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INTRODUCTION
Phosphorus (P) ensures soil fertility, maximizes crop yields, supports farmer livelihoods, and
ultimately ensures food security for the world's food systems (Cordell and White, 2013). In living
organism, phosphorus (P) is the important element in energy production in animal cells through
its dynamic reactions involving phosphorylation and de-phosphorylation, the activities that
produce adenosine tri-phosphate (ATP) from their diphosphate congeners (ADP), and vice versa,
respectively, with energy exchange (Hardman et al., 2019). Naturally, phosphorus (P) remains
bound in nature as ores, e.g., phosphate rocks (Nobel and Nobel, 2009; Samreen and Kausar,
2019). Additionally, phosphorus (P) can exist in matrix as particulate and dissolved species both
involving organic and inorganic forms (Jarvie et al., 2002). The inorganic P species include mainly
orthophosphate which is the main available form for plant nutrition thus important in soil fertility

and problematic in water pollution (Gotsis skretas and Friligos, 1990).

The P reservoirs are irregularly distributed on the globe, with more than 70 percent of them located
mainly in Morocco, China, South Africa, Jordan and United states (Schrdder et al., 2010). They
decrease decently due to multiple uses accompanied with its loss in environment. This causes P
soil nutrient depletion inducing the decrease in crop production (Amann et al., 2018; Z. X. et al.,
2005). About 82% of the mined phosphorus is used in agriculture, while 7% is used for the
production of animal feed. The remaining fraction of mined P is used in industry and medicine for
the production of pharmaceuticals, oils, detergents, or even textiles (Cieslik and Konieczka, 2017).
The continuous P exploitation without renew will cause a P price growth in near future and
problem in P mining (Selby-Pham et al., 2017; VVan Vuuren et al., 2010). The P is lost through the
sewage, industrial effluents and run off from agricultural activities (Cieslik and Konieczka, 2017;

Cieslik et al., 2015).
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Dairy processing is one of the largest industry in the European agriculture sector and the EU is the
lead global producer of milk with nearly 160 million tones per year (EDA, 2020). This largely
contributes to wastewater and agro-food waste generation through dairy processing
(Ashekuzzaman et al., 2019). Agro-food industry generates approximately five million metric
tonnes of wastes per year. Up to 39% of them come from food processing and manufacturing
(Ravindran et al., 2018). Food supply chain including animal derived food waste highlights their
use in anaerobic digestion to produce heat fuel and bio-fertilizer (Ravindran and Jaiswal, 2016).
Milk industry leads the sources of food industrial effluent water, especially in Europe (Kolev,
2017). The effluent P and nitrogen are the root cause of waterbodies eutrophication, leading to
ecological problems such as water anoxia, the increased growth of phytoplankton, periphencton,
macrophytes, and more harmful macro and microscopic plants (Lewis et al., 2011). Treated water
for reuse should contain 2 mg-kg™ P at most, the range recommended by Food and Agriculture

Organization (FAO) being 0-2 mg-kg™ (Almuktar et al., 2018).

Along the wastewater treatment process, nutrients such as P are susceptible to recovery through
various processes. The P recovery from wastewater involves its accumulation into the sludge,
which becomes a nutrient rich material. The P accumulation methods include physicochemical
process, biological process, and their combination (EIP-AGRI, 2017; lIzadi et al., 2020). The
physicochemical processes are widely applied in wastewater treatment by involving, for example,
the use of precipitating agents such as lime, alum, and iron salts; the combination of salts dosing
with filtration techniques (Nadeem et al., 2021), and electrochemical precipitation (Lei et al.,
2021). The chemical precipitation process demonstrates high P removal efficiency with adverse

effect of enormous sludge generation (Bunce et al., 2018).
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Research highlighted many challenges caused by wastewater treatment sludge, including their
excessive production, the needs for disposal, and limitations of their application in agriculture
(Smyth et al., 2010; Tarpani et al., 2020). Different strategies of sludge management have been
subjects of studies including their incineration (EurEau, 2021), their use in anaerobic co-digestion
for energy recovery (Akhiar et al., 2017), and their use as substrate in production of biochar (Tian
et al., 2019). The challenging facts of direct agricultural use of sewage sludge include the
environmental risk posed by micro-pollutants and pathogens (Egle et al., 2016). In addition to
those limitations, the efficiency of sludge as fertilizer is unstable because of low nutrient content,
low nutrient release and variable nutrient composition (Shi et al., 2021). Previous works
highlighted that the supply of sludge as a fertilizer with high iron content decreased P availability
for some crops (Romer and Samie, 2002). The EU fertilizers regulation 2019/1009 does not
include the sludge as fertilizing product on EU market. The limitation does not apply to valuable
products obtained by sludge processing designated as STRUBIAS (struvite, biochar, ash) (Gianico
et al., 2021). Some processes involve incineration and produce a sludge ash with more than 90%
of P recovery (Shaikh, 2018). While others involve production of biochar, a product with better
chemical, physical, and fuel properties compared with the raw biomass (Ghanim et al., 2017a).
Struvite precipitation presents an advantage for its usability as a fertilizer, with the provision of P
and nitrogen in an efficiently available form for plant nutrition (Daneshgar et al., 2018Db). Previous
works emphasized on phosphorus recovery and precipitation from various wastes (Cieslik and
Konieczka, 2017; Cieslik et al., 2015; Corre et al., 2009; Doyle and Parsons, 2002; Kabdash and
Tinay, 2018; Kataki et al., 2016a; Sena and Hicks, 2018). The P precipitation produces phosphate
salts, e.g., calcium phosphate, hydroxyapatite, and struvite (Cieslik and Konieczka, 2017). The

works on coupling waste processing and their P purification into struvite are still limited.
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The aim of this work is P recovery from dairy wastes, valorization of the dairy wastes with the
focus of their possible use in P recycling and P recovery for fertilizers use (Shaddel et al., 2019).
This work collects the knowledge of existing technologies for organic biowastes treatment, their
P pathway, dissolution and struvite precipitation. The experimental work focus on study of process
conditions for phosphorus recovery as struvite from dairy wastes through their thermochemical

treatment and precipitation.

The faster and economic model of coupling thermochemical treatment of sludge and struvite
precipitation was studied. In one scenario, the sludge was treated under hydrothermal
carbonization process and generate a hydrochar, which is applied as biochar in agriculture. The P
in derived HTC process water was then recovered as struvite by precipitation process. The
particular attention was given to chemically produced sludge with iron salts, the wastes which
studies were previously limited. They were hereby used and resulted into a sterile biosolid
(hydrochar), a P inorganic fertilizer (struvite) and iron recycled. A business case was developed

for a full scale production implementation.

In second scenario, the sludge was incineration process to generate a P rich ash from the Fe-
chemical sludge. The wet chemical extraction followed by struvite precipitation was studied for
the obtained ash. For better productivity and cost effectiveness, the combination of dairy sludge
ash and magnesite was studied where magnesite served as magnesium source. On the other hand,
clinoptilolite natural zeolite was studied for process enhancement and ammonium sorption along

with struvite precipitation.

The quality of the obtained products as fertilizers was evaluated by in-vitro assays. For this,

nutrients release kinetic models were used. In-vivo assays were used in assessment of nutrient use
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efficiencies parameters. Finally, along with the induced chemical reactions and P recovery

efficiency, the effects of process conditions on the fertilizer quality were evaluated on plants.

I. THEORITICAL PART

1. Approaches of wastewater phosphorus recovery
1.1. Generalities on P recovery technologies

Phosphorus recovery innovations started within the 1950s with an expanded consideration to
eutrophication and the increase of P levels in surface waters (Morse et al., 1998). Phosphorus from
wastewater can be accumulated into natural biosolids using biological process or can be removed
by physico-chemical treatment or a combination of both strategies (lzadi et al., 2020). The
enhanced biological process is done using polyphosphate accumulating microorganisms (PAQOSs)
and removes P more efficiently than activated sludge method. The physicochemical approaches
are widely used by e.g, chemical precipitation processes, membrane filtrations, sorption process
and ion exchanges. These processes may be combined for better efficiencies where BPR take place
in secondary wastewater treatment stages, while the physical chemical process get applied up to
tertiary treatment for P removal. The later processes involve mainly the chemical dosing with
alumina, iron salts, calcium salts; ion exchanges mechanisms, membrane bioreactor, etc. (Morse
et al., 1998). The summary of the processes are presented in the figure 1. For the chemical
precipitation applied as the only process of P removal from wastewater, the adverse effect is huge
amount of sludge thereby generated due to salts dosing. For process with iron salts, the amount of
metal salts added relate with the decrease of P concentration to the needed lower level in treated
water. For the chemical precipitation applied as the only process of P removal from wastewater,
the adverse effect is huge amount of sludge thereby generated due to salts dosing. For process with
iron salts, the amount of metal salts added relate with the decrease of P concentration to the needed

lower level in treated water
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Iron salts dose as coagulants can vary from 1 to 2 mole ratio to P in order to have the P
concentration less than 0.2 mg-L ™ in treated water (Prot et al., 2020). For the purpose of lowering
the P concentration to less than 0.05 mg-L™, the iron dose can be risen to 4 mole ratio to P (Takacs

et al., 2006).

1.2. Sludge uses limitations in agriculture

The amount of 8.7 million tonnes of sludge were produced in EU-member states in 2020, of which
47.7 % was used in agriculture as fertilizer (EurEau, 2021). Other use of the sludge are summarized
on Figure 2a-b. The regulations on fertilizer market in EU member states do not include the sludge
as a commercial fertilizing product (Gianico et al., 2021). This follows the suspicion of micro-
pollutants and pathogens in the sludge. The reported organic pollutants in sludge with various
concentration range include poly-aromatic hydrocarbons (PAHs) which concentration ranged from
0 to 31 mg-kg?, polychlorinated biphenyls (PCBs) with range of 0-3 mg-kg?, and various
concentrations of dioxins, and pharmaceuticals (Tavazzi et al., 2012). The micro-organisms are
present in sludge with different range of concentration including viruses (87- 417-107 cfu-g%),
bacteria (2.69-3376 -10° cfu-gt), helminths (0.063-453.5 eggs-g™), fungi (114.3-752.3-10° cfu-ml-

1), and protozoa (12-32 oocyst-g™t) (Fijalkowski et al., 2017).

On the other hand, the nutrients availability of sludge is limited and unstable. For chemically
produced sludge, the P availability to plant for iron based sludge was found to decrease with Fe: P
molar ratio, where it was effectively plant-available up to a Fe: P mole ratio of 1.6, and decreased

with higher mole ratios (Kahiluoto et al., 2015).
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Figure 2. Sludge final destination in EU in Mt/dry sludge (a) and their fraction on total generated
sludge (b) (EurEau, 2021)

Such Fe:P mole ratio is easy to exceed in iron based sludge. Ashekuzzaman et al.(2019) has found

that iron and P contents in a chemically produced dairy sludge with ferric salts were 162 and 31.6
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g-kg?, respectively, equivalent to 2.8 of Fe:P mole ratio (Ashekuzzaman et al., 2021). Thus the
risk of lower P availability to plant.
2. Phosphorus recovery through struvite precipitation

2.1. Concept of struvite precipitation

The European Innovation Partnership Agricultural Productivity and Sustainability (EIP-AGRI)
highlighted the application of precipitation process for P recovery from wastes (EIP-AGRI, 2017).
Calcium phosphate was reported to be recovered from manure while struvite is the recommended
form for fertilizer use (EIP-AGRI, 2017). The latter is a benefit in agriculture due to its content in
nitrogen and phosphorus in the forms efficiently available to plant (Ballirano et al., 2013a; Kataki

et al, 2016b). Struvite precipitation reaction is described by reactionMg** =+ NH,® , +

H,P0,C™™7 4+ 6H,0q) ===  MgNH,PO, " 6H,0 (5 +nH* 4 :

(aq)

Mg oy + NHF (o + H,P0,CG™™-~ oy T 6H:00) === MgNH,PO, " 6H,0 (5 + nH" (o)

(aq) (

The product is generally in orthorhombic crystal form (Ulex, 1845). Though the reaction is faster
in aqueous solutions by which precipitation term is used, the mechanism of struvite crystallization
involves mainly nucleation and crystal growth (Hévelmann et al., 2019). Nucleation is the stage
when the first new crystalline nuclei are formed (Le Corre et al., 2009). The crystal growth is
subsequent process of incorporating constituent ions into the crystal lattice to form detectable
crystals (Abella, 2017). In final stage, the grown crystals aggregate to form a solid-liquid phases
equilibrium (Ballirano et al., 2013a). However, different factors influence struvite precipitation
including concentration, pH, temperature, and interfering foreign ions. The former two are mainly
operational conditions where struvite precipitation is favored in alkaline pH (7.5-11) due to
increased molar fraction of reactive phosphate (Daneshgar et al., 2018a; Simoes et al., 2018). The

lower temperature (<25°C) is recommended since struvite solubility decreases with temperature
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(Capdevielle et al., 2013a; Khater et al., 2015). For struvite precipitation from wastes, the major
factors include matrix effects, competitive ions and their concentration.
2.2. Matrix effect and foreign ions

2.2.1. Effect of interfering ions
In solution, besides the contribution to ionic strength, the availability of foreign ions causes co-

precipitation with possibility of struvite inhibition. Anions can affect magnesium activity in
solution where carbonate salts can potentially co-precipitate in form of huntite (MgzCaCOz)>),
hydromagnesite, and magnesite (Ballirano et al., 2013b). On other hand, the precipitation of P is
susceptible to happen with a number of cations forming less soluble phosphate salts. The solubility
potential of P salts were discussed in several researches (Bell et al., 1978; Bennett et al., 2017;
Kazadi Mbamba et al., 2015a; Shih and Yan, 2016), and the summary of typical P precipitation
products is described by Figure 3. In multi-component aqueous matrices, phosphate counter-ions
can potentially inhibit magnesium and ammonium to pair to phosphate for struvite production
(Maneedaeng et al., 2012). More specifically, high level of calcium was pointed out in several
researches to inhibit struvite (Ksp = 10°3) formation (Pinatha et al., 2017). In contrast, this favors

precipitation of calcium P salts including calcium phosphate (Caz(POas)2, hydroxyapatite

(Cas(PO4):0H, Ksp = 2.91-10%%), octacalcium phosphate ((CagH2(POa)s -5H20), Ksp = 1.12-:10™8),

and amorphous calcium phosphate (Bell et al., 1978; Hao et al., 2008; Johansson, 2019). Dairy
products make one of groups of calcium source, thus the waste from milk processing plants have
high level of calcium and struvite precipitation from DPW needs advanced experimental
optimization (Kapsak et al., 2011). In dairy wastewater, other phosphate counterions including
silver, aluminum, copper, cadmium, iron and other transition metals, but these are in trace

concentrations and their effect in struvite formation is relatively low.

