren Temperaturen als die
HTC stattfindet. Bei der Verlagerung der Untersuchungen auf die HTL im Pilotmafstal wurden
zundchst allgemeine Untersuchungen zur Klirung des Nahrstoffflusses und zur Ermittlung des am
besten geeigneten Ansatzes zur Phosphatrickgewinnung vorgenommen. Zu diesem Zweck wurde
cine vollstindige Analyse der Naihrstofffliisse zwischen den HTL-Produkten fir zwei
phosphatreiche Biomassen—Primirklarschlamm (primary sewage siudge, PSS) und die Mikroalge
Spirulina  (SPR)—durchgefiihrt. Basierend auf einer teilweise experimentell abgeleiteten
Massenbilanz der Nihrstoffelemente wurden die Strategien zur Phosphatriickgewinnung
entwickelt. Die HTL von PSS im Pilotmalstab lieferte ein phosphatreiches, festes Nebenprodukt,
das sich fiir die Phosphatriickgewinnung als Langzeitdiinger wie MgNHPO4:6H>O oder Struvit
mittels eines angepassten Ansatzes aus dem Bereich der HTC eignet. Dieser Ansatz umfasst die
Auflésung von Phosphaten aus dem festen HTL-Nebenprodukt mit Hilfe von Siure und eine
anschlieBende Abtrennung dieser Phosphate in Form von Struvit durch Zugabe von flissigem
HTL-Nebenprodukt, magnesiumionenhaltiges Salz sowie Erhéhung des pH-Werts. Fir die SPR
erwies sich die direkte Extraktion von Phosphat als Struvit aus dem fliissigen HTL-Nebenprodukt
als erfolgversprechend. Die letzte Untersuchung im Rahmen dieser Arbeit lieferte eine Grundlage
firr die Auslegung der Anlage zur Riickgewinnung von Phosphat in Form von Struvit aus den HTL-
sowie HTC-Produkten. Die verwendeten Produkte stammten aus der HTL von Klirschlamm und
Giille im Pilotmafstab. Untersucht wurden die Auswirkungen der Zusammensetzung der Losung
aus dem Extrakt aus einem festen HTL-Nebenprodukt und einem fliissigen HTL-Nebenprodukt
auf den Fallungsprozess von Struvit. Dariiber hinaus erfolgte eine Analyse der Auswirkung des
speziell fur die Struvit-Fillung konzipierten luftgertihrten Reaktors. Das struvitreiche Produkt, das
als Diingemittel verwendet werden kann, konnte sowohl aus HTL-Nebenprodukten von Giille als
auch aus HTL-Nebenprodukten von Klirschlamm gewonnen werden. Insbesondere bei
Klarschlamm wirkte sich die Zugabe von Zitronensiure positiv auf die Qualitit des Produkts aus.
Die vorliegende Studie zeigt, dass ein luftgerihrter Reaktor das Potenzial hat, die Eigenschaften
des Produkts zu verbessern, sodass ein in Form (Pattikelgroie) und Qualitit (Gehalt von Struvit)

gebrauchsfertiger Diinger entstehen kann.

Die in dieser Dissertation prisentierten Ergebnisse werden die Optimierung der
Phosphatriickgewinnung in den HTC- und HTL-Prozessen von phosphatreichen Biomassen und
deren Hochskalierung unterstiitzen. Auflerdem werden sie die weitere Okobilanz und die
techno-6konomischen Bewertungen von HTC- bzw. HTL-basierten Bioraffinerien verbessern.
Dartiber hinaus werden in dieser Arbeit Forschungsliicken und Grenzen aufgezeigt, welche

Ansatzpunkte fiir zukiinftige Untersuchungen bieten.
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This dissertation provides a step toward the effective coupling of phosphate recovery in HTC- and
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streams via nutrient recovery to increase sustainability and add value to the production chain were

examined by the research group of Professor Dr. Andrea Kruse.

