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Hydrothermal carbonization (HTC) is a highly promising method for converting wet biomass
waste into potentially valuable materials. This thesis investigates the effectiveness of HTC in
treating digestive sludge (DS). It examines how different temperatures ranging from (160°C to
200°C) and reaction periods at 30 minutes reaction affect the distribution of the resulting products
and the recovery of phosphorus (P). In addition, we conducted the studies under two conditions:
with and without addition of citric acid. We aimed to explore ways to enhance P solubilization
in the liquid phase. We want to find the best conditions to get more P out of hydrochar and make
the liquid phase better for the crystallization process that makes triple superphosphate (TSP)
and diammonium phosphate (DAP) fertilizers. The best conditions (200°C, 30 minutes, 0.4 g
citric acid) yielded a phosphorus concentration of 930 ppm. This demonstrates that citric acid
significantly improves phosphorus solubilization. Ensuring accurate regulation of the reaction
time was essential to avoid the unwanted reformation of phosphorous into the hydrochar
through recrystallization. This study makes a significant contribution to the sustainable
management of biomass waste by introducing a new technique for recovering phosphorus and
providing important insights into the factors that affect the hydrothermal treatment process. The
findings have important implications for improving nutrient reuse in waste treatment processes
and encouraging sustainable methods by creating efficient bio-based fertilizers.
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1. Introduction

Phosphorus, an essential element for plant growth and a critical component in
agricultural fertilizers, is currently confronting a substantial sustainability dilemma due
to the escalating depletion of worldwide supplies of phosphate rock. Academic
research has recognized the exploration of alternative sources of phosphorus, such as
municipal garbage, as a crucial topic of investigation. An emerging method that has
attracted interest comprises the application of hydrothermal carbonization (HTC)
followed by subsequent recrystallisation operations.

HTC means hydrothermal carbonization: a thermochemical process by which organic
waste is heated in the company of water and under specified conditions of increased
pressure (about 20-30 atm) and moderate temperatures, mostly ranging between 180 to
250°C. The process allows garbage to be converted into hydrochar a high-carbon solid
and a liquid phase that is rich in nutrients. Crucially, this technique has been shown to
reduce both the amount of waste and produce material for energy-related applications
and soil improvements. This was recently shown in research by Oliver-Tomas in 2019

[1].

It is recognized that the municipal waste, especially sewage sludge, is rich in
phosphorus, which is released into the liquid phase within the HTC process. The liquid
solution was found to have impurities like heavy metals that cause environmental
hazards and can, therefore, not be directly used as a fertilizer, according to the work by
Crossley et al., 2019[2].A study conducted in 2020 by Marin-Batista et al. [3]
indicated that recrystallization formation of struvite (MgNH4PO. 6H.0) is very
promising in the effort to solve the problem. The process is involved in the production
of a slow-action fertilizer applicable in agriculture. Thus, as was demonstrated by
Sarrion et al. (2022), pH manipulation and the addition of salts, such as magnesium
and ammonium, are factors that could bring about struvite precipitates. This process
effectively accomplishes the separation of P from the liquid phase, leading to a
reduction in contaminants and the production of a high-quality fertilizer [3].

A significant obstacle encountered in this process is the presence of elevated levels of
iron and other metals, which tend to co-precipitate with phosphorus. In 2022, Dima et
al. did research that showed the initial application of substances such oxalic acid can
greatly enhance the effectiveness of struvite precipitation by decreasing iron
concentration [4]. A complete phosphorus recovery system has been introduced,
ensuring a continuous supply of nutrients and providing significant environmental
benefits. The advantages include the removal of trash from landfills, a decreased
reliance on synthetic fertilizers, and lower emissions of greenhouse gases, as
highlighted by Gerner et al. in 2021[5]. Furthermore, the incorporation of hydrochar as
a soil amendment is observed to improve the long-term viability of agricultural
methods. Emphasizing the need to prioritize continuous research endeavors focused on
enhancing these technologies and encouraging their extensive implementation is
essential. This will demonstrate the principles of a circular economy by converting
discarded materials into valuable resources, as proposed by Lucian et al. 2021 in their
study [6].



Literature review
2. Municipal waste management

Municipal waste management has notable obstacles, such as the escalating quantities of
waste and the ecological repercussions of conventional disposal techniques like
landfilling and incineration. One possible approach includes the extraction of useful
elements, specifically P, from municipal trash like sewage sludge that contains a high
concentration of this vital nutrient for agricultural needs. Research has shown that
modern approaches to waste treatment, including hydrothermal carbonization and
crystallization, are efficient in the extraction of phosphorus. This extraction technique
facilitates resource recovery and advances sustainable waste management methods.
Pelkonen et al. [7] emphasise that prioritising recycling and the protection of natural
resources essential components of waste management and the reduction of
environmental degradation is vital for promoting the circular economy [8]. However,
its effective implementation faces challenges such as limited infrastructure, lack of
technical know-how, and inadequate community participation [9-11] Such hurdles can
be overcome by municipalities to encourage the conversion of waste into useful value-
added products such as fertilizers, for sustainable farming and better waste
management [7].

2.1. Municipal sludge

Municipal sludge, specifically that originating from the digestive tract, especially the
one produced by anaerobic digestion (DS), represents another potential source of
phosphorus recovery because it is nutrient-rich. Digestive sludge is reported to generate
high amounts of phosphorus that can be extracted using several techniques, among
which is struvite precipitation.

This method not only allows for the recovery of phosphorus, but also produces a
fertilizer that distributes nutrients slowly, so enhancing agricultural sustainability
[12][13]. Moreover, research has indicated that sewage sludge possesses a nutritious
composition that includes substantial amounts of phosphorus, rendering it suitable for
agricultural purposes [14]. However, the possibility to utilize the sludges capacity to
recover may be influenced by its chemical composition and the presence of hazardous
metals, necessitating careful handling to ensure both safety and efficiency [14].
Furthermore, research has established that incinerated sewage sludge ashes can be
utilized as a substitute for P. Nevertheless, the presence of P in these ashes might be
limited because of their mineral composition [15]. To summarize, effective
management and innovative recovery techniques can significantly contribute to closing
the nutrient cycle and decreasing reliance on removed phosphate rock [13,14].

2.2. Hydrothermal carbonization (HTC)

Hydrothermal carbonization (HTC) is a highly effective thermochemical process that
transforms moist biomass into hydrochar, leading to enhanced waste management and
the retrieval of essential nutrients. The procedure functions at increased pressure and
moderate temperatures, leading to a significant decrease in the amount of trash
produced. In addition, it efficiently stabilizes organic substances and concentrates
nutrients, such as phosphate. Studies indicate that the efficiency of phosphorus
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extraction can be improved by introducing acids or chemical agents during HTC,
facilitating its release into the liquid phase [16][17]. Additionally, it is crucial to
optimize variables such as temperature and biomass-to-water ratios in hydrothermal
carbonization (HTC) to achieve the maximum production and quality of hydrochar.
Elevated temperatures (reaching 240°C) improve stability and aromatic properties of
dissolved organic matter generated from hydrochar. This is crucial for the retention of
nutrients [16][18]. Furthermore, the utilization of hydrothermal carbonization (HTC) to
extract vital nutrients from liquid waste demonstrates the potential of HTC in
sustainable waste management and nutrient recovery strategies [19].
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Figure 1. Schematic presentation of the HTC apparatus [20].