10
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Figure 3. Phosphate counterions and possible phosphate salts precipitation

Thus in light of Ksp (Drahansky et al., 2016), calcium phosphate salts are apt to inhibit struvite.
This is underlined by their thermodynamic behaviours where rate expression for precipitation of
calcium phosphate salts are higher than magnesium ammonium phosphate (struvite). Such calcium
precipitation potential is due to higher saturation index (SI) which is inversely proportional to Ksp

(up to 107°8) and their SI can reach up to 45 magnitudes higher than struvite.

Table 1. lon molar ratios in previous works in struvite precipitation

pH Mg:P Ca:P NH4*:P P recovery References
9.5 4 0.05* 12* 92.60% (Lavanya and Sri Krishnaperumal
Thanga, 2020)
10.89 2.25 - - 84.70% (Khater et al., 2015)
8.5,95 5 1.95 5 84%, 94% (Daneshgar et al., 2018a)
7-10 2.25 1 3.1 >90% (Capdevielle et al., 2013a)

*Calculated from the composition of used raw material

As a mitigation of struvite inhibition, previous works accounted on optimization of process

conditions including pH, and mixing molar ratio of Ca:P, Mg:P, and NH4:P (Drahansky et al.,
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2016; Generalic, 2019; Kataki et al., 2016a; Shalaby et al., 2015; Shih and Yan, 2016; Wang et
al., 2005). The data depicted in Table 1 presents some of the mixing molar ratios in recent
researches. Prior knowledge of sample characteristics, especially mineral concentration of raw
material, is important to have an idea of precipitation pathway. To avoid inhibitory behavior of
competitive ions, additional P sources are usually added in the reactor. The previous researches on

P recovery as struvite and key process parameters are summarized in Table 2.

a. Additional dose of P and Mg salts
Different techniques have been used to overcome the effect of foreign phosphate counter-ions.

One of the ways is to add additional amount of P, magnesium and ammonium salts to increase
struvite supersaturation and precipitation potential (Moragaspitiya et al., 2019; Shalaby et al.,
2015). Calcium concentration higher than Ca : P > 0.5 molar ratio to P exhibits the progressive
inhibition on struvite precipitation due to thermodynamic properties of calcium phosphate salts
mainly hydroxyapatite (Khater et al., 2015). Thus mineral adjustment is achieved using additional
struvite precursor salts through design of experiments. In this case, the product additionally
contains calcium, an important crop secondary macronutrient.

b. Heavy metals and interferences removal

e Metal removal by precipitation process

Oxalates precipitates. A number of metals forming phosphate salts in alkaline pH, that can form
the oxalate compounds at lower pH thus enabling their removal at lower pH while dissolving the
P in supernatant (Verma et al., 2019). The oxalic acid demonstrated settling property of iron thus
can be used in its removal (Abis et al., 2018; Elomaa et al., 2019). The additional benefits of oxalic
acid are found in significant decrease of calcium concentration thus decreasing the level of struvite
inhibitors in the leachate. The need of lower pH of metal oxalate precipitation is due to the ability

of the oxalate to undertake both complexation and precipitation reactions. Considering the pKa
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values of oxalic acid (pKa1=1.23, pKa,=4.19) and the proton transfer speciation model, and the
metal complexes eligible of formation with pH dependence, we can draw-out the oxalate behavior

in aqueous solution as in Figure 4.
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Figure 4. Oxalic acid speciation in function of pH

In this case, the precipitation of metal (M) oxalate is enhanced at lower pH forming precipitates
under general form of MC>04 and M2(C20.)3 for divalent and trivalent metals, respectively. This
favors the removal of iron (I1), calcium (1) as their oxalates salts. Their removal is decreased by
their complexation which start at pH> pKal and becomes more predominant at pH>2 as molecular
form vanishes from the oxalic acid dynamic equilibria. The divalent metal complexes can thus be
formed in pH range of pKal<pH<pKa2 with HC,O4 ions. At higher pH, the removal becomes
quasi impossible due to a full metal complexation by C2047 ions. This method of oxalic use for
previously served in chemical precipitation of calcium by oxalic acid and ammonium oxalate prior

to struvite precipitation (Shalaby et al., 2015).
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Sulfides precipitates. Most of the heavy metals immediately form low soluble sulfide compounds
even in a strong acid solution (Lewis, 2010). These are formed with various metals including iron
(1) sulfide which can serve in extraction process for iron recycling from the wastes. Eagle et al.,
demonstrated that heavy metals can be removed by applying 80g/L Na>S solution (Egle et al.,
2015), and can remove more than 80% of heavy metals. The challenging use of sulfide is the smell
released during the process. Once the reaction is done in acidic pH, the hydrolysis of NaxS releases
the H2S with double negative effects including the decrease in metal settling and the threatening

smell for the working environment (Numviyimana et al., 2022).

e Metal removal by complexation

The ethylene diamine tetra-acetic acid (EDTA) was used to chelate calcium and release phosphate
from calcium phosphate salts (Tianxi Zhang et al., 2010) for enhanced struvite precipitation. The
removal using EDTA may also decrease the activity of magnesium in the solution due to
complexation. However the MgEDTA? complex is less stable than CaEDTA? complex by 2 orders

2+
(o

of magnitude (logK.9. = 8.92 and wgz(gfg = 10.77) (Arena et al., 1983). Thus there is

25°

negligible effect of EDTA in Mg complexation for struvite enhancement.
c. Adjustment through ion exchange

The selective ion exchange materials were reported as effective in mineral adjustment applicable
for either anion and cation removal in prior of precipitation (Liberti, L., Boari, G. and Passino,
1984). Natural zeolite was reported to be a material with appropriate selectivity to remove cations
including heavy metals, thus can be applied in mineral adjustment followed by struvite
precipitation (Perera et al., 2019). Clinoptilolite, phillipsite and chabazite can be used in ion

exchange (Liberti et al., 2001; Xu et al., 2012).
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Table 2. Available researches for P recovery as struvite from wastes

Wastes Reactor TP/POs* | TN/NHs* | Ca Mg Add. pH pH adj P rec | Reference
source Reag. (%)
\Wastewater
Leather tanning wastewater Closed stirred batch | NR/12.3 | 2405 370 MgCl2 NazHPO4 | 9 NaOH 90
reactor
Closed stirred batch | NR/2.5-8 | NR/119- 178- MgCl2 Na2HPO4 | 9 NaOH NR (Olmez-hanci and
reactor 1076 245 Tunay, 2004)
Cochineal insects processing Agitated batch reactor NR/3490 | NR/2320 | 42 MgO NazHPO4 | 8.5-9 | MgO 100 (Chimenos et al.,
wastewater (Carmine Dye 2003)
industry)
Semiconductor wastewater Jar test with paddle NR/286 NR/100 5-12 MgCl: - 9 NaOH 70 (Kim et al., 2009)
Anaerobic effluent from potato Continuous aerated NR/43- NR/208- | 36-65 | MgCl: - 8.5- NaOH 19-89 | (Moerman et al.,
processing industries stirred reactor 127 426 8.7 2009)
Rare-earth wastewater Stirred jar apparatus 7.8/NR NR/4535 | 0.7 Brucite/ 8.5- NaOH 97 (Huang et al,
H3PO4 9.5 2011)
Fertilizer production waste water Tube Mixed type NR/4.45 | NR/0.440 | - MgCl2 9-11 | NaOH 99.5 (Matynia et al,,
continuous crystallizer % % NH.4CI 2013)
Beverages industrial waste water Agitated glass batch NR/415 NR/NR NR MgClz 9.5 NaOH 97 (Foletto et al,
reactor NH4CI 2013)
Yeast and anaerobic digestion | Stirred batch reactor 22/17.4 354/161 25.6 MgClz NazHPO4 | 9.5 NaOH 83 (Khai, 2012)
leachates
Stirred batch reactor NR/10.8 | 595/528 258 MgSO4 H3PO4 9 - (Uysal et al., 2010)
Dairy wastewater (synthetic) Batch reactors NR/570 NR/756 200 MgO 9.5 NaOH/ 935 (Lavanya and Sri
H2S04 Krishnaperumal
Thanga, 2020)
Ash
Sewage sludge ash 6.2% - 6% MgCh& | - 10 NaOH 97% (Xu et al., 2012)
NH4CI
Biosolids
Sludge AnD Batch reactors 37 325 101 9.5 NaOH 94 (Daneshgar et al.,
2018a)
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2.2.2. Matrix effects on struvite precipitation and wastes processing

a. Phosphorus forms in bio-wastes

In organic wastes, the predominant P forms include nucleic acids (ATP), dieters and phytic
acid. The latter presents a big fraction of P in agro-food wastes accounting up to 60% of total
P in manure (Robinson et al., 2018; Sun et al., 2018). The organic bound P is not reactive in
precipitation process. This needs treatment process that break down the organic bond and
obtain inorganic P followed by dissolution and precipitation (Ajiboye et al., 2007; Daneshgar
et al., 2018a). Different treatment technologies are used to reduce the volume and the mass of
wastes including thermochemical treatment, aerobic/anaerobic digestion for material and
energy recovery from waste (Kataki et al., 2017). The latter ensures the use of wastes as
renewable resources to produce fuel (biogas); fertilizers, and other more added value products
(Ravindran and Jaiswal, 2016). The technologies that are coupled with struvite precipitation
include anaerobic digestion processes and thermochemical treatment.

b. Anaerobic digestion (AD)
This is a biological process that runs without oxygen supply in built systems referred to as

anaerobic digesters. AD systems can minimize odors, reduce pathogens and waste volume, and
produces gas, liquid, and solid digestate (Costa et al., 2015; Wahono et al., 2009). It transforms
complex organic molecules into small molecules by microbial activity (Moletta et al., 1986).
In AD process, fatty acids and carbohydrates are degraded to acetic acid by acetobacteria and
form biogas by methanogen activity. Proteins are degraded by proteolytic microorganisms
including yeasts (Rodarte et al., 2011) that decompose proteins into small molecules mainly
ammonium (Ruiz and Del Carmen Salas, 2019). Inorganic species are dissolved and participate
in chemical reactions involving precipitation and volatilization. For AD of sludge, precipitation
is enhanced by ferric or ferrous salts of chloride or sulfate, aluminum sulfates and calcium
hydroxide added in feedstock of sludge to increase coagulation and chemical precipitation

during wastewater treatment (Gutierrez et al., 2010; Mdller and Mdller, 2012; Ojo and
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Ifelebuegu, 2019; USEPA, 1974). Regarding P pathway, Szymanska et al. found that soluble
P increased from 41.6 mg-kg™ to 212 mg-kg™? during AD of cattle manure (Szymanska et al.,
2019). The ammonium (NH4*) and phosphate produced by microbial activity can be trapped in
the presence of magnesium to precipitate struvite under optimum conditions. The forward
pathway reactions involve precipitation and possible electrochemical reactions (Méller and

Maller, 2012).

Nevertheless, other mineral phosphate can precipitate as iron phosphate following their
addition as either micronutrient to increase microbial growth or coagulants during wastewater
treatment (Moller and Miiller, 2012). In addition, struvite, magnesium and calcium phosphate
precipitates were found in anaerobic digester liquor (Van Rensburg et al., 2003; Wentzel et al.,
2001), revealing therefore, the possibility of struvite production from AD liquor. Furthermore,
AD residues dewatering and drying process can produce a biosolid with >90% of dry matter
subject to multiple uses or further treatment by thermochemical process (Kijo-Kleczkowska et
al., 2015). Technologies of coupling struvite production with anaerobic digestion are installed
in different countries in Europe. The summary of the coupled AD and struvite precipitation

with example of implemented technologies are presented on Figure 5.

The depicted process has an advantage of production of biogas and struvite for energy and
fertilizer applications, respectively. Nevertheless, the application of the technology has many
challenges including long hydraulic retention time (HTR) in anaerobic digestion, which can
vary from 2 to several days, even a month (Cremonez et al., 2021). Additionally, the
performance of sludge dewatering ranges from 40-50°C, and the organic molecules may start
to crack at higher temperature (Lv et al., 2019). The obtained sludge is still classified as a waste,
limited on fertilizer market due to suspicious presence of harmful microorganisms. The

microbial cell walls are destroyed and the proteins are accessible for breakdown after thermal
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pre-treatment in the temperature range of 60 to 180°C, a temperature range possible in

hydrothermal processes (Neyens and Baeyens, 2003).

Sludge } Anaerobic digestion ‘ } Dewatering device ‘

Dewatered \"\

l P rich permeate ‘

\ Struvite ‘

Struvite precipitation
(Phosphogreen, Airprex,
Phosnix, Ostara pearl)

’ Packed } ‘ granular ‘

Figure 5. Anaerobic digestion coupled to struvite production

¢c. Thermochemical treatment

The common sludge disposal include landfill with possibility of agricultural application
(Tarpani et al., 2020). The enhanced waste management strategies support the reduction of
waste volume where landfill is used as a transit step for further waste treatment process (Smyth
et al.,, 2010). Thermal technologies including incineration, gasification, pyrolysis and
hydrothermal carbonization, can be used to convert biological waste into useful products
(Ghanim et al., 2017b). The current trademark of fertilizing products from thermochemical
treatment of sludge is STRUBIAS (Struvite, Biochar, Ash), products accepted on EU market
(Gianico et al., 2021).