The path to the finalization of this thesis was challenging, but conducting this investigation has

allowed me to answer the identified research questions and to grow professionally and personally.
I hope you enjoy reading my dissertation,

Ekaterina Ovsyannikova

! https://www.hyflexfuel.eu

XV



List of figures

Figure 1-1. (A) Density (p), ionic product (IP), and relative static dielectric constant(e) of water as
function of temperature at 25 MPa. Figure is taken from Kruse and Dahmen [3]; (B) Schematic
overview of different HTPs with their typical temperature and pressure ranges according to the
vapot-pressure curve of the water. Figure is taken from Kruse and Dahmen [3] and modified. ....3
Figure 1-2. Flow chart showing the concept of the research. Distribution in the gas, liquid, bio-
crude, and solid phases is arbitrary. The development level is related to the development level of
hydrothermal carbonization (HTC); subdivision is arbitrary and is not related direct to technology
readiness level. (HTP = Hydrothermal Process, HTL = Hydrothermal liquefaction).................... 15
Figure 2-1. Fate of phosphate. (A) Experimental distribution; (B) Thermochemical equilibrium

QISHEIDULION. 111ttt s e ssassssesssesesesesesesasnsssnnansnns .33

Figure 2-2. Effects of treatment temperature on the distribution of elements P, Al, Ca, and Fe
between hydrochar and process water and their content in process water (circle; subscript PW)
after HTC in laboratory reactor at a 2 h reaction time. The contents of elements in hydrochar were

determined after digestion. The contents of the elements are related to the initial mass of dry DSS.

Figure 2-3. Effect of treatment temperature on the content of the elements P, Al, Ca, and Fe in

HCl-extractable fraction, NaOH-extractable fraction, and OP-extractable fraction at a 2 h reaction

time. The contents of the elements in extractable fractions are related to the initial mass of dry

Figure 2-4. The calculated equilibrium distribution of inorganic species in the solid phase at given

temperature and pressure at a DSS-to-water ratio 0f 0.2 W/W..ooovovrriinnrveinnrininnriiennnns .38
Figure 2-5. The calculated equilibrium distribution of inorganic elements in liquid phase (subscript

LP) at given temperature and pressure at a DSS-to-water ratio of 0.2 w/w. The contents of the

elements are related to the initial mass of dry DSS..... 39
Figure 2-6. Possible transformation pathways of phosphate during the HTC of DSS.................. 42

Figure 3-1. Simplified sample flow diagram and sample ID. SP solid phase; LP liquid phase; OP
oil phase. X corresponds to primary sewage sludge (PSS) or Spirulina (SPR) and d to direct. .......51
Figure 3-2. Estimated elemental balance for HTL runs of PSS (A) and SPR (B) (MV £ SD; error
barts are not Shown in the fIGULE). ... 57
Figure 3-3. Different forms of phosphate as well as the crop-available form of phosphate in HTL
solid phase (MV £ SD of two replicates; error bars are not shown in the figure). The percentage
was calculated as follows: (AP(IP, OP, of CAL-P)/TP) X 100%0.....crecrevererererererererirererererensereerecees 60
Figure 3-4. Effect of the leaching agent (a) and H,SO4 concentration (b) on the extraction capacity

of elements P, K, Mg, Ca, Fe, and Al for the HTL solid phase from PSS (A) and SPR (B). ......... 62
XVI



Figure 3-5. Scanning electron microscopy images of the precipitates that were obtained by mixing
phosphate-rich leachate from the HTL solid phase with the HTL liquid phase (PSS and SPK) and
by direct precipitation from the HTL liquid phase (dSPR). Solid precipitates different from struvite

are marked With a yellow arfOW. ..o 65
Figure 3-6. Overall process considerations and mass flow of macronutrients for HTL of PSS (a)