2.2.1. Benefits and Applications

HTC has significant advantages, including reduced waste volume, enhanced energy
efficiency, and the production of valuable commodities such as hydrochar. Hydrochar
exhibits a higher energy density in comparison to the original biomass, rendering it an
exceedingly attractive renewable energy source. Research has demonstrated that
hydrochar derived from various forms of manure can achieve carbon concentrations of
up to 40% under suitable temperature conditions. This enhances its energy capacity. In
addition, HTC effectively retrieves essential components, such as phosphorus, from the
liquid produced during the process, which can be beneficial for agricultural
applications [21]. The process also enables the transformation of challenging biomass,
such as water hyacinth, into sustainable fuels, demonstrating its adaptability [22].
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However, there are still challenges that need to be addressed to enhance the efficiency
of HTC for different types of raw materials and efficiently manage the related
economic costs. Additional research is necessary to fully harness its potential in
sustainable waste management and energy generation [23,24].

2.2.2. Phosphorus Recovery in Hydrothermal Carbonization

The HTC process generates an aqueous phase that is abundant in phosphorus. However,
this phase cannot be utilized as a fertilizer due to its heavy metal content and presence
of impurities. Struvite (MgNH4PO.-6H20) crystallization is a beneficial method for
removing P from the liquid phase. Studies have demonstrated that the HTC fluid
generated from sewage sludge contains high concentrations of phosphate, making it a
promising option for recovery of P. Nevertheless, the existence of proteins can hinder
the efficiency of alternative recovery methods, such as vivianite crystallization [25].
The combination of struvite crystallization and liquid phase recirculation has been
proven to effectively reduce amounts of ammonium nitrogen while producing high-
quality hydrochar, hence enhancing resource recovery [26]. Moreover, the enhancement
of P recovery can be accomplished by adjusting process parameters, such as temperature
and liquid medium, which influence the conversion of phosphorus species in the
hydrochar [27]. Therefore, it is suggested that the inclusion of struvite crystallization in
the HTC process is a viable method for recovering phosphorus, while also addressing
environmental concerns associated with the liquid phase [23].
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Sludge Hydrothermal Crystalisation recovered
Total P = 3.1 wt.% Carbonization
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Acid Leaching
Citricacid - pH 2

Figure 1.2 A simplified diagram illustrates the HTC process and phosphorus recovery. [28].



2.2.3. Struvite Precipitation Process

Struvite precipitation is a proven method for collecting phosphorus from wastewater
and producing slow-release fertilizer. This approach requires adding magnesium and
ammonium salts at specific pH levels, often around pH 9. Studies have demonstrated
that struvite (MgNH,4PO,4-6H,0) forms under alkaline circumstances. Optimal struvite
precipitation occurs within a pH range of 8 to 12, which is influenced by the kind of
magnesium source, such as dolomite or magnesite[29,30].

The strategy not only enhances phosphorus recovery, achieving an efficiency of over
90% in specific situations, but also addresses environmental concerns related to the
discharge of fertilizers from agricultural activities [12][13]. Furthermore, the
robustness of struvite as a fertilizer is enhanced by its resilient ionic connections and
hydrogen bonds, which play a role in maintaining its structural integrity [31]. Struvite
serves as a sustainable reservoir of phosphorus, contributing to the enhancement of
agricultural productivity and the mitigation of water pollution [13] [12].

Kai Liu and colleagues emphasized the effectiveness of struvite recovery in 2024.
They demonstrated that at pH values of 8, 9, and 10, phosphorus recovery surpassed
85% in alkaline settings. This high recovery rate is attributed to the presence of Mg?*
and NHs* ions, which promote the synthesis of struvite (MgNH4PO4-6H20).
Remarkably, a pH of 8.9 resulted in a recovery rate of 99%, effectively minimizing the
loss of ammonia through volatilization, a prevalent problem in extremely alkaline
surroundings [10]. Kim et al. observed a recovery efficiency of 94.1% for phosphate at
pH 10, supporting previous findings and indicating that adjusting the pH enhances the
purity of struvite[30]. On the other hand, when the pH is high, the presence of calcium
ions might hinder the development of very pure struvite. This is because the calcium
ions may precipitate as Cas(PO4)s(OH) [10], leading to the formation of less pure
struvite. The findings emphasize the significance of optimizing pH to achieve
maximum phosphorus recovery while ensuring the purity of struvite [12][13].
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Figure 1.3 Recovery efficiency of struvite in different pH environments [32].



2.2.4. Challenges and optimization

To maximize the extraction of P using HTC and struvite precipitation, it is necessary to
address many challenges

2.2.4.1. Removal of contaminants

The presence of heavy metals and other contaminants in the HTC liquid can interfere with the
formation of struvite, resulting in a decline in the overall quality of the final recovered
product. To address this issue, pretreatment methods, such as the incorporation of organic
acids like oxalic acid, have been proposed. Struvite production is improved by the chelation
of heavy metals and impurities in the HTC liquid, which prevents interference with
crystallization. Stable compounds are created with metal ions, allowing for higher-purity
struvite crystals to be formed. As a result, product quality is enhanced, and environmental
risks are mitigated. In a study conducted by Shi et al. (2019), it was found that the removal of
pollutants led to an increase in the purity levels of the resulting struvite precipitation [33].

2.2.4.2. Process efficiency

Efficiency is the measure of how well a process can provide the intended output while
minimizing waste or resource usage. Process efficiency refers to the extent to which a process
may produce desired outcomes while limiting the waste of resources. It is crucial to optimize
operating parameters, such as reaction temperature, pressure, pH, and reagent concentration,
to enhance the efficiency of HTC and struvite precipitation processes. Maximizing the
efficiency of this process is essential for improving phosphorus recovery and reducing
operational costs. Academic investigations have demonstrated that the addition of organic
acids to the HTC process greatly improves the extraction of phosphorus from the hydrochar.
The study conducted by Zheng et al. (2020) [34]. has shown an enhancement in the efficiency
of phosphorus recovery during the struvite precipitation phase.

2.2.5. Implications for the environment and economy

Utilizing HTC and struvite precipitation for phosphorus recovery from urban waste presents
significant ecological benefits. The reliance on finite phosphate rock resources is reduced, the
emission of greenhouse gases associated with waste management and the production of
artificial fertilizers is lowered, and the environmental impacts of heavy metal contamination
are mitigated.