Incineration (combustion) reduces the volume of waste and its level of dangerousness.
It concentrates minerals and destroys potentially harmful substances. Incineration can also

offer the possibility of recovering the heat energy and minerals of waste by accumulation in
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ash (Babcock & Willcox Vglund, 2012; Carlos Escobar Palacio et al., 2019). From the
mineralization point, incineration is considered as the effective way to reduce mass and
volume, disintegrate organic matter, and concentrate phosphorus and microelements in the ash,
thus with possibility of further purification in a form of struvite (Egle et al., 2016). Kasina et
al (2019) characterized sewage sludge ash generated from wastewater treatment and found an
average of 17 wt% of P.Os together with high concentration of microelements and trace metals.
Furthermore, the main form was iron (I11) phosphate in fly ash and apatite in air pollution
residues (Kasina et al., 2019). Nevertheless, European Environmental Agency has reported air
pollution associated with incineration of industrial waste and sewage sludge. Greenhouse gases
(NOx, and COy) are emitted, together with volatile toxic heavy metals including mercury (Hg)
and lead (Pb) (Rismiati, 2016). The struvite precipitation from ash is done by P species
extraction, heavy metal removal (if needed for product quality) followed by struvite
precipitation (Xu et al., 2012). Most of the P in dairy sludge ash is found in the NaHCO3 extract
(35%). The rest consists of H>O (18%), NaOH (10%), and HCI (8%) fractions, with the residual
P up to 29% (Ajiboye et al., 2007). The latter value of residual P in sequential extraction is
high and can be improved by waste treatment technologies in optimum conditions for further
P reclamation and struvite production. According to the used process of sludge generation, the
examples of P recovery from ash through precipitation include RecoPhos and SESAL-Phos.
RecoPhos proceeds with P dissolution using phosphoric acid followed by precipitation.
It adopts the industrial production of triple superphosphate by use sewage sludge ash as
phosphate rock substitute (Weigand et al., 2013a). The addition of phosphoric acid transforms
mineral phosphate rock under a generalized formula of CasMgs(PO4)s to soluble Calcium
hydrogen phosphate (Ca(H2P0O4).) and Magnesium hydrogen phosphate (Mg(H2PQa4)2). This
process remains unknown in regards of dairy sludge. On the other side of SESAL-Phos, the

process is more specific for aluminum based sludge ash. In the first step, the Ca-P and Al-P are
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dissolved under hydrochloric acid conditions. The dissolved P is precipitated as Ca-P at pH>13,
thus leaving aluminum in supernatant (Petzet et al., 2011). The summary of RecoPhos and

SESAL-Phos is presented on Figure 6
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Figure 6. Summary of RecoPhos and SESAL-Phos process of P recovery from ash

Gasification is used to convert solid materials such as coal, coke, biomass and solid
waste into a gas, mainly CO, H. and CH4 (Taupe et al., 2016; Xue et al., 2014). It is a thermal
process conducted at high temperature (500-1000°C) in presence of limited oxygen for partial
oxidation of organic matter (Moharir et al., 2019). In addition to produced synthesis gas
mixture (syngas), a liquid fraction of hydrocarbons mixture namely known as tar, and a solid
residue known as gasification ash containing minerals were reported as byproducts of organic
wastes gasification (Moharir et al., 2019). The derived ash is rich in P and minerals where

20.6% P20s was reported in previous works (Werle and Sobek, 2019). The species of P in
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gasification ash were reported to depend on process conditions where high temperature
(>700°C) favors apatite (Muller-Stover et al., 2018). Furthermore, the feedstock mineral
composition determines the P species in solid fraction of gasification products. Gorazda et al.
found that phosphate salts of iron (I11), calcium and aluminum were the main P species in
sludge gasification ash (Gorazda et al., 2018). These findings follow the chemical precipitation
process used in municipal wastewater treatment by addition of their coagulants salts (Ojo and
Ifelebuegu, 2019). To recover phosphorus by precipitation coupled to gasification process,
Siciliano et al. used supercritical water gasification at lower temperature of 450°C and 250 bar
pressure. In their work, phosphorus was recovered by precipitation of K-struvite from liquid
phase using KHCOs at pH 10 (Siciliano et al., 2018). In terms of circular economy, gasification
score comes from its ability of biofuel production (CH4) from bio-wastes and the ash used as
efficient phosphorus and microelement source in soil fertilizer (Li et al., 2017; Werle and
Sobek, 2019). Further P purification in struvite form can be undertaken from the ash since 60-
70 percent and more than 95 percent of P from low temperature (500-700°C) gasification ash
can be extracted in alkaline and acidic solutions, respectively (Gorazda et al., 2018).
Nevertheless, the use of gasification as a tool of P recycling would be discouraging due to high
temperature requirement and heavy aromatic tar produced as undesired by-product (Sikarwar
etal., 2016).

Pyrolysis is thermal treatment done in the absence of oxygen in closed system and
produces pyrolytic-oil, gas and char/biochar (Czajczynska et al., 2017). The char was defined
as a product of decomposition of organic natural or synthetic material by dry pyrolysis (Libra
etal., 2011). Low-temperature pyrolysis (<700°C) and long residence time, converting biomass
into biochar, involves three core steps: 1) initial volatiles emission; 2) primary biochar
formation; and 3) chemical rearrangement to final solid biochar formation (Demirbas, 2004).

By such processes, P undergoes transformation and rearrangement into new forms (Sun et al.,
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2018). Robinson et al. conducted pyrolysis of bio-waste with aim of P transformation. In raw
wastes, the P forms were organic species such as phytic acids, dieters and ATP and inorganic
P such as hydroxyapatite. The pyrolysis conducted at 400-600°C resulted in P rich biochar with
high content in hydroxyapatite, iron phosphate, and magnesium pyrophosphate (Robinson et
al., 2018). Under a certain conditions during a pyrolysis a biochar can be obtained which has
significant potential as a tool for climate change mitigation when applied to soil, and it can
increase stable soil carbon stocks and increase soil carbon sequestration, while also decreasing
atmospheric CO2 concentrations (Kwapinski et al., 2010). The produced P forms in biochar
can be extracted by acidic solution for further P purification into struvite (Sun et al., 2018).
Nevertheless, aside the advantage of biochar, the pyrolytic oil contains high aromatic
hydrocarbons making it hazardous to environment (Silva et al., 2012). In addition, pyrolysis
process conditions involves high temperature that can be beyond 700 ©C thus high energy
requirement (Oladejo et al., 2019).

Hydrothermal carbonization (HTC) is a process of heating wet biomass together with
water at a temperature between 180°C and 250°C under an autogenic pressure vessel for up to
several hours (Atallah et al., 2019). The product is hydrochar (HC) composed by a high fraction
of aliphatic organic compounds and makes it different from pyrolysis product (char) due to its
high aromaticity (Wiedner et al., 2013). The investigation of HTC process conditions extended
to temperature higher than 250°C suggested the decrease of organic carbon in aqueous phase
thus can be a tool of mineralization of organic wastes (Becker et al., 2014). In addition, acidic
pH demonstrated effect of decreasing the HC vyield, thus can be a good condition for P
dissolution to aqueous phase for prompt recovery by struvite precipitation (Ghanim et al.,
2017b). Furthermore, Zhang et al. studied HTC optimum factors for organic P dissolution using
swine manure digestate in order to crystallize it into struvite. In their optimization process,

volume of hydrochloric acid, hydrogen peroxide, residence time and temperature played a
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major role in P dissolution in liquor followed by struvite precipitation (Zhang et al., 2020). In
their findings, 88.2 percent of P was dissolved and purified by struvite precipitation which
makes a prospect of HTC process for P dissolution followed by struvite precipitation from

organic wastes (Zhang et al., 2020).

Besides of process conditions, the portioning of P in HTC products depend on presence of
multivalent metals such as calcium, iron, and aluminum that precipitate mineralized P in
hydrochar in alkaline pH conditions, otherwise the high fraction of P can be found in liquor
(Ghanim et al., 2018). Moreover, mineral portioning can be assessed as a fraction of feed
concentration that is dissolved in water phase to assess the dissolution process during HTC
(Azzaz et al., 2020). In contrast, immobilization of minerals in hydrochar is explained by
concentration partition in liquid and solid phase (Zheng et al., 2020). Dai et al. found that P
concentration in cow manure increased by 20% after HTC (Dai et al., 2015). Heilmann et al.
found high portion of P in hydrochar of cattle manure following the high level of multivalent
metals (Heilmann et al., 2014). These were precursors of P precipitation at pH 9 and are
concentrated in hydrochar. Similar results were found by the work of Atallah et al. which, based
on ultimate analysis of HTC products, indicates the concentration of phosphorus and
multivalent metals in hydrochar. Whereas, alkali metals had their high concentration in the
liquor, thus rather dissolved (Atallah et al., 2019). The P salts that are precipitated are calcium
phosphates following the recovery of 99% and 98% for Ca and P, respectively, in acid extract.

Other possible forms in lower amount are iron phosphates (Heilmann et al., 2014).

Zhao et al found that 79-81% of HC phosphorus was apatite form (a residual form found by
0.5g-25mL"* of hydrochar/NaOH 1M extraction) and underlined that other metal P salts are
formed when calcium is exhausted (Zhao et al., 2018). The apatite P form is less efficiently
available to plant in soil with alkaline pH (Yadav et al., 2017). Fortunately, a high fraction of
it can be leached in acidic solution for further reclamation and purification into struvite as a
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better quality fertilizer. In that case, up to 98% of P can be extracted by 4M HCI in a ratio of
10g-220mL* w/w of hydrochar to acid. In addition to that, 92.5% of P of hydrochar was
reclaimed through H2SO4 1.5M leaching of aqueous mixture (10g-100mL™* w/V of water) by
acid titration until the pH 2 is reached (Zhao et al., 2018). Thus struvite can be produced from

hydrochar leachate by wet chemical extraction process.
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Figure 7: Summary of thermochemical processes: Substrate and main products.

As general view on thermochemical process of wastewater derived organic waste and their
products, HTC present an advantage over incineration in terms of greenhouse gases release,
volatile micropollutants. The thermochemical process products are summarized on Figure 7.

The HTC can be used as a tool of P immobilization in hydrochar, the product that can be applied
as biosolid fertilizer (Gianico et al., 2021). The remaining nutrients in HTC liquid phase can
be purified by struvite precipitation. Furthermore, in any aspect of the organic and effluent
wastes, or their treatment residues, the remaining major challenge for their use as raw material
in struvite production is the complexity of matrix mainly underlining interfering elements that

becomes a demanding factor in salts dosage for struvite precipitation.
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The existing technologies for struvite precipitation from various wastes base on the reaction of

2.3. Full scale struvite production technologies

precursors and the nutrients rich-solution.

Table 3. Struvite production technologies and involved processes

Matrix Technology Process Reference
Aqueous | AirPrex® Precipitation (Hermann, 2009)
phase Ostara Pearl Crystallization (Ali Adnan, 2002)
DHV Crystalactor Crystallization (Britton et al., 2007)
P-RoC® crystallization (Berg et al., 2007)
Sludge Gifhorn process wet-chemical leaching and precipitation | (Muller et al., 2007)
Stuttgart process wet-chemical leaching and precipitation | (Ohtake and Tsuneda, 2018)
PHOXNAN Wet oxidation (Blocher et al., 2012)
Ash PASCH acidic wet-chemical leaching and (Petzet et al., 2012)
precipitation
LEACHPHOS® acidic wet-chemical, leaching (Egle et al., 2016)
RecoPhos® acidic wet-chemical extraction and (Weigand et al., 2013b)
precipitation
Fertilizer industry Acidic wet-chemical, extraction (Kim ten Wolde, 2013)

They are used to produce struvite at industrial scale using various range of P influent
concentrations. Processes of P recovery as struvite from wastewater with lower range of
concentration (<500 mgkg?) include PHOSPHAQ, Phosnix, NuReSys, Airprex, and
Crystalactor (Desmidt et al., 2015). On the other hand, the higher influent P concentration (>
500 mg.kg™') uses ANPHOS, Scaborne, and Ostara Pearl. The later can recover the P from
influent with quite high P concentration (near 1000 mg.kg™). Furthermore, sewage sludge and
their ashes involves the combination of chemical extraction/leaching processes followed by

precipitation. The examples of some processes are presented in Table 3.

2.4. Review summary

The main preliminary stages of P recovery from wastewater usually consists of its
accumulation into a sludge either by activated sludge method, enhanced biological P removal
or physicochemical methods. The activated sludge method is mainly a biological process where

microorganisms play a major role in all processes. Among those biological processes, the
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enhanced biological phosphorus removal (EBPR) is used particularly with aim of phosphorus
recovery by using polyphosphate accumulating organisms (PAQs). The P rich biomass thereby
obtained can contain nearly 20% of polyphosphates. In terms of physicochemical process, the
most famous process of P recovery from wastewater into a sludge is chemical precipitation
using iron and alum salts such as ferric chloride and sulfate or aluminum chloride or sulfate,

and bases mainly lime.

The widely applied method of coupling sludge treatment and struvite precipitation is anaerobic
digestion followed by dewatering where the permeate is flowed to the reactor for struvite
crystallization upon proper pH adjustment and magnesium salts dosage. The coupled struvite
precipitation is applied by some of the already implemented technologies such as

Phosphogreen and Airprex.

In either step of P accumulation to sludge and anaerobic digestions for further struvite
precipitation, the challenges are numerous and need to be settled out through the researches.
The major challenge in EBPR process is long time required for efficient P removal. The
chemical precipitation with coagulants is faster with adverse effect of enormous sludge
generation. However, at least one of them has to be applied as preliminary stage of P recovery
from wastewater and further improvement is needed for sludge treatment and permeate P

purification to struvite.

The anaerobic digestion with microbial activities takes long time which can vary from 2 to
several days. Considering the amount of sludge generated (8.7 million in EU in 2020), such
retention time is too long and require complex installations for effective sludge treatment for
further steps of P recovery by struvite precipitation from P permeate. Additionally, despite of
their worldwide production, the involvement of chemically produced sludge has limited

valorization study. This makes a gap in nutrient recycling. Compared to amount of iron and
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alum salts loaded in sludge production, there are almost no information of their recycling along

with phosphorus recovery.