and SPR (b, ). The sample ID can be found in Figure 3-1. 67

Figure 4-1. Schematic of the air-agitated system........... 83

Figure 4-2. Effect of inlet-solution composition mixed from HTL process water and leachate from
HTL solids on P recovery from the solution, struvite content in the product, and total precipitate
yield. The experiments’ designation can be found in Table 4-2. CA = citric acid. Mean values are
illustrated. Error bats represent the reproducibility of the experiments. ......c.ccevecueieieniircieinieen. 88
Figure 4-3. Effect of the air-agitated system on the precipitation process from the inlet-mixed
solution from the HTL byproducts of sewage sludge in the presence of citric acid and from the
HTL byproducts of manure as well as from the model inlet-solutions. The experiments’ designation
can be found in Table 4-2. CA = citric acid. Mean values are illustrated. Error bars represent the
reproducibility of the eXPerimEents. ......cociriiirriirieiiiic st 94
Figure 4-4. Effect of operating parameters on the particle size distribution. The experiments’
designation can be found in Table 4-2..........cccccovininiiic e 95
Figure 4-5. Typical XRD patterns of the precipitates from experiments in the air-agitated system.
The experiments’ designation can be found in Table 4-2.........c.cccccocvriiiiirinniniiccniaes 98
Figure 4-6. Morphology (Microscope images) of the “product”-precipitate obtained in the air-

agitated system. The experiments’ designation can be found in Table 4-2. ........cc.ccccvvvrnrrrrrnnce. 102

XVIL



List of tables

Table 1-1. Partial overview of the players in the HT'C field, including demonstrations and piloting.

......................................................................................................................................................................... 5
Table 1-2. Summary of the current state of research and the knowledge gaps. .....c.ccccvvruvrvnrinnc 14
Table 2-1. Properties of tested DSS. ... 29
Table 2-2. Content of inorganic elements and phosphate fractionation in DSS........ccccccvvivnnns 31

Table 2-3. Inorganic species reported in the literature in sludge. .....

Table 3-1. Nutrient distribution in feedstocks and between HTL products (mean value (MV) *

standard deviation (SD) Of tWo rePICALES). ...uvurvrviriiieriieiieiice e 55
Table 3-2. Nutrient distribution in the streams circulated by phosphate precipitation.................. 63
Table 3-3. Performances of phoSphate TECOVELY. ... 64

Table 4-1. Chemical composition of the HTL process water and leachate prepared from the HTL

solids as well as their respective model sOlutions®. ..........cocuevvereeceeerniverinnns

Table 4-2. Operating parameters for precipitation eXperiments™......co.ocvcrerrrerrnrieciecressnsinnns 81

Table 4-3. Chemical composition of precipitates, which were harvested from the inlet-mixed

solution from the HTL byproduct on a laboratory scale and in the air-agitated system®...

XVIII



List of abbreviations
AbfKlarV

AD
ATP
cHTG
COD
CSH
DSS
DuV
EU

EU-27

HMF
HTC
HTL
HTP
MgNH,PO,:6H,O
P

PSS
tPeff
SPR
TOC
TRL
UK

us
WWTP

Germany sewage sludge regulation
(Kldrschlammverordnung)
Anaerobic digestion

Adenosine triphosphate

Catalytic hydrothermal gasification
Chemical oxygen demand
Calcium silica hydrate

Digested sewage sludge

Germany fertilizer regulation
(Dungeverordnung)
The European Union

European Union 27 Member States including:
Austria, Belgium, Bulgaria, Cyprus, Czech
Republic, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Ireland, Italy,
Latvia, Lithuania, Luxembourg, Malta,
Netherlands, Poland, Portugal, Romania,
Slovakia, Slovenia, Spain, Sweden, United
Kingdom

5-hydroxymethylfurfural

Hydrothermal carbonization

Hydrothermal liquefaction

Hydrothermal process

Struvite or magnesium ammonium phosphate
Phosphorus

Primary sewage sludge

Relative phosphorus effectiveness

Spirulina

Total organic carbon

Technology readiness level

The United Kingdom

The United States

Wastewater treatment plants

XIX