2.2.5.1. Sustainability

Sustainability refers to the ability of a system or process to continue functioning over a long
period of time without causing damage to the environment or depleting resources. The
integration of HTC and struvite precipitation techniques into wastewater treatment plants has
the potential to revolutionize waste management. This transition signifies a shift away from
the conventional practice of prioritizing disposal and instead highlights a more sustainable
strategy that prioritizes the recovery of valuable materials. According to Lucian et al. (2021),
[6]. This strategic shift aligns with the core concepts of a circular economy. The objective is
to promote the effective and conscientious utilization of resources while simultaneously
working towards reducing the adverse effects of environmental contamination.
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2.2.5.2. Economic viability

The economic feasibility of implementing this approach depends on various factors,
including the costs associated with operating HTC, the current market value of the
reclaimed struvite, as well as the potential savings from reduced waste disposal fees
and the avoidance of expenses related to environmental remediation efforts. Several
research studies (Gerner et al., 2023) [35]. have shown that it is financially viable to
combine HTC technology with struvite precipitation. This combination provides
enduring benefits in terms of environmental conservation and the sustainable
utilization of resources.

2.2.6. Case studies and practical applications

Several case studies have shown the successful application of Hydrothermal
Carbonization (HTC) and struvite precipitation for phosphorus recovery. Municipal
wastewater treatment plants, designed to treat and process urban wastewater, have been
utilized as key sites for these techniques. In a study conducted at a municipal
wastewater treatment facility in South Korea, the effectiveness of HTC in converting
sewage sludge into hydrochar and nutrient-rich liquid was demonstrated. The retrieval
of phosphorus using the struvite precipitation method was confirmed by Chung et al.
(2021) [36], leading to the production of high-quality fertilizer.

2.2.6.1. Pilot scale demonstrations

Pilot-scale demonstrations conducted at multiple European sites have shown
encouraging results in effectively combining HTC and struvite precipitation for
phosphorus recovery. The experiments have shown that the process is scalable, which
means it has the potential to be significantly expanded and integrated into municipal
waste management systems. Marin- Batista and colleagues explained this in their 2020
Paper [37].

2.3. Crystallization

Several research have provided evidence that supports the utilization of struvite
precipitation as a method for obtaining magnesium chloride hexahydrate and
ammonium chloride from liquid digestate. The significance of pH, temperature, and
reaction time in enhancing phosphorus recovery has been underscored. Research has
shown that maintaining a pH level of approximately 9 is essential for promoting
effective struvite crystallization. Under optimal conditions, the elimination of
phosphorus can surpass 90% in specific instances [38,39]. Studies have demonstrated
that including hydrothermal carbonization before recrystallisation can improve the
efficiency of phosphorus extraction. The hydrochar recovery rates range from 49.6% to
75.1% [38]. Moreover, research has demonstrated that systematically adjusting the
parameters of struvite precipitation, such as the N/P ratio and initial phosphorus
content, can significantly improve both the quantity and quality of the resulting
product[39]. However, the presence of coexisting ions might cause problems that may
affect the quality of struvite crystals [40]. The comprehensive strategy of sustainable
waste management and nutrient recovery is widely recognized for its role in tackling
issues associated with phosphorus depletion [39].
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2.3.1. Crystallization mechanism

The literature reveals considerable variation in the mechanisms of crystallization among
different materials and settings. Crystallization in asphalt mixtures is mostly affected by
environmental conditions, particularly the penetration of rainfall. This infiltration is
considered a crucial element that causes the formation of crystals, which are mainly
made up of water and artificially produced sand. Precipitation occurs during high
temperatures, leading to the formation of crystals in certain parts of the pavement
through the process of solution precipitation [41].

In nano-sized metallic glasses primarily take place on the surface, where the high-
energy liquid surfaces are transformed into lower- energy crystal surfaces. The growth
pattern of these crystals is influenced by the nanorods' diameter, which in turn impacts
the resultant grain structure [42]. The need to control crystallization during the cooling
process in glass-ceramics is highlighted as crucial for attaining the necessary optical
qualities. The concentration of nucleators is a key factor in determining the features of
the material. In addition, the influence of the sintering mechanism on the crystallization
process in geopolymer ceramics is emphasized, which influences the mechanical
properties and allows for lower processing temperatures [43].

In BaO-CaO-Al203-SiO2 glass thin films are observed to be affected by time,
temperature, and geometrical limitations, which alter the overall process of
crystallization [44]. These investigations underscore the complex and varied character
of crystallization mechanisms, highlighting the importance of environmental factors,
material composition, and processing methods.

Struvite crystallization has been recognized as an effective technique for nutrient
recovery, particularly for the extraction of phosphorus from waste streams. Phosphorus
recovery is optimized by regulating factors such as pH, temperature, and reaction
duration, with removal rates exceeding 90% under ideal conditions. Efficiency is further
improved by the incorporation of hydrothermal carbonization. However, crystal quality
may be degraded by the presence of coexisting ions. Understanding crystallization
behavior is crucial for enhancing methodologies, fostering sustainable waste
management, and mitigating phosphorus depletion.

2.4. Prospects for future research and development

Additional investigation is required to enhance the HTC and struvite precipitation
methods, specifically targeting the improvement of phosphorus recovery efficiency,
reduction of operational expenses, and mitigation of environmental consequences.
Areas that need further investigation include:

Conducting research on novel pretreatment methods for the elimination of pollutants.
Investigating different chemicals and catalysts to improve the struvite
synthesis process.

o Examining the extended efficacy of recycled struvite as a fertilizer in
agricultural applications.

o Investigating the feasibility of integrating HTC with other waste-to-energy technologies.
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HTC of urban rubbish, namely digestive sludge (DS), is acknowledged as a beneficial
technique for P retrieval. This approach efficiently addresses the issues of P depletion
and waste management concurrently. An investigation was carried out from 2020 to
2024 to examine advancements in HTC methods and crystallization techniques with the
aim of producing enhanced fertilizers. These fertilizers were developed with the aim of
supporting sustainable agricultural practices and reducing negative environmental
impacts. Zhang et al. (2024) conducted a study to examine the influence of proteins in
the HTC liquid on the vivianite crystallization process [25].

It was shown that proteins that have not undergone hydrolysis impede the elimination of
phosphorus and diminish the efficiency of crystallization. This emphasizes the
importance of efficiently controlling proteins to maximize the restoration of phosphorus.

An investigation was conducted to examine the movement and conversion of phosphorus
in municipal sludge that was treated with hydrochloric acid. The findings indicated that
phosphorus has a propensity to accumulate in hydrochar. The work conducted by Chen
et al. in 2023 highlights the potential for collecting phosphorus from the byproducts of
hydrothermal carbonization, as indicated by reference [45].Gerner et al. (2021)
investigated the concurrent application of HTC with phosphorus extraction or leaching
methods [5]. It was discovered that this method enables the effective retrieval of
significant amounts of phosphorus and nitrogen. Consequently, the approach
demonstrates economic viability and environmental advantages.

Numviyimana et al. (2022) examined the procedure of extracting phosphorus from dairy
sludge by employing hydrothermal carbonization (HTC) and subsequently precipitating
it as struvite [46].