The Ostara Pearl® fluidized bed reactors with proper magnesium and sodium hydroxide satisfy
most of the struvite production model for the EBPR sludge liquor. In contrast, the HTC liquor
produced from chemically accumulated sludge needs a new model considering prior treatment
to remove iron or minimize its levels. The chemical extraction using proper solvents is to be
assessed. The sulfides and oxalates are potential precipitating agents able to remove maximum
of Fe. Then the supernatant can be used for further steps in the similar process to EBPR-HTC
liquor. For the ash from EBPR sludge, wet-chemical extraction and leaching can be applied
followed by struvite precipitation using fertilizer industry process (Kim ten Wolde, 2013). In
contrast, for chemically produced sludge, the ash contains high level of iron and heavy metals.
Thus the PASCH approach uses solvent extraction for leaching and heavy metal removal
followed by precipitation of supernatant P to struvite. Considering all involved processes to be

applied on the dairy effluent up to struvite precipitation, the summary of scenarios is presented

on Figure 8.
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Figure 8. Dairy waste P accumulation and mineralization followed by struvite precipitation



Phosphorus recovery from dairy organic and effluent wastes by struvite precipitation can be
achieved after adequate mineralization, and concentration in aqueous solution. Since further
objective is to recover phosphorus in struvite form from organic wastes as well as their
treatment residues, thermochemical treatment and dissolution are involved as critical stages in
organic P mineralization and rendering it reactive for precipitation process. In consideration of
aforementioned thermochemical process, three scenarios are proposed for struvite precipitation
from dairy organic wastes:

(1) Hydrothermal treatment where moist P rich sludge is treated under acidic conditions
(pH < 2) during several hours. In this process, a fraction of P is accumulated in
hydrochar applicable in agriculture and the other P is dissolved to liquor as phosphate
under acidic aqueous phase followed by precipitation.

(i)  The hydrothermal P immobilization in hydrochar under alkaline (pH nearly 9) followed
by either its reclamation into an acidic solution or hydrochar combustion to ash
followed by P extraction and precipitation. Nevertheless, this can have no significant
economic importance since hydrochar can be applied as a sterile biosolid fertilizer.

(ili))  Application of more steps including dairy sludge dewatering, drying, combustion to
ash, P leaching, and struvite precipitation.

In case the dissolution is favored, HTC can suffice where P is immobilized in hydrochar (a

biosolid fertilizer accepted on EU market under EU regulation 2019/1009 and dissolved P in

liquor is purified by struvite precipitation. Thermal technologies of incineration concentrate
minerals in ash which is used as raw material in P recovery as struvite. However, ash production
is accompanied with emission of micropollutants such as volatile heavy metals as well as

organic micropollutants.
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II.EXPERIMENTAL PART

1. Aim and scope of the research

The research goal of this work was the determination of optimal process conditions for P
recovery from processed dairy wastes through struvite precipitation and evaluation of the

product quality as fertilizer.

The utility goal is the mitigation of the environmental impact of P loss through dairy effluents,
valorisation of the dairy wastes, especially the sludge derived from wastewater treatment, into
commercially acceptable fertilizing products through their thermo-processing, nutrients

recovery, nutrients recycling, and fertilizer application.

Hypotheses of the work are pointed out as follow:
» Struvite precipitation from dairy wastes is an effective method for P recovery in a form

of high quality fertilizer.

> Dairy wastes resources valorisation need coupling multiple technologies of which
thermochemical processing of dairy sludge combined with struvite precipitation

represent the best option for P recovery into commercially valuable fertilizing products.

The achievement of research goals was done through the following steps:

> Reviewing literature and documentation on P loss to environment, P reservoirs, P
mining and its destination, wastewater P recovery and derived sludge, their treatment
and combined techniques of struvite precipitation at experimental and full scale levels.

» Chemical characterization of the cheese production wastewater, and the sludge from
dairy wastewater treatment plant.

» Investigation and optimization of effect of potential interfering foreign ions during
struvite precipitation.

» Thermochemical treatment of dairy sludge through hydrothermal carbonization and P

recovery as struvite from HTC process water.
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Studying the chemically produced sludge with ferric coagulants for iron recycling along
with P purification to struvite.

Identification of the proper initial process conditions of pH and salts dosage in form of
mixing molar ratio (Ca:P, Mg:P, NH4":P), for struvite precipitation through
experimental design and multiple optimization models.

Evaluation of natural clinoptilolite zeolitic material as additives to combine struvite
precipitation and ammonium sorption.

Identification of physico-chemical interactions and P speciation through stoichiometry
study with accountability of dynamic equilibria in the systems

Evaluation of the quality of recovered product as fertilizer using kinetic models of
nutrients release through the in-vitro assays, and nutrients use efficiencies through in-
ViVO assays.

Establishment of economic effective model at full scale for valorisation of chemically

produced sludge for both P recovery and iron recycling

2. Methodology

2.1.Chemicals and apparatus

Chemicals

Ammonium chloride (NH,CI)*

Boric Acid

Calcium chloride anhydrous (CaCl,)*

Deionized water

Di-potassium phosphate (K;HPQO4)*
Hydrochloric acid (HCI, 36-38 %)

Hydrochloric acid analytical weigh for 0.1N
Hydrogen peroxide (H202, 30%)*

Magnesium chloride hexahydrate (MgCl, 6H,0)*

Magnesium sulfate heptahydrate a.g (MgSQO4
7H,0)

Supplier

Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
In-house made

Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A

Avantor Performance Materials Poland S.A

Avantor Performance Materials Poland S.A
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Mixed indicator for ammonium titration (green
bromocresol and methyl red)

Mixed Kjeldhal catalyst (K;SO4, CuSO4, Se,
FeSO4)

Multi-elements ICP standard

Nitric acid (HNOs, 65%)*

Oxalic acid (H2C>04)

Sodium hydroxide (NaOH)*

Sodium sufide (Na.S)

Sulphuric acid (H.SO., >95%)*
Equipment/Material/Instrument
Batch reactor beaker

Batch reactor stirrer

Batch reactor water bath

Weighing Balances

Cellulose syringe filters

Hydrogen electrode

Holes trial tray plate pot

ICP- OES

Laser diffraction particle size analyser
Microwave digestion system
Multifunction meter

pH meter

High pressure PARR reactor
Scanning electron microscopy

Sieve shakers

Stirrer

Test sieve

Water bath

Wattman filter papers

Water deionizer

X-ray diffraction (XRD) spectrometer

Batch reactor beaker

Avantor Performance Materials Poland S.A

Avantor Performance Materials Poland S.A

Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Avantor Performance Materials Poland S.A
Specification

Borosilicate glass (0.25,5,1 and 5L)
CAT-100, Germany

PLWC 35 S, Poland

Technical (up to 2100g) and Electronic (210g
max)
MCE (0.22 um, Whatman),

LE438 (METTLER TOLEDO)

32 holes, Walmat, USA

Vista MPX, Varian

LS I3 320, BECKMAN COULTER
(Start D, Milestone)

CX-705 Elemtron, Poland
FiveEasy Plus FEP20

7.5 L PARR 4545 reactor

SEM/Xe-PFIB Microscope FEI Helios, with
EDS detector

Gilson 8in Vibratory Sieve Shaker
CAT-100, Germany

Retsch-Allee 1-5, GmbH, Germany

PLWC 35S, Poland,

Avantor Performance Materials Poland S.A
Millipore Simplicity UV,Merck, Germany
Rigaku MiniFlex diffractometer,Japan

Borosilicate glass (0.25,0.5, 1,2 and 5L)
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2.2.Physico-chemical analysis

2.2.1. Liquid samples analysis

The pH measurements were made in accordance with the standard PN- 90/C- 045400/01, using
pH-meter with hydrogen electrode. In summary, the pH meter was calibrated with buffer
solutions of pH 4, 7, and 9. The amount of 100 cm?® of sample was put in 100 cm? high density
polyethylene bottle and measured directly with hydrogen electrode after proper cleaning with

de-ionized water.

Multi-elements analysis was done in accordance with the USEPA method 3051 and by using
inductively coupled plasma optical emission spectrometer with vertical plasma ICP-OES
(Vista MPX, Varian). The value of the concentration was measured in the range of the
calibration curve 0-1000 mg-dm= for P, alkaline and alkaline earth elements, while the
transition metals were calibrated to 0-100 mg-dm with a detection limit of 50 pg-dm for P
and up 300 pg-dm=in general for the other elements. Multi-elements Standard for ICP (Fluka)

solution with a concentration of 1000 mg-dm-was used to prepare the standard curve.

Nitrogen and ammonium nitrogen were analyzed in accordance with the standard EPA
method 350.1 with modification by Kjeldhal digestion and distillation followed by titration of
distilled ammonium nitrogen. In this case for total Kjeldhal nitrogen, the aliquot of liquid (0.2-
1g) was measured with electronic balance and mixed with 2g of mixt catalyst, and 10 cm? of
concentrated surfuric acid, followed by digestion using Kjeldhal digester until the total organic
matter is destroyed (digestate usually turned to greenish color). This confirms the conversion
of all protein nitrogen, and amines nitrogen to ammonium sulfate. The sodium hydroxide 30%
by mass is added in the digestion tube after cooling and distilled with Kjeldhal ammonium
distiller. For ammonium analysis only, an aliquot weight of sample was distilled in alkaline

conditions, collected in boric acid containing mixed indicator, and titrated with 0.1N HCI.
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Total carbon content were analyzed using macro combustion analyzer (Vario Macro Cube

elementary analyzer GmbH, made in Germany) for whey samples and HTC liquor.

2.2.2. Solid samples analysis

The solid samples were the dairy sludge, and the hydrochar and ash derived from HTC and
incineration process, and the obtained precipitation products. For all solid samples, the analysis
parameters were metals and non-metals. The multi-elemental analysis, total carbon, and
nitrogen analyses were conducted as described in section 2.2.1. Additional analysis parameters
were analyzed on precipitation products. These include microscopic and spectroscopic analysis

using nondestructive methods:

Phases analysis was conducted with X-ray diffraction (XRD) spectroscopy that consisted for
20 from 10 to 50° with 0.01° steps and 0.50 speeds using the Rigaku MiniFlex diffractometer
(Japan, Tokyo) with copper anticathode (A = 1.54 A) following standard method EN-13925.

The diffraction database was used for pattern phases identification.

Morphology and elemental mapping were analyzed with the scanning electron microscopy
SEM/Xe-PFIB (Microscope FEI Helios) following standard method ISO 22309:2011. The
microscope was equipped with an Energy-Dispersive X-ray Spectroscopy (EDS) with the
Silicon Drift Detector, which enables precise analysis of the elemental composition, with the

function of mapping the distribution of elements in the imaged micro-areas.

Particle size analysis was conducted with a laser diffraction particle size analyzer LS 13 320
(BECKMAN COULTER) equipped with a dry powder sample system, sonication control unit,

and personal computer.
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2.3. Materials and their preparation

2.3.1. Cheese wastewater preparation
Since chemical precipitation involves only dissolved inorganic P, all P forms in sample were
transformed into inorganic form where, to dissolve organic fraction of P. The wastewater was
electrochemically hydrolyzed under reflux with hydrogen peroxide and hydrochloric acid to

have 3% of pure H.O2 and 10% of concentrated HCI [44].

2.3.2. Sludge processing and liquor preparation

a. Hydrothermal carbonization of sludge

Dairy sludge was collected from the Arrabawn Company near Limerick (Ireland) and stored in
a refrigerator at 4 °C. The hydrothermal carbonization was performed using the 7.5 L PARR
4545 reactor. The sludge water content was 86% and a solution of 1% H>SO4 was added to
reach a pH of 2.2 as initial conditions. The reaction temperature was controlled and the time
needed by the heater to reach the set reaction temperature was 3h. At that point, the stirrer was
initiated at 25 rpm, and the temperature and pressure were monitored throughout the residence
time. After 2h, the reaction was terminated, and the reactor was left to cool down at ambient
temperature, whereas the gases were released into the fume hood. In further steps, after cooling,
the products were retrieved and the solid hydrochar was separated from the liquid portion
through filtration. The solid fraction was dried in the oven at 105°C for 24h and was subject of
study as STRUBIAS material for agricultural application, the work previously co-published by
(Shi et al., 2022).
b. Incinerated sludge ash preparation

The sludge incineration was done as per directive 2000/76/EC which aims at mitigating the
pollution by reducing emissions into air, soil, surface water and groundwater without
endangering human health and environment from incineration or co-incineration of wastes.
Under these guidelines, the combustion temperature is in the range of 850-1100 °C (Bontoux,

1999; European commission, 2000).
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In summary, the wet sludge was placed in a tray and dried in a fume hood for 7-10 days. After
drying was complete, sludge clumps were then ground to fine powder using a Retsch GM 200
mixer grinder for size reduction. Sludge fines hence obtained were then weighed in alumina
crucibles and placed in the muffle furnace (30-3000°C) for a specified time and temperature.

The parameters for incineration are shown in Table 4.

Table 4. Temperature settings during dairy sludge incineration

Temperature (°C) Time (hours) Objectives
0-250 1 Remove volatile matters
250-850 1 Heating up to set temperature
850 1 Maintaining the temperature

¢. Magnesite preparation

Magnesite is a mineral of magnesium carbonate with a chemical composition of MgCOs. It is
named after the abundance of magnesium in its composition. Magnesite ordinarily shapes amid
the change of magnesium-rich rocks or carbonate rocks by geochemical process such as
metamorphism or chemical weathering. The magnesite was collected from Kopalnia Wiry Sp.
zZ 0. 0., based in the village of Wirki, Poland. The rock was ground and sieved with 0.4 mm test
sieve and mixed with the dairy sludge ash without further treatment for further acidic leaching
and struvite precipitation from the ash.

d. Zeolitic material preparation
These are crystalline materials formed during tectonic movement as basaltic and volcanic
rocks. They are characterized with beautiful, very well-formed, and curious crystals with little
utility owing to the impossibility of obtaining commercially feasible deposits (Roque-
Malherbe, 2001). Nevertheless, these materials were appraised by several researches for
sorption capacities of cations. The general chemical formula of zeolites is
Myn[AlxSiyO2x+y)]-pH20 where M is (Na, K, Li) and/or (Ca, Mg, Ba, Sr), n is cation charge;
y/x = 1-6, p/x = 1-4 (Wang and Peng, 2010). One of the reported cation is ammonium, which
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clinoptilolite has high sorption capacity (Tang et al., 2020). The natural zeolite was
characterized for sorption properties as per referred work (Kotoulas et al., 2019). The zeolitic
material was obtained from a mineral deposit located in the Nizny Hrabovec, Slovakia. The
material consists of 74% clinoptilolite, 11% cristobalite, 6% plagioclase, 4% illite and smectite,
3% tridymite, 1% kaolinite and 1% quartz. Prior to experiments, the zeolite was sieved to
granulometric size of 0.16-0.25 mm and pre-treated to obtain homoionic Mg-form. It was done
in three cycles of contact with 3% MgCl. solution for an overnight, followed by washing with
deionized water. Then the material was dried at 105°C referring to existing works of (An et al.,
2016).
2.3.3. Phosphorus extraction

(a) P extraction and iron removal from HTC liquor

To decrease the level of iron in the liquor sample, oxalic acid was studied for P extraction and
iron removal from HTC liquor using a mimic solution (Elomaa et al., 2019). Different
concentrations (0.03, 0.061, 0.125, 0.1875, 0.25, and 0.375 mol-dm=) of oxalic acid were
evaluated. For the experiments where the pH failed to reach pH < 2 by the addition of extracting
acid, the hydrochloric acid 5M was added drop wise until the pH < 2. In fact, oxalic acid is a
diprotic acid with two different acidity constants (pKa: = 1.27 and pKaz = 4.66) (Gelb, 1971).
Below pH 2, this compound is in molecular and mono-protic ionic form, with the ability to
form less soluble salts of iron (I1) and calcium (11) oxalates. As the pH increases, the ionic form
of the acid becomes more predominant and decreases its removal by chelating the metal ions
in the supernatant. In addition to iron removal, the use of oxalic acid as an extracting solution
removes calcium to a high extent. Despite the enhanced advantage of struvite crystallization,
calcium is an important plant macronutrient and is worth keeping in the struvite product.
Therefore, sodium sulphide was assessed for selective iron removal using a similar range of
concentrations. The artificial solution mimicking HTC liquor was prepared in a 150 cm?®

borosilicate glass beaker together with NaxS concentration under a fume hood. Four millilitres
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of 5M HCI solution were added per 100 cm? sample volume to keep the pH less 2.5. The pH
adjustment was to favor the dissolution of P and to avoid the precipitation of acidic calcium
phosphate probable in the pH range from 4 to 6 (Mekmene et al., 2009). The mixture was
capped with parafilm paper and shaken at 20 rpm for 30 min, and settled for 2h for separation.