The method produced superior fertilizer and recovered iron for alternative uses. Pérez and
colleagues (2021) investigated the phosphorus release from hydrochar induced by acid
[47]. It was shown that lower HTC temperatures are the most efficient for phosphorus
recovery due to their ability to decrease energy consumption and optimize efficiency.

This research emphasizes the possibilities and difficulties in improving HTC approaches

for phosphorus recovery, emphasizing the crucial requirement for continuous research
and development to enhance these technologies for broader use.
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Table 1.1 Summary of last publications:

Paper Key Insight

Proteins in hydrothermal carbonization | Protein interference in HTC liquor
liquor of sewage sludge interfere with | reduces phosphorus removal and
vivianite crystallization for phosphorus | crystallization efficiencies.

recovery (Zhang et al., 2024)

Migration and conversion of phosphorus | Phosphorus concentrates in hydrochar,
in  hydrothermal carbonization  of | with significant recovery potential from
municipal sludge with hydrochloric acid | both solid and liquid HTC products.

(Chen et al., 2023)

Sewage Sludge Treatment by | HTC with phosphorus
Hydrothermal Carbonization: Feasibility | stripping/leaching recovers substantial
Study for Sustainable Nutrient Recovery | phosphorus and nitrogen, making the
and Fuel Production (Gerner et al., 2021) | process economically and
environmentally viable.

Phosphorus recovery as struvite from | Efficient  phosphorus and  iron
hydrothermal carbonization liquor of | separation via struvite precipitation,
chemically produced dairy sludge by | yielding high-quality fertilizers and
extraction and precipitation | other usable products.

(Numviyimana et al., 2022)

Acid-Induced Phosphorus Release from | Lower HTC temperatures enhance
Hydrothermally ~ Carbonized  Sewage | phosphorus recovery efficiency while

Sludge (Pérez et al., 2021) reducing energy consumption, with
necessary post-treatment purification
for metals.

According to the papers included in Table 1.1, hydrothermal carbonization and struvite
precipitation are suggested as viable approaches to tackle the worldwide phosphorus
deficit. These techniques entail the extraction of phosphorus from municipal waste. This
technology effectively tackles the process of converting trash into valuable resources,
while also addressing environmental issues and promoting sustainable farming methods.
Realizing the full potential of this cutting-edge waste management approach will
depend on continuous study and improvement.
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3. Aim and scopes

3.1. Research aim:

The primary aim of this study is to develop and enhance a sustainable method for
extracting phosphorus from municipal waste through the utilization of HTC and
crystallization techniques. The primary objective is to manufacture triple
superphosphate (TSP) and diammonium phosphate (DAP) fertilizers using phosphorus-
enriched fluids. The objective of this project is to address the urgent issue of
phosphorus depletion by transforming urban garbage into important agricultural
resources. This technique encourages the adoption of environmentally-friendly farming
methods and improves the handling and disposal of waste.

3.2.  Research scopes:

The objective is to optimize the parameters (temperature, pressure, and duration) of
HTC to achieve the maximum phosphorus release from municipal garbage. A study
will be done to analyze the impact of various waste compositions on the efficiency of
phosphorus recovery.

HTC product analysis:

Analytical methods of high sophistication will be employed to analyze the hydrochar
and phosphorus-enriched fluid generated during HTC. A comprehensive assessment
will be carried out to ascertain the exact nutritional content, particularly phosphorus,
and to detect the presence of any contaminants, such as heavy metals, in the HTC
products.

Advancement of the crystallization process:

The goal is to enhance the crystallization method for extracting phosphorus from the
HTC liquid, leading to the manufacturing of TSP and DAP fertilizers.

The goal is to determine the optimal conditions (pH, temperature, and reactant
concentrations) that will promote the most efficient production of phosphorus crystals.

Possible avenues for future investigation:
To identify areas for further research, one must investigate alternative waste sources
and utilize enhanced crystallization techniques. Suggest potential improvements and

innovations to enhance the efficiency and sustainability of the phosphorus recovery
process.
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4. Methodology

In this study, the liquid phase resulting from the hydrothermal carbonization of
digestive sludge slurry was subjected to analysis using inductively coupled plasma
optical emission spectroscopy (ICP-OES). The analysis was conducted to determine
the concentrations of phosphorus and elements present in the liquid phase.
Subsequently, the liquid phase was subjected to a crystallization process aimed at
producing fertilizers, such as triple superphosphate (TSP) and diammonium phosphate
(DAP), based on model reactions that were developed in the laboratory.

4.1. Experimental part
4.1.1. Materials, chemicals and apparatus:

Digestive sludge slurry: In this study, digestive sludge slurry, sourced from a local
municipal wastewater treatment plant, was utilized as the primary feedstock for the
HTC experiments.

Chemicals:

o Citric Acid Monohydrate (C¢HgO7-H,0), 99+%: This was sourced from Thermo
Scientific, USA, and was used to increase the phosphorus solubilization from the
solid phase to the liquid phase during the reaction time.

o Hydrochloric Acid (HCI), 37%: Sourced from Sigma-Aldrich, USA, this chemical
was employed to adjust the pH of the liquid phase after extraction.

o Hydrogen Peroxide Solution (H,0,): Obtained from Fisher Bioreagents, UK,
hydrogen peroxide was employed to adjust the pH of the liquid phase after extraction.

o Magnesium Chloride Hexahydrate (MgCl.-6H20): This was obtained from Sigma-
Aldrich, USA, and was used for crystallization to facilitate phosphorus recovery.

o Ammonium Chloride (NH4Cl): Supplied by Sigma-Aldrich, USA, ammonium
chloride was also used in the crystallization process.

o Deionized Water: Produced in-house, deionized water was used for preparing
solutions and washing the precipitated products.

Apparatus:
Hydrothermal Reactor:
o Type: A small-scale hydrothermal reactor was utilized.
o Manufacturer: Parr Instrument Company, USA.
o Reactor Size: The reactor had a capacity of [100 mL].
o Sample Size: The sample size processed in each batch was [30g].
o Operating parameters:

o  Temperature: set at 200 °C.
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o

o

Stirring speed: maintained at 100 rpm.

The reactor was employed for the HTC process, with consistent temperature and mixing
conditions being ensured to optimize the conversion of digestive sludge into hydrochar and
a nutrient-rich liquid phase.

pH meter:

Type: Benchtop pH Meter.
Manufacturer: Hanna Instruments, USA.
Calibration: Calibrated with standard buffer solutions at pH 4.0, pH 7.0, and pH 10.0.

A vital role was played by the pH meter in precisely adjusting and monitoring pH
levels throughout the crystallization processes.

Buchner Funnel VVacuum Filtration:
Apparatus: Buchner Funnel Apparatus, Filtration Kit.
1 x 250 ml Glass Filtration Flask
1 x 60 ml Porcelain Buchner Funnel
1 x Rubber Stopper
1 x Rubber Hose (1.15 m)

The Buchner Funnel Apparatus was used for the separation of the liquid phase from

the solid phase through filtration.

Purpose: Used for the separation of the liquid phase from the solid phase through
filtration.

Filter Material Size: [15 mm Diameter].

Mesh Size: The mesh size of the filter used was [100 um].

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES):
Type: ICP-OES.
Manufacturer: Agilent Technologies, USA.
Operating Parameters:

Wavelength: 214.914 nm for phosphorus detection.

Plasma gas flow rate: 15 L/min.

Auxiliary gas flow rate: 1.5 L/min.

Nebulizer gas flow rate: 0.7 L/min.

RF power: 1.2 kW.

Calibration: Calibrated using multi-element standard solutions from Agilent
Technologies with known concentrations of phosphorus.
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The ICP-OES was used to quantify the phosphorus concentration in the liquid phase,
providing precise and reliable measurements essential for evaluating the efficiency of the
phosphorus recovery process.

4.1.2. Procedure:

4.1.2.1. Preparation and HTC:

Digestive sludge (30g) wet weight was loaded into the small-scale hydrothermal reactor,
which was set to a temperature of 200°C, and the contents were stirred at 100 rpm for 1
hour. This procedure facilitated the breakdown of organic material, resulting in the
formation of a carbon-rich solid (hydrochar) and a nutrient-rich liquid phase. After the
completion of the reaction, the mixture was allowed to cool to room temperature. The
products were then separated into solid and liquid phases using Buchner funnel vacuum
filtration.

4.1.2.2. Phosphate Extraction:

Two methods were employed to increase the phosphate concentration in the liquid phase:

Method One: Digestive sludge (30g) was directly heated inside the HTC reactor to 200
and 170 °C. Then, the temperature decreased to 90 °C, and Citric Acid monohydrate was
introduced to improve phosphorus solubilization from the solid phase to the liquid phase
for a 30 min reaction time. The mixture was maintained at °C for 30 min, promoting
phosphate release into the liquid phase. After cooling to room temperature, the mixture
was separated using Buchner funnel vacuum filtration.

Method Two: Digestive sludge (30g) was directly heated inside the HTC reactor to 160
°C with Citric Acid monohydrate to improve phosphorus solubilization from the solid
phase to the liquid phase. The mixture was maintained at 160 °C for 2 hours, promoting
phosphate release into the liquid phase. After cooling to room temperature, the mixture
was separated using Buchner funnel vacuum filtration.

4.1.2.3. Phosphorus Analysis:

The phosphorus concentration in the liquid phase was analyzed using an ICP-OES,
calibrated with multi-element standard solutions containing known concentrations of
phosphorus.

The phosphorus concentration was determined by measuring the emission intensity at a
wavelength of 214.914 nm. This investigation yielded a comprehensive comprehension of
the phosphorus recovery efficiency from the digestive sludge.

4.1.2.4. Crystallization:

Crystallization: It has been demonstrated through laboratory experiments that the yield and
purity of the product can be significantly improved by optimizing parameters such as pH,
temperature, reaction time, and initial phosphorus content.

The tests involved the addition of magnesium chloride hexahydrate and ammonium chloride
to the liquid phase, which resulted in the precipitation of struvite (MgNH4PO4-6H20). The
pH was adjusted to around 9 using a desktop pH meter. Afterwards, the mixture was stirred
for a period of 30 minutes and then left undisturbed to allow for separation. The struvite
crystals were acquired via filtration and subsequently desiccated for subsequent analysis.
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The most efficient method for extracting phosphorus from digestive sludge involved using
hydrothermal carbonization followed by recrystallisation operations. The temperature, pH,
and reaction time were meticulously controlled to maximize the formation of phosphate in
the liquid phase and facilitate its precipitation as either pure triphosphate or struvite. This
methodology significantly contributes to the field of sustainable biomass and bioproduct
engineering by providing a technique to convert waste into valuable agricultural resources.
This is consistent with the concepts highlighted in recent studies undertaken by Gerner et al.
(2021) and Pérez et al. (2021). Continued enhancement of these methods will be essential
for their widespread use in the industrial sector, providing a practical resolution to the issues
of phosphorus depletion and waste management [5,47].

We further optimized this technology by meticulously controlling critical factors such as
pH, temperature, and reaction time to enhance the effectiveness of the phosphorus recovery
process. We incorporated magnesium chloride hexahydrate and ammonium chloride into the
liquid phase and meticulously adjusted the pH to around 9 to establish ideal conditions for
struvite crystallization. We agitated the mixture for 30 minutes to ensure thorough mixing
and a consistent reaction, then left it undisturbed to aid in the precipitation of struvite
crystals. We subsequently isolated the crystals from the liquid phase via filtration and dried
them for further analysis, ensuring the recovery of a high-purity product.

We conducted the hydrothermal carbonization process prior to recrystallization to enhance
the efficiency of phosphorus extraction from digestate sludge. We meticulously controlled
essential parameters like temperature, pH, and reaction duration to facilitate the generation
of phosphate in the liquid phase and its subsequent precipitation as struvite or triphosphate.
This dual-phase procedure has demonstrated a substantial enhancement in phosphorus
recovery, converting trash into important agricultural assets. Implementing these strategies
enhances the overall effectiveness of nutrient recovery from waste products; hence, it
promotes sustainable waste management and mitigates phosphorus depletion issues.
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5. Results and discussion
5.1. Section of phosphorus extraction:

In this section, the findings from phosphorus extraction from digestive sludge are presented,
and their importance is interpreted in reference to the existing literature. The data are
examined to assess the efficacy of different extraction experiments and their potential
implications for phosphorus recovery. The fundamental mechanisms of phosphorus release
are explored, and the findings are compared with previously published research. Critical
parameters such as pH, temperature, and sludge composition, which affect phosphorus
extraction, are evaluated. By analyzing the experimental results and their practical
applications, a thorough understanding of the efficacy and scalability of the phosphorus
extraction process is sought.

Table4.1:
Phosphorus Extraction Efficiency & Key Parameters for Experiment A at 200°C
Exp. No. Citric Mass BeforelMass After|Lost MassHydrochar Liquid  Product
Acid (g) |Process (g) |Process (9)|(9) Mass (g) Mass (g)
1 0.0 30 26.3 3.7 2.3 15.0
2 0.1 30 21.9 8.1 2.2 14.9
3 0.2 30 24.8 5.2 2.4 18.0
4 0.3 30 24.9 51 2.2 19.0
5 0.4 30 24.6 54 2.5 15.0
Table 4.2:
Phosphorus Extraction Efficiency & Key Parameters for Experiment B at 200°C
Repetitions
Exp. No.  |Citric Mass Before| Mass After|Lost MassiHydrochar Liquid  Product
Acid (g) |Process (g) |Process (g) |(9) Mass (g) Mass (g)
1 0.0 30 24.8 5.2 2.3 175
2 0.1 30 24.4 5.6 2.1 18,5
3 0.2 30 234 6.6 2.0 19.0
4 0.3 30 27.2 2.8 1.9 19.5
5 0.4 30 27.8 2.2 2.0 20.0
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Table 4.3:
Phosphorus Extraction Efficiency & Key Parameters for Experiment A at 170 °C