The supernatant was filtered using Wattman filter papers followed by elemental analysis.

(b) Sludge ash wet chemical extraction and precipitation

The ash and magnesite were mixed with the Mg:P molar ratio of 1.73, a ratio that was
determined experimentally. The extraction process used the method of RecoPhos technology
with some modification. RecoPhos proceeds with P dissolution using phosphoric acid followed
by precipitation. It adopts the industrial production of triple superphosphate by use sewage
sludge ash as phosphate rock substitute (Weigand et al., 2013a). In this work, the addition of
phosphoric acid had a double advantage including adjusting mole ratios of struvite inhibitors,
i.e (Ca + Fe): P to small value, and transform mineral phosphate rock under a generalized
formula of CasMgs(POs)s to soluble Calcium hydrogen phosphate (Ca(H2POas)2) and
Magnesium hydrogen phosphate (Mg(H2PO.)2). The additional acid was needed for efficient

dissolution of iron based P rich ash.

To increase the extraction efficiency, hydrochloric acid was added in the mixture as additional
extracting reagents. Thus phosphoric acid served as both (Ca+Fe):P mole ratio upgrade and as
extracting acid. Since the struvite precipitation from the ash involves wet chemical extraction,
this work supplemented the dairy sludge ash with magnesite as a cost free magnesium source.
The amount of 0.3g of dairy sludge ash was weighed and placed in test tube. Phosphoric acid
was added to different assays with different (Ca:Fe):P mole ratios. These were 1, 0.75, 0.5,
0.25, and 0.15 of (Cat+Fe):P mole ratios. For each test tube, the magnesium source was added

to a mole ratio of 1.73. Similarly, to the lower water solubility of the ash, the natural MgCO3
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ore is a hardly water soluble salt, but soluble in strong acidic conditions. The magnesite is
dissolved by reaction with acid which releases carbon dioxide gas:

Mg603 (s) + 2H+(aq) - Mgz+(aq) + HZO(Z) + COZ(Q)

H3PO4 +
HCl added |

NaOH + r
NH4+ added | Struvite
]
]

Figure 9. Steps configuration of combined wet chemical extraction and struvite precipitation

The initial volume was made to 5mL in each test tube with deionized water. The assay was
repeated with addition of hydrochloric acid to OM, 2M, and 4M concentrations with final
volume of 5, 6, and 8 mL, respectively. The stepwise of wet-chemical extraction and struvite
precipitation is described by the Figure 9.
2.4. Struvite precipitation experiments

The precipitation experiments were conducted in stirred batch reactors equipped with a 1L
beaker, water bath, and stirrer. The stirring speed was kept at 60 rpm, for 1h, at 22°C (Shaddel
et al., 2020b). The pH adjustment was done by the addition of NaOH 6M and monitored using
a multifunction meter. The molar ratio of Ca, Mg and NH4" to P were adjusted by adding the
pre-calculated quantity of their solution to samples to comply with molar ratio in design of

experiments. In this case, ammonium chloride (4 mol-kg™), dipotassium hydrogen phosphate
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(1 mol-kg™?), calcium chloride (1 mol-kg*) and magnesium sulfate (2 mol-kg™®) were used. For
the processed cheese wastewater, the 250 g of sample was brought to 400 g in reactor with
deionized water after all doses addition. The calculation procedures for addition of salts doses
available in supplementary material S. 1. The experimental set up of the used stirred batch

reactor system is indicated on the Figure 10.
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Figure 10. The batch reactor used in experimental determination of struvite precipitation

3. DATA ANALYSIS

3.1. Physico-chemical interactions

3.1.1. Proton transfer model

The estimation of the pH levels suitable for experimental investigation was based on sample
composition and common proton transfer equilibria of solution components using their acidity
constants found in other works (Barnes and Bowers, 2017; Loewenthal, R. E., 1994). The used
molar fraction and proton dependent speciation model (ai=f(H")) for proton acceptor species

in acid base equilibria is given by Eq. 1

39



[HH]""iKy..K;
[HT"OKy+[HH|" 1K +[HY]" 2K Ko+ +[HT |V K 1 Ky ... Ky

a; = Eq 1

Based on the molar fractions values, the pH suitable for struvite lattice ions saturation was

evaluated and used in experimental investigation.

3.1.2. Phosphates saturation and solution speciation

On stoichiometric point, the saturation index (SI) of possible P products was estimated from
concentration of components in solution based on ion pairing activity products and the
solubility products (Ksp) described in Eq.2

SI = loglAP — logKsp Eqg. 2
With 1AP, ion activity product, estimated by IAP = [I¥ a?* where a; is activity of iterative
ionic species i in relation to concentration and activity coefficient (ai = CiY’). The latter is
estimated by extended Debye-Htickel expression which involves ionic strength (), temperature
(T) and dielectric properties of the system (Baeza Baeza and Ramis-Ramos, 1996). The change
of a component activity follows the mass balance equation. In fact, the amount of a component
in a system remains constant regardless the undergone transformations (Marinoni et al., 2017).

Thus, the component conservation model (Eq. 3) is observed for P species in the solution.

TOT; = C; + X} v, ;G Eq.3

Where TOT;j is the total molal concentration of a component (j) involved in reactions; Cj, the
actual concentration in solution; and the sum of N molal concentrations (C;) of j binding species
with v, the stoichiometric coefficient that equals the number of moles of j present in one mole
of i" species. For thermodynamic dependence, the concentration was corrected to activity (a;).
The Eq.3 for a component leads to a stoichiometric matrix of formed species and their

components. The speciation takes into account the system’s electro-neutrality, acid-base
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equilibria, and ionic strength (Nancollas, G.H, Amjad, Z, and Koutsoukos, 1979). For the
accountability of all physical chemical interactions, the visual MinteQ v3.1 served in P
speciation, ion activity product (IAP) and saturation indices of sparingly soluble compounds
(Warmadewanthi et al., 2021). The summary of speciation with MINTEQ V3.1 is given in

Figure 11.

3.1.3. Precipitation thermodynamics
Thermodynamic parameters affecting the equilibrium were enclosed in the Gibbs energy of the

precipitation spontaneity described by Eq. 4 (Tao Zhang et al., 2010).

IAP

RT
AG = ~2.303"log(.) Eq. 4

Where AG is the the Gibbs free energy in KJ-mol™! for precipitation reaction, R is the ideal gas
constant (R = 8.31447-10 KJ-mol'K"!), T is the absolute temperature (295K), n is the number
of crystal lattice ions, IAP is ion activity product which is conditional solubility products
(IAP =[]~ a;) and K, solubility product; a; is activity of lattice ion standing for Anpss
apg2+, Apo3- for struvite. The activities are obtained from concentration of each component

corrected with activity coefficient in dependence of solution ionic strength. The equilibrium is
reached when AG = 0, spontaneous for precipitation when AG <0 , and under-saturation when
AG > 0. Considering the complexity of the feed sample, the molar balance of each lattice ion
component was estimated to find the real activity obtained as dependent to fraction («;) of the
total activity (a;) of the component (a; = «; - ar). The speciation analysis was done using
MINTEQ 3.1 (Figure 11). For the status of equilibrium, the total component influent quantity

was preliminary estimated to reach the minimum of P and ammonium.
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3.1.4.  Ammonium sorption study

Thus the discussion of the effect of zeolite on the process condition was described as extent to
which struvite thermodynamic equilibrium is reached. This effect was hypothetically caused
by ammonium sorption process. Therefore, the ion exchange of NH4" on Mg-clinoptilolite was
examined in batch mode experiments. A measured quantity of mineral (1 g) was added to 50
mL vials containing measured volume of NH4" solution (40 mL), in the range of 10-500 mg-kg’
! for a contact time of 24 h to reach the sorption equilibrium. Subsequently, samples were
decanted and filtered by using Whatman nylon filters with 0.45 um of pore size. The amount
(ge) in (meq.gt) adsorbed was calculated in terms of initial (Co) and equilibrium (Ce) NH4"
concentrations in (mg:dm), mass of mineral (m:) in (g), and NH4" solution volume (V) in

(dm?) as described by equation (Eq.5) (Choi et al., 2016).

qezw Eq5

mg,

For this study, the single ion solution of ammonium was used to find the equilibrium parameters
in batch experiments. In order to evaluate the effect of other ions on ammonium sorption, the
same equilibrium experiments were conducted on multi-components aqueous solution residue
from struvite precipitation with the same range of ammonium concentration. The sorption
experiments were additionally done on both raw and Mg-form of zeolitic material to assess
their effect on ammonium uptake. The summary of physical chemical parameters and

speciation is presented on Figure 11.
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Figure 11. Flow diagram of chemical speciation in MINTEQ software

3.2. Experimental design and optimization
3.2.1. Design of experiments

Experiments were conducted in three level experimental design with four factors. The number
N of experiments is generally obtained by N = n* with n, the number of levels (n = 3)
corresponding to low, middle and high levels coded by -1; 0; and +1, respectively; k stands for
the number of factors (k ) corresponding to pH, Mg:P, Ca:P molar ratios and NH4" doses. In
this research, reduced design was adopted to Box-Behnken design to reduce the number of
experiments to Eq.6

N=2k? — 2k + ¢, Eq. 6

with cp, center point replications (Polat and Sayan, 2019). For each experiment, the P recovery

was calculated from Eq. 7

RecP = 100 *( _%) Eq. 7
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With RecP as P recovery efficiency estimated as percentage of P removed after precipitation
process, Ci and Cr are the P concentration before and after precipitation experiment,
respectively.
Struvite production was evaluated as a fraction of ammonium content (X-NH4") in formed solid
(Capdevielle et al., 2013b). For struvite precipitation from the liquor, the efficiency of
ammonium removal by precipitation (RecN) and the ammonium sorption (ge) from
precipitation effluent were added on the yield parameters.

3.2.2 Experimental modelling
For both percentages of P recovery (X-Rec P) and struvite precipitation estimated
experimentally by ammonium content in precipitate (X-NH4+) (Capdevielle et al., 2013b),
least square models were studied Eq.,8
Y —Y =Y SSE Eq. 8
The polynomial models (Eq.9) with linear (xi), quadratic (xi?) and interaction (xix;) terms were
chosen (Numviyimana et al., 2019; Polat and Sayan, 2019). The parameters bo, bi, bii, bjj, and
e are intercept, linear, quadratic, interactions and error coefficients.
Y = by + X bix; + Nieq bux? + Nicj Xybijxi xj + e Eq. 9
Where two results (Yi) were fractions of P recovery (X-Rec P) and struvite formation (X-NH4™"),
while independent variables are the experimental factors of pH, Mg:P mole ratio, Ca:P mole
ratio and NH4" dose.

3.2.3 Models optimization
The optimization of experimental models, X-Rec P and X-NH4", was based on maximizing
desirability function, d(yi), described in Eg. 10 where Yi is a given specified response, L; is
lower boundary, T is the target response. Weight parameters, s, are found based on eigen

vectors of each response matrix (John, 2013; Varala et al., 2016). With the same response
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importance, the overall desirability D is obtained as geometric mean of each response

desirability d; in optimization process (Eq. 11).

N

dwiy = (""ryp ) Eq. 10
D = (dy dy dy..dy)/n = ([Iy dy) / Eq. 11
The closer to unit are di, the maximum will be D; otherwise any null di makes null overall
desirability (Loewenthal, R. E., 1994).
3.2.4. Precipitation kinetics

The kinetic of struvite crystallization intends to highlights effects of process conditions such
as reaction time, and raw materials on crystallization parameters including precipitation rate.
Precipitation kinetic was based on monitoring the variation of crystal lattice components
concentration in function of time (Musvoto et al., 2000), while crystallization base on variation
of crystals parameters in function of time. The struvite precipitation kinetic was studied as
variation of concentration of reactant in function of time (Eqg.12). Various researches use the
variation of magnesium concentration (Rahman et al., 2014; Shaddel et al., 2020a), ammonium

(Kazadi Mbamba et al., 2015b), or phosphate.
r=—dC/dt = k(C — C,)* Eq. 12

With r, crystallization rate in mol.kgt.s, C and Ce are concentration at any time and at
equilibrium, respectively; k the rate constant in s determined experimentally; x the order of

reaction. The magnesium was used as struvite lattice ion for kinetic study (a; = ay42+). The
C, was estimated as solubility based on struvite solubility product according to reaction:
MgNH,PO, === Mg{s,y + NH{ 4 + POy

At equilibrium, the solubility of struvite involves the equimolar amount of lattice components.