Exp. No.  [Citric Mass Before| Mass After|Lost MassiHydrochar Liquid Product
Acid (g) |Process (g) |Process (9) [(9) Mass (g) Mass (g)
1 0.0 30 26.8 3.2 2.4 15.1
2 0.1 30 26.9 31 25 10.0
3 0.2 30 26.8 3.2 2.3 15.1
4 0.3 30 26.8 3.2 25 15.0
5 0.4 30 27.0 3.0 2.4 15.0
Table 4.4:

Phosphorus Extraction Efficiency & Key Parameters for Experiment (1 and 11)
at 160°C

Exp. No. Citric Mass Before| Mass After|Lost MassiHydrochar  [Liquid Product

Acid (g) |Process (g) |Process () [(9) Mass (g) Mass (g)
I 0.4 30 274 2.6 2.4 18.8
I 0.1 30 26.5 35 2.3 15.0

Discussion on Phosphorus Extraction:

Experiments were performed on slurry samples of digestive sludge (DS) to evaluate the
influence of various treatment conditions on the production of hydrochar and liquid
byproducts. The parameters investigated included temperature, citric acid monohydrate
concentrations, and reaction durations. The objective was to assess the effects of these
factors on mass reduction, hydrochar yield, and the volume of liquid byproducts. This
chapter presents the results obtained from each experimental group, along with relevant
graphical representations.

Experiment A (200°C) as indicated in Table 4.1 Experiment A was conducted at a
temperature of 200°C with varying concentrations of citric acid monohydrate. The DS slurry
was heated to 200°C and subsequently cooled to 90°C before being treated with different
amounts of citric acid (0.0, 0.1, 0.2, 0.3, 0.4 g) for 30 minutes. Data was recorded for the
initial mass, final mass, hydrochar mass, and liquid byproduct mass. The results
demonstrated that an increase in citric acid concentration resulted in a corresponding rise in
liquid byproduct volume, while hydrochar production showed minimal variation across the
different citric acid levels.

Experiment B (200°C replication) Table 4.2 provides the results of experiment B, which
was performed under the same conditions as experiment A (200°C) to ensure
reproducibility. The DS slurry was heated to 200°C, cooled to 90°C, and treated with the
same concentrations of citric acid (0.0, 0.1, 0.2, 0.3, 0.4 g) for 30 minutes. The findings from
experiment B were consistent with those of experiment A, confirming the reliability of the
data. Both experiments showed that citric acid concentration influenced the liquid byproduct
mass, with minimal effects on hydrochar yield.
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Experiment C (170°C) as detailed in Table 4.3, Experiment C was conducted at a reduced
temperature of 170°C, while maintaining the same range of citric acid concentrations (0.0,
0.1, 0.2, 0.3, 0.4 g). The DS slurry was treated at this lower temperature to examine the
effect of temperature on hydrochar and liquid byproduct production. The results indicated
that reducing the temperature to 170°C led to a lower overall yield of liquid byproducts
compared to the 200°C experiments. Hydrochar yield, however, remained relatively stable
across different citric acid concentrations, like the previous experiments.

Experiments | and 11 (160°C, Extended Time) Table 4.4 summarizes the findings from
experiments | and Il, which were conducted at a temperature of 160°C using specific citric
acid concentrations (0.1 g and 0.4 g). These experiments extended the reaction time to 2
hours to investigate the effect of prolonged treatment. The results indicated that extending
the reaction duration significantly increased the volume of liquid byproducts, especially at
the higher citric acid concentration (0.4 g). However, hydrochar yield did not show
substantial variation with either extended time or the increased citric acid concentration.

Table 4.1: Impact of Citric Acid on Mass Parameters
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Lost Mass == Hydrochar Mass Liquid product mass

Fig 4.1. Effect of citric acid concentration on mass loss, hydrochar yield and liquid product mass
at 200°C (HTC Experiment A)
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Table 4.2: Impact of Citric Acid on Mass Parameters
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Fig 4.2. Effect of citric acid concentration on mass loss, hydrochar yield and liquid product mass
at 200°C (HTC Experiment B)

Table 4.3: Impact of Citric Acid on Mass Parameters
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Fig 4.3. Effect of citric acid concentration on mass loss, hydrochar yield and liquid product mass
at 170°C (HTC Experiment C)
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Table 4.4: Impact Effect of Citric Acid on Mass Parameters
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Lost Mass (g) = Hydrochar Mass (g) Liquid Product Mass (g)

Fig 4.4. Effect of citric acid concentration on mass loss, hydrochar yield and liquid product mass
at 160°C (HTC Experiment | and 11, Extended Time)

The individual plots for each table (4.1 to 4.4) illustrate the relationship between citric
acid concentration and three mass parameters: lost mass, hydrochar mass, and liquid
product mass.

An analysis of the observed trends in lost mass, hydrochar mass, and liquid product
mass as a function of citric acid concentration provides insights into the effects of citric
acid during the experiments. For lost mass, a general trend across all experiments
shows that it tends to increase with rising citric acid concentration. This trend is
especially evident in Tables 4.1 and 4.2, where higher citric acid concentrations
consistently result in greater mass loss. The explanation for this increase lies in the
ability of citric acid to enhance the breakdown and dissolution of organic and inorganic
materials in the sludge. As the concentration of citric acid rises, the degradation of
sludge components accelerates, leading to increased mass loss. Citric acid acts as a
chelating agent, binding with metal ions and facilitating the release of materials into
the solution. However, in Table 4.3, the lost mass stabilizes around 3.0-3.2 g despite
increasing citric acid concentrations, suggesting a saturation point where further
increases yield diminishing returns on mass loss. Additionally, Table 4.4 indicates a
lower overall lost mass, likely due to variations in experimental conditions such as
temperature and material composition.

The hydrochar mass remains relatively stable across different citric acid concentrations
in most experiments, with minor fluctuations noted. In Table 4.2, for instance, the
hydrochar mass slightly decreases as citric acid concentration increases, while in
Tables 4.1 and 4.3, it stays close to 2.0-2.59. The formation of hydrochar occurs
during the carbonization of organic material, and the relatively stable mass across
experiments suggests that citric acid concentration has a limited impact on the solid-
phase carbon material produced during the process. This indicates that most organic
matter that forms hydrochar is not significantly affected by citric acid’s breakdown
capabilities, implying that hydrochar formation is primarily controlled by thermal and
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chemical factors that are independent of acid concentration. The minor fluctuations in
hydrochar mass may be attributed to slight variations in how organic material reacts
with citric acid at different concentrations, though the overall effect remains minimal.

The liquid product mass generally exhibits an increasing trend with higher citric acid
concentrations, particularly evident in Table 4.2, where it rises from 17.5 g at 0.0 g
citric acid to 20.0 g at 0.4 g citric acid. Similar, albeit less pronounced, increases are
observed in Tables 4.1 and 4.3. This increase in Liquid Product Mass can be explained
by the solubilization of more material into the liquid phase as citric acid concentration
rises. The strong chelating and acidifying properties of citric acid likely aid in breaking
down materials into smaller, soluble components, thereby increasing the quantity of
material present in the liquid phase. In Table 4.4, a significant increase in liquid
product mass from 15.0 g to 18.8 g is noted between citric acid concentrations of 0.1 ¢
and 0.4 g, suggesting that higher citric acid concentrations may enhance the
solubilization of materials, leading to greater liquid product yield.

In summary, lost mass is highly sensitive to increasing citric acid concentrations,
revealing a clear trend of greater mass loss as more citric acid is introduced into the
process. This underscores the important role of citric acid in the decomposition and
breakdown of sludge material. Hydrochar mass, on the other hand, remains largely
stable across different citric acid concentrations, indicating that the formation of solid-
phase carbon material is mostly unaffected by the amount of citric acid present.
Finally, the liquid product mass tends to increase with higher citric acid concentrations,
highlighting the potential for greater material transfer into the liquid phase due to the
solubilizing effects of the acid. These trends offer valuable insights into the role of
citric acid in the phosphorus extraction process, particularly in optimizing the
breakdown of sludge materials and the production of liquid and solid byproducts.

In conclusion, the experiments conducted in this section on phosphorus extraction
demonstrate that the processing of digestive sludge (DS) is significantly influenced by
temperature, citric acid concentration, and reaction time. Increased mass loss and
elevated masses of liquid byproducts are typically associated with higher temperatures
and acid concentrations. Across various conditions, hydrochar yields remain relatively
consistent, indicating a robust production process.

5.2. Section of (ICP) Spectroscopy Analysis Data:

This section presents the results of the inductively coupled plasma (ICP) spectroscopy
analysis for phosphorus extracted from digestive sludge. This investigation gave
detailed insights into the concentrations of phosphorus and other trace elements in the
extraction liquid. The effectiveness of the extraction technique is evaluated by the
quantified phosphorus concentrations, and these findings are studied in comparison to
existing literature.

The elements affecting the accuracy and dependability of ICP analysis, such as sample
preparation and matrix interference, are analyzed. The ICP data are compared with
other analytical methods used in this study to provide a comprehensive understanding
of the phosphorus recovery process. The precision and reliability of ICP spectroscopy
for quantifying phosphorus in sludge-derived liquids are highlighted.
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5.2.1. Phosphorus Elements Analysis Data

Table 4.5: The amount of Phosphorus (P) present in (ppm) and 1g of dry substance

. Phosphorus Phosphorus Concentration
No Sample Description Concentration (ppm) (mqlg of dry substance)

1 Blank 0 0

2 Standard 1 20 0.02
3 Standard 2 40 0.04
4 Standard 3 200 0.2

5 Standard 4 1000 1

6 Standard 5 2000 2

7 Bl 5.24 0.00524
8 B2 0.35 0.00035
9 B3 1386.17 1.38617
10 B4 1414.57 1.41457
11 BLANK 0.35 0.00035
12 A200 at 0.0% Citric Acid 20.26 0.0203
13 A200 at 0.1% Citric Acid 148.2 0.1482
14 A200 at 0.2% Citric Acid 434.39 0.43439
15 A200 at 0.3% Citric Acid 668.81 0.66881
16 A200 at 0.4% Citric Acid 931.8 0.9318
17 B200 at 0.0% Citric Acid 46.25 0.0463
18 B200 at 0.1% Citric Acid 165.95 0.16595
19 B200 at 0.2% Citric Acid 406.01 0.40601
20 B200 at 0.3% Citric Acid 525.03 0.52503
21 B200 at 0.4% Citric Acid 712.77 0.71277
22 A170 at 0.0% Citric Acid 31.06 0.0311
23 A170 at 0.1% Citric Acid 106.5 0.1065
24 A170 at 0.2% Citric Acid 128.5 0.1285
25 A170 at 0.3% Citric Acid 218.05 0.21805
26 A170 at 0.4% Citric Acid 367.96 0.36796
97 | at 160°C, (_).4% Citric 35931 0.35931

Acid
28 Il at 160°C, Q.l% Citric 78.07 0.0781
Acid
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Table 4.6: Descriptive Statistics and Correlation Analysis

Phosphorus Phosphorus Citric Acid
Concentration (ppm) | Concentration (mg/g of | Concentration (%)
dry substance)

Count 28 28 17
Mean 407.7 0.4077 0.205882353
Std. 515.039298 0.515 0.147777655
min 0 0 0
25% 37.765 0.0378 0.1
50% 182.975 0.183 0.2
75% 560.975 0.561 0.3
max. 2000 2 0.4

The study analyzed phosphorus concentrations in samples, revealing significant
variability. The mean concentration was 407.7 ppm, with substantial fluctuations
around this average. The wide interquartile range and median value suggest a skewed
distribution, with a few samples having disproportionately high phosphorus levels,
indicating a diverse set of conditions influencing P levels.

A distinct pattern was noted in the samples subjected to citric acid treatment: an
increase in citric acid concentration correlates with a rise in phosphorus concentration.
A robust positive association (r=0.805) between citric acid concentration and
phosphorus concentration highlights the function of citric acid in augmenting
phosphorus solubility or release in the examined materials. This trend is particularly
pronounced in the A200, B200, and A170 sample groups, where treatments with 0.4 g
citric acid produce markedly greater phosphorus concentrations than their untreated
(0.0g citric acid) counterparts.

The findings indicate that citric acid may function as an effective agent for phosphorus
extraction, potentially applicable in soil nutrient availability research, agricultural
fertilization techniques, or environmental phosphorus recovery approaches. Further
research is necessary to investigate the processes by which citric acid affects
phosphorus availability and to determine if this association is consistent across various
sample kinds and settings.

The mean phosphorus concentration was determined to be 407.7 ppm, accompanied by
a standard deviation of 515.04 ppm, indicating significant variability. A strong positive
correlation (r=0.805) was identified between citric acid content and phosphorus
concentration.

Samples treated with 0.4 g citric acid exhibited the highest phosphorus concentrations,
demonstrating that citric acid enhances phosphorus solubility. These findings can
inform future research and practical applications, particularly in nutrient extraction and
recovery techniques.

Future research should focus on expanding the sample size to improve the

comprehension of phosphorus content distribution and variability. Implementing
rigorous quality control methods, such as verifying contamination-free blank samples
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and conducting regular equipment calibrations, is vital for ensuring the accuracy and
consistency of results. Further work is required to determine the sources of significant
fluctuations in phosphorus concentrations, highlighting environmental or process-
related factors that affect this disparity.