Thus the Ce was estimated at equilibrium based on the Eq.13.

Ce = (Kspstruvite)l/zvi Eq. 13
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The obtained integrated kinetic model from Eq.12 is demonstrated from Eq. 14 to Eq. 15

cC 1 t
Jo zmgde = = [, kat Eq. 14
CCe _ gkt Eq. 15
Ci—Ce

One can extend the obtained kinetic model with different quantitative parameters where
concentration or activity can be expressed in function of time as per Eq.16.

Cugzr = (Comgzr — Comgzr)e ™™ + Cypygov Eq. 16
with Cy, 42+, the concentration of magnesium at a given time of precipitation process; C; y 52+,
the initial concentration parameter from the kinetic model; C, )42+, the equilibrium
concentration of magnesium.

For thermodynamic corrections, the concentration was corrected to activity (a) by
multiplication with activity coefficient (y;), where activity coefficient is calculated using
extended Debye-Huckel relations involving ionic strength (1), and parameter A that depends on
dielectric constant (&), and the temperature (T). The dielectric constant is matrix dependent,
which, in aqueous solutions, is water dependent. The used temperature dependence of dielectric
constant was studied by (Malmberg and Maryott, 1956). The concentration correction to

activity is summarized in Eq. 17-22

a; = Cyy; Eq.17 || :% nLZEC Eqg. 18
VI £ = 87.74 — 0.4008t + 9.398(10~*)t% —
logy; = —AZ?*(——=+ BI Eq. 19
g Gy T BD 14100079 Eq. 21

(B=0.3 for Davis expression i.e 0<I<0.3) | \yhere t is the temperature in °C, an experimental

model of Marberg et al.
Or

logy; = —AZAI Eq. 20
(Debye-Huckel expression 0.4 < | <1)
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A =1.82x10° % () 3/2 Eq. 22

The validity of ionic strength for model correction is 0<1<1M (Barnes and Bowers, 2017;

Solon et al., 2015). The thermodynamic correction of solubility product was done using

enthalpy constant van’t Hoff relation (Eq. 23) and (Eq. 24log % =3 3?12136 - (Tl — Ti)
1 . 1 2

Eq. 24) (Solon et al., 2015)

ky _AH (11
lnk—l— R (T1 Tz) Eq.23
kp _ AH (1 1
lng—l T 2302xR (T1 Tz) Eq.24

With k; and k2, the solubility product at absolute temperatures T1 and T2, respectively, and R,
the ideal gas constant (R = 8.31447 x 102 KJ-mol1.K™). The struvite Ksp values
(Kspstruite=10"32%), at standard temperature (T = 298K) and standard enthalpy AH" =25.7 kJ

mol were obtained from MINTEQ database and literature (Zhang et al., 2016), respectively.

3.3. Fertilizer quality

3.3.1. In-vitro nutrient release kinetic

The data obtained from experimental essay of product quality as a fertilizer in citric acid were
studied as kinetic process. In this case, the release of nutrients in function of time were fitted
to dissolution kinetic models (Bruschi, 2015). The latter are diffusion dependent as described

in Eq.25

Cs—C
_dC/dtz (Cs )/5 Eq. 25
Where dc/dt is the variation of dissolved concentration over the change of time, Cs is the
saturation concentration, C is the concentration at time t, and d the thickness of solid-liquid

interface diffusion layer. The negative sign applied to the normal diffusion law is due to the
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change of flux direction where the monitoring of concentration was done from lower to high
values, a concept of backward diffusion (Dung and Van Thien, 2014). The Eq. 25 is changed
to rate constant (k) Eq. 26 which integration from 0 to C in time from the beginning (0 minute)
to time t gives an exponential function (Eq.27).

—dC/ . =k(Cs—C) Eq. 26

C=Cs(1—e k) Eq. 27

To assess the time required to reach a fraction X of saturation Cs, Eq. 27 is adapted to time constant
(t) expression (EQ.28). The latter marks the beginning of first order model in nutrient release.
C=Cs(1—e ") Eq. 28

In fact, Eq. 28 considers the faster release in first step with limited time to saturation Cs and
slow in second step (-dC/dt = 1/z * C) where the first order process starts to be counted (Scholz
and Scholz, 2014). The concentration of dissolved nutrients varies with time, where the time
(tx) required to have C as fraction X of Cs can be estimated from Eq. 28 to Eq.29.

t, =—tin(l—X) Eq. 29

With tx in minutes, and X as a fraction number ranging from 0 to 1.

Therefore, tgo was used to assess the time required for a product to reach 80 % of the maximum
nutrient release and played a role in comparative evaluation of struvite production under this
study and chemical precipitation used in wastewater treatment plants. The same kinetic models
were applied in wet chemical extraction of ash to assess the best time for ash and magnesite
mineral dissolution.

The kinetic parameters were estimated by rate constant and time constant exponential growth
functions in originPro 2019. The summary of data analysis and softwares for investigation of

process conditions, kinetic of nutrient release, and crystallization is presented in Figure 12.
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Figure 12. Stepwise flow chat of experimental model parameters

3.3.2. In-vivo assay

A germination test was conducted on cucumbers (Cornichon de Paris) using a non-fertilized
humic soil with a high content of organic matter. The soil and struvite dose was suggested in
other work (Ramprasad et al., 2020). In this experiment, 0.2 g of struvite product was used per
35 g of soil in which one seed was placed. The illumination was controlled by an ultraviolet
lamp and the plant watering was done daily after 24 h. The germinated seeds were counted
after one week and the germination rate was calculated as a percentage of germinated seeds on
the placed seeds. The nutrient use efficiency parameters were studied as per Baligar et al.
(2001). These include nutrient efficiency ratio (NER) defined as the mass units’ ratio of total
plant yield to nutrient content; physiological efficiency (PE) defined as the yield mass on

nutrient uptake for a fertilized trial after subtraction of control results; agronomic efficiency
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(AE) defined as the additional amount of economic vyield, i.e., yield minus control per unit
nutrient applied (my), and apparent nutrient recovery efficiency (ANR) used to reflect plant
ability to acquire applied nutrients from soil (Baligar et al., 2001). Those aforementioned

nutrient use efficiencies are calculated using Eq.30-33

NER = Ci Eq. 30
PE = 2r=¥c Eq. 31
Cir—Cic
AE = EYe Eq. 32
mg
ANR =~ x100 Eq. 33
mg

With Y, the yield in kg; Ci, the mass content in kg of nutrient in biomass tissues; Yr, Yc, the
yield in kg for fertilized and control trials, respectively; Ci,r, and Ci,c are the nutrient uptake in

kg for fertilized and control trials, respectively; m,, amount of nutrient applied.

3.4. Economic model of struvite production

The cost-effectiveness of the P recovery configuration was determined after Bashar et al (2019)

using the Eq. 34 (Bashar et al., 2018):

CE, = TPA—;: Eq. 34
where CEx is the cost effectiveness in USD or €/kg P removed; TACx is the total production
cost (USD or €/kg of struvite); PEk, the total amount of P recovered (Kg). The TACx was made
by capital annual investment cost (CA), and maintenance and operational cost (COM) and
estimated by Eq. 35.

TAC, = CA + COM Eq. 35

The estimation of CA was done according to Ostara Pearl fluidized bed reactor systems as
estimated by (Seymour, 2009). This served in estimation of the cost of alkali, magnesium salt,
energy, maintenance, and dumping. The CEx parameters were calculated by adopting the

Pearl® Fluidized Bed Reactors as described in their works (OSTARA, 2018), and the process
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conditions and salts dosage obtained at laboratory scale. Further mass, energy and operational

costs related formula are given in supplementary S. 8

3.5. Infographic of experimental methodology

Dairy wastes sampling

Hydrothermal
Carbonization

P extraction
and Fe removal

- | |
Business model of struvite from HTC
ludge liquor

Production model
Yield estimation
Cost and economic evaluation

Product and market prices

Figure 13. Summary of experimental methodology
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4. RESULTS AND DISCUSSION
4.1. Phosphorus recovery from cheese production wastewater
4.1.1. Characterization of cheese production wastewater
The physicochemical analysis of two samples of cheese production wastewater used in in this
study is given in Figure 14. The samples are labeled as S1 and S2 representing different sites
of samples collection which are the District Dairy Cooperative in Krzepice, Poland and at the

Sery Lutomierskie (Poland) cheese producing cooperative, respectively.

2-10., 10
<2,2

MP ®MCa MN MNa WK ENH4+ H100-300 ®10-100 ®2-10. E<2

Na, 488.39 2-10.,10

<2,2

MP HMCa MN MNa HK ENH4+ H100-300 ®10-100 ®2-10. E<2

Figure 14: The elemental composition (in mg.kg™?) of wastewater from dairy process: Sland
S2
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The pH values were 4.35 and 4.34, while the total carbon content were 1.8 % and 3.3% for S1
and S2, respectively. Considering the elemental concentration in different used samples, they
show higher concentration of P than accepted limit for wastewater discharge. It should be
treated and contain 2 mg-kg* P at most, the range recommended by Food and Agriculture
Organization (FAO) being 0-2 mg-kg? (Almuktar et al., 2018). Trace elements were
considered as Zn, Tl, Si, B, Sb, Mo, Ba, Ti, Ag, Mn, Al. Their concentrations were between
0.01 and 2.6 mg-kg™. Heavy metals were assessed including cadmium (0.002 mg-kg™), lead
(1.08 mg-kg™) and chromium (0.204 mg-kg?). Other metals as As, Be, Co, Cu, Fe, Ni, Se, and
V were below limit of detection. The levels of heavy metals are low and the wastewater can be

used in nutrients recycling (Mansourri and Madani, 2016).

4.1.2. The pH and foreign ions effects on struvite precipitation

a. Effect of pH
The speciation of proton transfer species in function of pH for estimation of best experimental

range is depicted on Figure 15. This estimation of the pH range for experiments was based on
sample composition and common proton transfer equilibria of solution components using their
acidity constants. These include major conjugate acid-base pairs such as (i) phosphate
conjugate pairs: HsPO4/H,POs  (pK=2.15); H.PO4/HPO4s* (pK=7.20); HPO4*/PO*
(pK=12.0), (ii) sulfate: H,SO4/HSO4 (pK = -1.98); HSO4/S0+* (pK=1.55), (iii) carbonate:
CO2/H,CO3 (pK=1.47); H,CO3/HCOs (pK = 6.35); HCOz /COs%(pK=10.3), and (iv)
ammonia pair: NH4*/NH3 (pK = 9.25) (Barnes and Bowers, 2017; Loewenthal, R. E., 1994).
In that regard, good conditions are alkaline with experimental pH conditions of 8-11. Under
these conditions, ammonium and HPO4? are predominant with10-90 % of molar fraction in pH
range 7.5-10, while PO4* is predominant at 7-80% in pH range of 11-13. Thus, alkaline pH

enhances supersaturation of phosphate salts.
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Figure 15. Molar fraction in co-logarithmic scale for potential proton transferring species in
function of pH

b. Effects of foreign ions

In light of the elemental composition of sample S1, calcium, potassium, and ammonium have
higher molal concentration than P. To find the SI for P products to be formed with phosphate,
only elements with the concentration higher than 0.1 mmol-kg* were used, while those equal
or below 0.1 mmol-kg™* were considered as traces. The latter have molar ratio on P near to zero

thus with negligible contribution in phosphate precipitation. The obtained Sl values in relation

to phosphate are presented in Table 5.

Table 5. Stoichiometric matrix of phosphate with its possible salts and related saturation
indices (SI).

Solid species Components log IAP SI
K* H* Ca?* Mg?* NHst POs& H20

MgHPO,-3H20¢) 1 1 1 3 -18.75 -0.58
K-struvite 1 1 1 6 -10.78 0.22
CaHPO4-2H,0¢) 1 1 1 2 -18.24 0.76
Mgs(POa4)2s) 3 2 -22.37 0.91
CaHP Oy 1 1 1 -18.22 1.05
Struvite 1 1 1 6 -11.23 2.03
Caz(POa)2 3 2 -20.85 8.07
CasH(PO4)3-3H20(s) 1 4 3 3 -39.10 8.86
Hydroxyapatite -1 5 3 1 -23.48 20.85
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Considering the obtained Sl, calcium and magnesium are the main phosphate salts with positive
Sl thus possibility of co-precipitation. The calcium phosphate salts have higher SI than struvite.
This suggests possible inhibition of struvite precipitation. Thus optimizing struvite precursors
in reactor is the main way of overcoming more stable calcium phosphate precipitates. Based
on acid-base equilibrium model results (Figure 15) and a three level experimental design, Eq.
6, the pH range for experimental investigation of effects were chosen and studied using sample

S1 (cheese wastewater) after thermochemical treatment.

c. Minimizing effects of foreign ions

The design of experiments on cheese wastewater aimed to find the optimum requirements of
overcoming the effect of calcium and enhance struvite precipitation at high concentration. The
used factors levels were the lower level (-1) corresponding to 8, 0.5, 0.25 and 1.5; the middle
level (0) was 9.5, 1, 0.625 and 2; while the high level (+1) was 11, 1.5, 1, and 3 for pH, M:P,
Ca:P, and ammonium excess, respectively. The experimental design matrix and the run yield
are presented in supplementary data S. 2.

All factors were linearly significant in P recovery and struvite precipitation (p < 0.05). By
model reduction, the significant interactions (p < 0.1) included pH-(Ca:P) for P recovery
(Figure 16a) where the increase of both pH and Ca:P enhances P recovery, while the latter
factor decreased significantly struvite production (Figure 16b). The additional interaction of
pH-(Mg:P) was significant in struvite formation. In fact, the increase of pH with increasing of
Mg:P and Ca:P molar ratio enhances P recovery. The detailed analysis of variances of quadratic

models is given in supplement S. 3.
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Figure 16. Highlight of factors interactions on P recovery (a) and struvite precipitation (b).