Advanced statistical methods and machine learning approaches must be utilized to
discern patterns and correlations within the data. Principal Component Analysis (PCA)
can be employed to reduce dimensionality and highlight key factors influencing
phosphorus concentrations. Additionally, the environmental and health consequences
of elevated phosphorus concentrations must be examined, along with the establishment
of guidelines for permissible levels to yield more reliable and useful insights on
phosphorus content and its effects.

5.3. Section of Crystallization:

This section presents the discussion and analysis of the reasons for the failed
crystallization process of the extraction liquid product from digestive sludge.
According to the laboratory model results, positive outcomes were not achieved in the
crystallization process, which can be discussed in the following sections.

Fig 4.5. crystallization process for extraction liquid product
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Fig 4.6. laboratory model experiments results

Discussion

The inefficiency of DAP and TSP crystallization from phosphorus-enriched liquid is due to
several variables, chiefly the presence of impurities and inadequate crystallization
conditions. The fluid derived from the hydrothermal carbonization (HTC) process often
contains contaminants, including heavy metals (e.g., chromium, nickel, lead) and residual
organic compounds. These contaminants may interact with phosphate and ammonium ions,
resulting in complex molecules that diminish the efficacy of crystallization [25][38]. Recent
studies underscore the importance of implementing efficient purification techniques,
including enhanced filtration and ion exchange, to eliminate contaminants and improve
crystallization efficacy [38].

Moreover, the crystallization process is acutely sensitive to variables like temperature and
pH. Variations from the ideal pH range of 7.5 to 8.0 for DAP and the temperature range of
25-30°C might considerably affect crystallization results [48]. The inability to uphold the
requisite calcium-to-phosphate ratios for TSP crystallization may have intensified the
unsatisfactory outcomes [26].
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Future research should prioritize the enhancement of liquid quality, optimization of
crystallization conditions, and exploration of alternative phosphorus recovery methods,
including microbial solubilization and membrane technology, to improve recovery efficiency
[49][26].

In conclusion, the application of hydrothermal carbonization (HTC) for phosphorus
extraction from municipal trash offers a sustainable remedy for phosphorus scarcity. The
conversion of phosphorus-enriched liquid into DAP and TSP encountered difficulties due to
impurities and adverse crystallization conditions. Subsequent research should concentrate on
enhancing the purity of the liquid phase, optimizing crystallization settings, and
investigating alternate recovery techniques. These efforts will facilitate the formulation of
efficient and sustainable phosphorus recovery strategies, augmenting agricultural output and
advancing environmental sustainability.

Conclusions

This research aimed to investigate the variability of phosphorus (P) concentrations across a
range of samples and examine how two key factors: citric acid concentration and
temperature influence these concentrations. The main objective was to find out if citric acid
could be used to make phosphorus more soluble and to see how these factors affected the
processes of phosphorus extraction and recovery.

Phosphorus concentrations in the analyzed samples ranged from 0 to 930 ppm. Citric acid
played a significant role in enhancing P solubility, as evidenced by the strong positive
correlation (r=0.805) between its concentration and P levels. Samples that were treated with
0.4 g of citric acid had much higher P concentrations than samples that were not treated,
showing that citric acid is effective at making phosphorus extraction easier.

Temperature was another critical parameter influencing phosphorus recovery. While the
study highlights the role of citric acid, it also suggests that temperature variations further
modulate P concentrations. Elevated temperatures likely enhanced the solubility and
availability of phosphorus, although the precise relationship between specific temperature
ranges and P concentrations needs further clarification.

Contaminants like heavy metals and residual organic compounds hindered the crystallization
of phosphorus-enriched products, such as diammonium phosphate (DAP) and triple
superphosphate (TSP). Additionally, suboptimal control over pH and temperature during
crystallization reduced recovery efficiency. Addressing these challenges requires improved
purification of liquid matrices and optimization of crystallization parameters.

To advance phosphorus recovery techniques:

Increase sample sizes to enhance statistical robustness.

Explore advanced statistical methods like Principal Component Analysis (PCA) for data
analysis.

Investigate alternative phosphorus recovery methods, such as microbial solubilization and
advanced membrane technologies.

Focus on optimizing temperature and citric acid concentration to maximize phosphorus
extraction efficiency.

These steps can contribute to more sustainable phosphorus recovery practices, improve
agricultural productivity, and support environmental conservation efforts.
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APPENDIX 1, 1(2)

Table Al: Concentrations of Trace Elements from ICP Spectroscopy Analysis of Phosphorus

Extraction Liquid (Part 1)

1 0 0 0 0 0 0 0 0 0 0

2 3 3 3 0.5 0.5 0.5 0.5 0.5 3 3

3 6 6 6 1 1 1 1 1 6 6

4 30 30 30 5 5 5 5 5 30 30
5 150 150 150 25 25 25 25 25 #H 150
6 300 300 300 50 50 50 50 50 HH 300
7 0.16 0.07 0.06 0 0.01 0.02 0 0.02
8 0.11 0.02 0.01 0.01

9 0.43 0.41 0.42 0.07 0.01 0.02 6 6.09
10 0.52 0.54 0.56 0.07 0.05 0.05 6 6.14
11 0.22 0.17 0.16 0 0.01 0.01 0 0.23

=
N

4.55 4.7 4.75 0.08 0.08 0.09 0.02 0.04 55 56.75
13 50.92 5123 5157 0.14 0.16 0.16 0.06 0.07 #H 168.14
14 160.03 162.19 163.39 0.25 0.29 0.29 0.03 0.06
15 257.38 266.17 268.87 0.29 0.33 0.34 0.03 0.06
16 0.38 0.42 0.44 0.06 0.1
17 3.12 3.2 3.29 0.06 0.07 0.07 0.04 0.06 58 60.41
18 55.03 55.18 @ 55.52 0.11 0.13 0.13 0.05 0.07 #Hit 185.01
19 1541 156.77 157.6 0.15 0.18 0.19 0.03 0.06
20  202.93 204.93 206.25 0.21 0.24 0.25 0 0.04
21 27154 276.79 27793 0.29 0.31 0.34 0.0 0.05
22 2.38 2.49 2.55 0.03 0.03 0.04 0.04 0.05 36 37.77
23 2943 3321 33.26 0.22 0.22 0.23 0.07 0.09 85 88.23
24 117.34 119.07 120.03 0.35 0.37 0.36 0.05 0.07 #Hit 173.89
25 169.34 176.85 1775 0.4 0.43 0.42 0.04 0.06 H 257.66
26 250.2 249.73 250.36  0.46 0.49 0.49 0.07 0.09
27  239.57 263.73 265.73 0.48 0.51 0.51 0.13 0.15
28 34.63 3465 34.74 0.21 0.22 0.23 0.14 0.16 92 95.19

37



APPENDIX 1, 2(2)

Table All: Concentrations of Trace Elements from ICP Spectroscopy Analysis of Phosphorus
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The concentrations of the (Al) at different wavelengths.
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APPENDIX 2, 2(6)
The (Al) concentrations across different standards and samples.
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The concentrations of the (Cu) at different wavelengths
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The (Cu) concentrations across different standards and samples.
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