To maximize struvite precipitation, the optimum level of Ca:P mole ratio is needed to be lower
than 0.25 while pH keep at 8.3. However, the conditions that maximize both P and struvite
precipitation were obtained at pH 8.9. These were achieved with desirability D = 0.995. More
factors optimization related to minimizing of effect of foreign ions are given in supplementary
S. 4. Calcium effect had been pointed out in several researches where its high level favors
precipitation of its salts including calcium phosphate (Cas(POs)2, Ksp = 2.07- 03%),
hydroxyapatite (Cas(PO4)sOH, Ksp = 2.1-108), octacalcium phosphate (CagHz(PQ4)s -5H20,

Ksp = 1.12:10®), and dicalcium phosphate (Bell et al., 1978; Kazadi Mbamba et al., 2015a).
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Thus, from cheese wastewater, the calcium at higher molal concentration than magnesium
remains the main phosphate counterion with high precipitation potential to inhibit struvite (Ksp
=10"12%) in non-optimized conditions (Huchzermeier and Tao, 2012). This is in agreement with
previous researches where, for example, Wang et al. studied the effect of ion molar ratios in P
removal: calcium increased the P recovery with adverse effect on fertilizer quality (Wang et
al., 2005). In the published research related to this work, the in-vitro nutrient release was lower
for product of precipitation with higher mole ratio Ca:P in feed reactor while it was effective

under optimized lower Ca:P mole conditions (Numviyimana et al., 2020).

4.1.3. Struvite precipitation with ammonium sorption onto natural zeolites
a. Ammonium sorption isotherms
Figure 17 represent the equilibrium results obtained for NH4* sorption from synthetic (one-
component) solution onto raw and Mg-form of clinoptilolite. The study for multi-ionic solution
was conducted by usage of cheese production wastewater (S2). The analysis of the
experimental isotherms identifies that the efficiency of NH4* uptake follows the order: homo-
ionic form (Mg-Z) > non-modified zeolite (Z-single) > from multi-ionic solution (Z-multi) on

raw zeolite. The values of maximum sorption capacity (Qm) follow the same order

0.48>0.42>0.10 meq-g!, respectively.

The elemental analysis of the Mg-form and raw zeolite with XRF are presented in Table 6 and
their SEM-EDS results are presented in Figure 18. It is identified that magnesium partially
substituted exchangeable ions in the zeolitic stricture. It can result from structural imperfection
which probably makes some active (exchangeable) sites unavailable for Mg?* ions. Contact of
the homoionic form of zeolite with the NH4* solution resulted in ammonium uptake mainly via

ion exchange reaction Mg?*/NH." as well as adsorption.
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Figure 17. Ammonium sorption isotherms

In raw zeolite case, other ion exchange reactions (Ca?*/NH4*, K*/NH4*, Na*/NH4") occur
simultaneously and ions of Ca?*, K*, and Na* are released to the crystallization reactor. Almost
five times lower efficiency of NH4" uptake obtained for multi-ionic solution results from
competitive sorption of other cations (Na*, K*, Ca®") present in the mixture. They took up some

parts of the ion exchange sites available for NH4* on the zeolite surface.

Table 6. XRF characteristic results for row activated (z-Mg) and raw zeolites and after

ammonium contact.

Z-Mg raw after NH4+* contact
Compound m/m% m/m% m/m%
SiO, 64.22 68.30 59.53
Al,O3 8.39 14.28 8.01
K20 8.33 4.77 11.45
CaOo 7.65 6.33 9.94
Fe203 4,96 2.70 4.90
P.Os 4.87 2.74 4.22
BaO 0.55 0.34 0.51
TiO, 0.29 0.26 0.30
MgO 0.27 - 0.25
SrO 0.11 0.07 0.10
Zr0; 0.09 0.06 0.08
C0304 0.04 0.01 -
ZnO 0.01 0.01 0.01
CuO 0.01 - -
PbO 0.01 - -
MnO 0.11 0.10 0.06
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The obtained XRF results are in agreement with other works (Holub et al., 2013). They
highlight the characteristics of Clinoptilolite which alumino-silicates are the major
components. Although the main sorption of Mg occurs onto internal porosity of zeolite, the
SEM-EDS at randomly chosen surface indicates higher magnesium on the surface of modified

zeolite (Figure 1b) than the non-treated zeolite as shown on Figure 18a.

(a)

1200 Si
» | Element | Mass [%] | Mass norm [%] | Atom [%]
8- Carbon 3.20 3.31 5.62
900 Oxygen 41.40 42.85 54.52
Aluminum 5.94 6.15 4.64
Silicon 38.57 39.92 28.93
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| Magnesium| 0.39 0.41 0.34
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Figure 18. SEM-EDS of zeolite and magnesium mapping (a) Non treated; (b) activated Mg-
form.

b. Thermodynamic aspect
The zeolite effect on equilibrium was assessed based on supersaturation ratio with
accountability of struvite precursors species at equilibrium. The data presented in Table 7,
represent the speciation and indicated different species such as Mg?*, MgCI*, and MgOH"*
which were used to constitute the active molar fraction of magnesium (Stolzenburg et al.,
2015); NH4" and NHs to constitute the ammonium molar fraction (Ronteltap et al., 2007); while

PO4*, HPO4* and H,POy to find the molar fraction of orthophosphate as struvite precursors.
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Table 7. Stoichiometric matrix of struvite components and species molar fractions at
equilibrium of different experiments.

Mg?* NH4* PO Na* K* Ca?** H* COs* H,O CI' GA GAZ DA DAZ

a; (%0)

Mg Mg 1 46.72 50.43 51.53 51.52
Mg.CO5* 2 1 508 532 139 1.39
MgOH* -1 0.05 0.06 0.06 0.06
MgCI* 1 1 1474 1587 16.59 16.60
MgHPO;, (aq) 1 002 0.05 020 0.18
MgCOs (aq) 1 23.38 19.81 21.23 21.25
MgHCO3* 1 1 1 10.01 847 899 9.00

POs3 PO43 1 0.07 0.06 0.09 0.09
HPO,42 1 1 36.20 3159 48.06 48.13
H.PO4 1 2 023 020 030 0.30
MgPOy4 1 141 152 057 057
MgHPO. (ag) 1 1 1 3356 36.34 1381 13.84
CaHPO, (aq) 1 1 1 092 226 081 082
CaPOy4 1 1 3.40 8.37 298 2.98
NaHPO, 11 1 18.09 14.46 2512 2502
KHPO4 1 1 1 468 4.09 6.18 6.19
K:HPO (aq) 1 2 026 022 034 034
KHzPO (aq) 1 1 001 001 002 002
KPO4? 1 1 0.02 0.02 0.02 0.02
Na:HPO, (aq) 1 2 106 077 154 153
Na PO 1 2 0.03 0.02 0.04 0.04
NaH2POs ag 11 003 003 005 005
NaPO,? 1 1 0.04 0.04 006 0.06

NHs* NH4* 1 76.31 76.23 76.12 76.12
NH: (aq) 1 1 23.65 23.66 23.85 23.85
CaNH;* 1 1 0.04 0.11 0.03 0.03

I (M) 0.36 035 032 0.32

AG (Kj-mol?) 587 -542 -9.66 -9.56

The IAP and AG demonstrated the difference for experiments upon zeolite addition. There is a
slight change of AG, which is due to quantitative expressions involved in estimation of
thermodynamic parameters. In fact, the effect of 10 mg kg™ encountered by zeolite addition
enhances the change of struvite spontaneity of up to -0.4 and -0.11 KJ mol™* for the molar ratios
estimated from GA to GAZ, and DA to DAZ experiments in Table 7, respectively. The AG in
Table 7 highlights the enhanced trend to equilibrium energy (AG = 0) due to addition of zeolite.

The more positive effect is found on final ammonium concentration in the effluent. For P and

60



ammonium, the effluent concentrations at equilibrium fell from 444.79 to 4.21 mg.dm™ and
1869 to 84.60 7.63 mgkgl, respectively. The ammonium recovery was enhanced to 97.44
percent by adding zeolite up to 1.5 percent of the reaction volume. The applied dose from the
gradient descent precipitation supplemented with zeolite enhanced the equilibrium ammonium
drop from 84.4 to 48.7 7.63 mg.dm, while P remained significantly low at 4.23 mg.dm,
highlighting natural zeolite's ammonium sorption capacity. This is an advantage in mitigation
of the environment pollution caused by excess of ammonium in struvite precipitation effluent.
Furthermore, in the related published work, the clinoptilolite formulation with struvite was
effective in the increase of crop yield. The in-vivo study indicated that the struvite combined
with zeolite is a good formulation which improved the plant harvest dry biomass of cucumber

sprout up to the double of the trials without zeolite (Numviyimana et al., 2021).

4.1.4. Summarization of phosphorus recovery from cheese production wastewater

The concentration of P in the used cheese production wastewater is higher than recommended

limit of wastewater discharge to environment. The limit of P in wastewater discharge was

reported to be in range of 0-2 mg-L™ (Almuktar et al., 2018). Along with P, calcium is a

predominant multivalent cation and exhibits high precipitation potential with phosphate. Thus,
calcium phosphates can precipitate especially in alkaline conditions (pH > 7). To mitigate it, it
would be necessary to minimize the effects of calcium to a mole ratio of Ca?*:PO4* below 0.25.
These are the conditions that enhanced the struvite product quality as fertilizer (Wang et al.,
2005). As was identified in p. 4.1.2, higher mole ratio level decreases the struvite precipitation
potential even in the presence of excess of Mg and NH4*. An effective tool to optimize the

conditions for this process (maximize the P recovery and struvite yield) is desirability function
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which allowed for obtaining the optimum molar ratio of Ca:P and the pH conditions for struvite
precipitation without inhibition.

Another important approach to favor the struvite production quality is the combination of
struvite precipitation and ammonium sorption onto clinoptilolite. This helped to reach the lower
levels of P and ammonium in the precipitation effluent. The usage of homoinic form of zeolite
not only allow achievement of higher efficiency of NH4* removal but also avoiding Ca?*, Na*,
and K*, release to reaction solution (Section 4.1.3a ). In opposite, the release of Mg?* from
homoionic form of zeolite is an additional source of struvite crystal lattice ion. The estimated
AG values closer to 0 further confirms the process improvement (Table 7). On the other hand,
the combination of precipitation process with sorption one allowed obtaining a fertilizer
consisting of struvite and zeolite saturated with NH4" ions. This demonstrated a better effect on
plant in-vivo assay where the dry mass of sprout was double to the material without zeolite
(Numviyimana et al., 2021). On some crops such as straw berry, the effects on the plant, fruit
quality, prokaryotic abundances, and relative abundance of bacterial and archaeal functional
genes associated to nitrification improved when the ammonium-enriched zeolites were applied
as fertilizer to strawberry plants and positively impacted bacterial nitrification. Natural zeolites
are proved to have significant sorption characteristics and to be an effective carrier of nitrogen

to plants (Costamagna et al., 2020).

4.2. Phosphorus recovery from thermochemically processed sludge

4.2.1. Characterization of sludge and their thermo-chemical processing products

The physicochemical analysis of three samples used in in this study in given in Figure 19 and
the related data are presented in supplementary S. 5. These represent the characterization of
sludge (S3), the hydrochar (S4) and the liquor (S5) obtaine after HTC process, as well as the

incinarated sludge ash (S6).
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Figure 19. Elemental composition of the sludge (S3) in mg.kg™, hydrochar (S4) in mg.kg?,
HTC liquor (S5) in mg.Kg?, and ash (S6) in %.
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The comparison of the graphs on Figure 19 indicates significant difference in the quantitative
compositions of analysed samples. Firstly, the concentration of P is higher in the sludge than
in the wastewater. This highlights the benefits of P accumulation process used in wastewater
treatment. Secondly, the use of iron coagulants, makes its concentration becoming very high
in the sudge. Upon thermochemical treatment, the concentration varies in each fraction yield
compared to feed sludge. The small fraction of metal ions dissolved in the liquid phase (S5)
compared to sludge (S3), can results from multivalent metal ions immobilization in hydrochar
(S4). Such partition occurs due to the spontaneous binding of these metals with orthophosphate
in the solution to form less soluble salts. For calcium, iron, and P, the dissolution rates in the
liquor were 11.25%, 7.02%, and 7.9%, respectively. This indicates their accumulation in
hydrochar following the supersaturation of their phosphate salts.

The observed elemental partition matches up with the previous research, which found that iron
and calcium phosphate were formed in hydrochar following their high content in HTC
feedstock (Atallah et al., 2019). Despite the low dissolution rate, the concentration of P in HTC
liquor was still high and made it a nutrient rich aqueous mixture for the recovery through

precipitation process.

4.2.2. Phosphorus species in the liquor

The phosphorus species in the liquor estimated as per Eq. 5 are presented in Table 8. The results
indicate that FeHPO, and FeH,PO4" are the predominant phosphate species in the liquor, with
45 and 15% molar fraction of total phosphorus, respectively. Their preeminence is enhanced
by high iron concentration and the pH conditions. At pH 6.96 of the liquor, the H.PO4 and

HPO.% species are the predominant forms of phosphate.
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Table 8. Stoichiometric speciation of phosphorus in the liquor

Species Components Fraction
POs H* Zn* AP+ K* Mg?* Ca** Fe* %
HPO4* 1 1 9.50
HoPO4 1 2 14.31
FeH:PO4* 1 2 1 15.46
FeHPO4 (aq) 1 1 1 45.05
MgHPO4 (aq) 1 1 1 1.13
CaHPO4 (aq) 1 1 1 8.44
CaPOs 1 1 0.30
CaHoPO4* 1 2 1 1.14
KHPO4 1 1 1 2.96
AIHPO,* 1 1 1 0.69
ZnHPO4 (ag) 1 1 1 0.02
K2HPO4 (aq) 1 1 2 0.17
KH2PO4 (aq) 1 2 1 0.85

Considering the Sl values of phosphate salts estimated at pH 9, the results show high Sl for
calcium and iron phosphate salts due to their high precipitation potential and the high
concentration of P in the sample (Table 9). The salts of prompt recovery at pH 9 are presented
in Table 9 with their SI. The iron precipitates as vivianite (SI = 19.6), while struvite lattice ions

are in low concentration in the liquor and their precipitation is at a trace level.

Table 9. Stoichiometric matrix of possible phosphate salts in HTC liquor and their SI

Possible salts Components HTC liquor
AlF* POs> NHsf Mg* Ca* K*'* Fe H'* H,O loglAP SI

Cas(PO4)2 2 3 -19.64  9.28
CasH(PO4)3:3H20(s) 3 4 1 3 -37.15 10.80
CaHPO4(s) 1 1 1 -17.41 1.87
CaHPO4:2H20(s) 1 1 1 2 -17.47 1.53
Hydroxyapatite 3 5 101 -21.91 22.42
K-struvite 1 1 1 6 -10.36 0.64
Mgs(PO4),(s) 2 3 3 -21.90 1.38
MgHPO4:3H,0(s) 1 1 1 3 -18.25 -0.08
Struvite 1 1 1 6 -9.84 3.42
Variscite 1 1 2 -20.61 1.46
Vivianite 2 3 8 -18.13 19.63

According to Table 9, ammonium precipitates only as struvite and its fraction (X-NH4") in the

formed product was used to assess the struvite precipitation efficiency. In this regard, further
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steps studied process conditions of iron removal by P extraction and proper dosage of struvite

precursor salts.

4.2.3. Phosphorus extraction and iron removal efficiencies

To overcome the complexity of the HTC liquor for struvite precipitation and the product purity,
the extraction methods were studied. Oxalic acid was effective to extract P and settle iron and
calcium in as their oxalate salts precipitate. The extract underwent the precipitation process
after substrate dose optimization. Since the ammonium effluent concentration has a regulated
threshold, the natural clinoptilolite was used for ammonium sorption in the struvite
precipitation effluent. The extraction using oxalic acid indicated the effect of solvent
concentration on removal efficiency (RE). The use of 0.375 mol-L™ solution of oxalic acid
decreased iron concentration from 9033 to 1209 mg-L* (i.e. up to 86.6 % RE); whereas calcium
concentration decreased from 5538 to 342 mg-L? (i.e. up to 93.82% RE). In contrast, the
phosphorus level did not change significantly. The latter decreased only by 13.4%. This P
decrease in the extract can be due to sorption by calcium and iron oxalates precipitates
(Dalahmeh et al., 2020). On the other hand, the use of sodium sulphide was not effective for
iron removal. At the same concentration of extracting agent of 0.375 mol-L™, the iron RE was
only 23%. The main reason is the formation and evolution of hydrogen sulphide gas by
hydrolysis of sodium sulphide. This phenomenon is caused by pH adjustment to a lower level
(< 2.5) to favor P dissolution and to inhibit its precipitation into dicalcium phosphate salts. As
pH is lowered by the addition of strong acid, the formed weak and volatile sulphide acid
evolves and causes a decrease in iron (1) sulphide precipitation. In addition, the use of sodium
sulphide as an extraction solution requires careful handling with sophisticated installation due
to the generation of odors by its hydrolysis: S?~ + H,0 < H,S + OH™. The results for
concentrations of extracting solutions in the range of 0.03-0.375 mol-L ! and the variation of

66



iron and calcium RE are shown in Figure 20. Therefore, the struvite inhibition was mitigated

through extraction using oxalic acid as the extracting solution. The oxalic acid 0.375 mol-L*

was used in further experiments.
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(a) and sodium sulfide (b).
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4.2.4. Precipitation and related DOE results

Upon immediate precipitation at pH 9 without additional salt, the obtained product has a high
content of calcium, iron, and phosphorus. This is due to the precipitation of amorphous calcium
phosphate and vivianite. During this process, the P removal was up to 97.50 and 99.96% by
experiments done with real and artificial solutions, respectively. Such removal efficiency
highlights the ability of phosphate to form less soluble salts with a number of di- and tri-valent
metals (see products a and a” in Table 9). In fact, the high iron level in the obtained product is

restricted to the European market for phosphate fertilizer.

The aim of extraction and DOE application was to extract phosphate, decrease iron and find
the proper salt dosage to mitigate the negative effect of liquor composition on product quality.
Up to 15 experiments were conducted for each mimic solution of the sample and the extract
(Table 10). Nevertheless, due to the quality of final products in regards to fertilizer market
(section 4.3), it was mandatory to remove iron in prior of any optimization. Calcium was also

decreased along with iron while P passed in supernatant.

Under experimental investigation, the pH, magnesium, and nitrogen feedstock dosage
demonstrated their significant effects (p < 0.05) on RecP, X-NHs", RecN, and Qe. The
experimental relationships were fitted with a determination coefficient better than 95%, good
adequate precision (> 4), and a non-significant lack of fit. All factors were optimized with
desirability D = 0.951. The pH was fixed at 9, the obtained optimum salt dosage was
1.73:1.14:1 as initial Mg: NH4*: PO+ mole ratio. The P recovery from the leachate was RecP
=99.96 + 0.46 %. The ammonium uptake from the effluent was Q. = 1.25 mg-g™* of zeolite.

The predicted and experimental X-NH4" were 6.76 and 7.28%, respectively.

These conditions were applied to the HTC liquor after P extraction, and the product ammonium

content was 6.69 x 0.01 %. Thus, the struvite in the formed P product is estimated at 91.02%.
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The P and Fe concentration in the precipitation effluent was 1.7 and 1.09 mg-L™, respectively.
Such concentration levels comply with the threshold limit of a maximum of 2 and 5 mg-L™ of
P and iron in industrial effluent, respectively (Almuktar et al., 2018; Tamulonis, 2002). The
ammonium in the effluent was 95.82 mg-L™, equivalent to 82.6% of its recovery from the feed
sample. The ammonium concentration was decreased to less than 60 mg-L™ by addition of
clinoptilolite (Qe = 1.25 mg-g™?) to fall into the accepted range with regard to EU decision

2018/1147 (Sugawara and Nikaido, 2018).

4.2 5. Effect of dilution and residence time.

The growth of phosphate precipitate was time and dilution (DF) dependent. After 1h of
precipitation reaction, the evaluated residence time for equilibrium indicated the increase in
particle size with the residence time. In the investigated process conditions, Figure 21a shows
that the high particle agglomeration is nearly 200 um of particle diameter. The increase in

residence time to 24h indicates the agglomerated particle size up to 600 pm.

Additionally, the high initial concentration enhances the precipitate growth. The high particles’
agglomeration was found when the sample was not diluted (DF1). Under these conditions,
there is a visible increase in percentage volume with particle size to nearly 1000um (Figure
21a). Considering the residence time, the particle size increased with equilibrium time.
Nonetheless, the effluent P was stabilized to less than 2 mg-L™*in supernatant up to 1h
equilibrium time (see Figure 21b). This indicates that the crystal growth is more affected by

initial concentration.
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Table 10. DOE and optimum results of precipitation.

Factors Yield without EP” Yield with PE
run| pH Mg:P N:P | RecP RecN X- Qe RecP RecN X- Qe
NH,* NH,*
(mol.mol?) | (%) (g/100ml) (%) (mg.gl) | (%) (g/100ml) (%) (mg.g?h)
1 7.5 1.0 0.7 | 94.30 0.58 6.33 0.72 82.50 0.30 5.71 0.28
2 | 105 15 0.2 | 99.50 0.11 0.06 1.12 96.90 0.09 0.86 0.00
3 9.0 1.0 0.2 | 95.50 0.17 1.69 0.46 86.00 0.09 1.13 0.01
4 9.0 1.0 1.2 | 99.80 0.85 6.60 2.37 94.90 0.48 6.31 0.83
5 | 105 2.0 0.7 | 99.90 0.52 1.73 1.21 99.40 0.29 4.50 0.47
6 9.0 15 0.7 | 99.80 0.42 6.28 1.94 94.60 0.32 6.21 0.85
7 7.5 15 1.2 | 96.70 0.91 7.34 1.75 90.60 0.51 6.38 0.60
8 7.5 15 0.2 | 90.90 0.15 1.95 1.73 81.20 0.08 1.69 0.25
9 9.0 15 0.7 | 99.70 0.40 6.53 2.08 93.60 0.32 6.11 0.85
10 | 9.0 2.0 0.2 | 97.10 0.16 1.94 1.58 93.70 0.10 1.12 0.00
11 | 9.0 2.0 1.2 | 99.70 0.89 6.66 2.16 98.40 0.47 6.34 1.64
12 | 10.5 1.0 0.7 | 99.20 0.54 3.37 1.84 98.40 0.31 4.62 0.01
13 | 75 2.0 0.7 | 95.40 0.39 7.05 2.18 86.60 0.29 5.39 1.04
14 | 9.0 15 0.7 | 99.50 0.42 6.32 1.82 94.00 0.31 6.21 0.85
15 | 10.5 15 1.2 | 99.90 0.79 3.37 2.52 99.50 0.50 5.91 1.00
Experimental model parameters
Intercept -8.330 2.560 -58.300  1.950 | -59.00 -0.388  -21.500  -10.60
A-pH 17.900 -0.351 11.700  0.040 | 21.82 0.050 3.960 2.18
B-Mg:P 10.200 -1.320 11.300 0.217 | 23.42 0.187 5.700 2.33
C-NH,":P 28.100 0.668 21.200 0.483 | 34.32 0.563 14.400 -1.62
AB -0.122 0.058 -0.786  -0.521 | -1.07 -0.005 0.069 -0.10
AC -1.830 -0.029 -0.694  0.346 -2.25 -0.006 0.122 0.22
BC -1.700 0.042 -0.192  -0.333 | -4.17 -0.013 0.041 0.82
A? -0.817 0.016 -0.623  -0.161 | -0.79 -0.002 -0.246 -0.12
B2 -2.370 0.242 -1420 -0.300 | -2.25 -0.047 -2.150 -0.49
C? -4.190 0.173 -7.190 -0.009 | -1.04 -0.064 -7.530 -0.43
p-Value <0.001 <0.001 <0.001 <0.001 | <0.001 <0.001 <0.001 0.035
F 72.3 38.7 459 14.7 36 196 255 5.63
R? 0.992 0.986 0.988 0.963 | 0.985 0.997 0.998 0.91
P-lack fit 0.058 0.017 0.0501 0.272 | 0.0825 0.0935  0.0684 -
Precision 27.9 17 21.6 13.3 19.52 37.2 42.2 9.08
Optimum factors level Ca:P 0.25™ pH =9.0, Mg:P=1.4, N:P=1.14 pH =9.0, Mg:P=1.73, N:P=1.14,
Optimum pred. yields RecP =100 £ 0.13, RecN = 0.761, X-NH,* RecP =97 + 0.41 %, RecN = 0.467, X-
=7.01+0.15, NH4*=6.76 + 0.06,
Q.=2.37,D=0.964 Q. =1.35, D =0.951
Experimental yields RecP =99.96 + 0.22, RecN = 0.768, RecP =99.96 + 0.46 %, RecN = 0.502,
X-NH4*=6.76 £ 0.15 X-NH4"=7.28 +0.05, Qe = 1.25
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4.2.6. Characterization of recovered products from the liquor

a. Physicochemical characterization

The products of direct salt recovery from the HTC liquor are highly iron and calcium-based
phosphate products. This was observed for both real (a) and mimic (a’) samples in Table 11.
The optimized salt dosages without P extraction by additional ammonium, magnesium, and
phosphorus sources to the HTC liquor enhanced struvite content (b and 5’ in Table 11). The
product nitrogen content was improved, and the iron decreased from 17.42 to 6.16 %. Despite
the applied additional dose of struvite precursors, the obtained product does not meet the
regulations of the phosphate fertilizer market with regard to iron content. This was mitigated
by P extraction for iron removal followed by struvite precipitation from the extract (c and ¢’ in
Table 11). By applying the optimum dosage on the P extract, the product iron content was less
than 2%, the P content was up to 28.18 and 31% obtained experimentally on real (product c)
and artificial (product c¢’) samples, respectively. The products comply with the European
regulation 2019/1009 regarding the market for phosphorus fertilizers (EU, 2019).

The used combination of extraction with oxalic acid and struvite precipitation is a beneficial
process for its ability to recover iron and P into two separate and valuable products. Struvite,

thereby recovered, is used as an efficient P fertilizer.

Table 11. Elemental characteristics of products obtained under different conditions

ID Ca Fe K Mg P20s NH4* Na Tot. C
(%)

a 8.04 17.91 0.33 0.74 28.20 0.43 1.23 0.49
a’ 9.68 17.42 1.05 0.44 22.57 2.33 5.63 0.61
b 3.43 6.65 1.26 6.23 31.60 6.49 1.06 4.83
b’ 521 6.16 0.84 8.43 25.05 6.06 1.56 0.17
c 1.99 1.88 0.53 9.93 28.18 6.69 5.64 5.21
c’ 1.19 111 0.55 11.17 31.44 7.28 0.77 0.18
d 7.33 11.04 0.21 1.53 0.34 1.72 0.61 18.71
d’ 11.94 16.02 0.65 0.19 3.68 1.53 0.18 18.17

In contrast, the extraction solid product of iron (11) and calcium oxalates have been reported

for further use, either as sorbent material or as carbonate salts after their thermo-treatment
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(Dhal et al., 2015). In particular, ferrous oxalate is a useful product member of metal organic
framework polymers (Li et al., 2019). The elemental characterization of recovered products is

presented in Table 11.

b. Spectroscopic and microscopic characterization

The XRD characterization of the precipitates indicates various aspects of the crystallinity of
the recovered products. The direct precipitation at pH 9 leads to the production of amorphous
salts. The predominant products are iron phosphate and calcium phosphate following their high
concentration in the liquor, their decrease in precipitation effluent, and their high concentration
in the products. This is highlighted by their SEM-EDS images showing the elemental mapping
on the material surface (Figure 22a), and their products’ analytical results (Table 11, products
aanda’).

In contrast, the struvite rich products were produced at optimum dosage and exhibited closer
crystal lattice parameters with a struvite pattern. For those products, the crystal lattice
parameters a: 6.955, b:6.142, and c: 11.218 A’ for struvite crystals were observed, and the
characteristic peaks were at 15.9, 20.8, 21.5, and 31-32 ©. The XRD spectra of all products are
presented in Figure 22a-d in which the struvite pattern is marked by the letter S. The same
struvite crystal properties were identified in specific works by Whitaker et al. (1970), thus

highlighting the achieved struvite predominance in the products (Whitaker and Jeffery, 1970).

Furthermore, microscopic images correlate with XRD results. In addition to the lower intensity
caused by the formation of amorphous phosphate salts, the SEM-EDS image in Figure 22a
indicates a non-crystalline structure with calcium phosphate as the major element with high
signal on the product surface elemental mapping. The results improve in Figure 22b after

addition of magnesium salts.

73



2000 —— : : : 24000 : : :
1800 ' : (®)
7 20000 |
& 1600
:‘? 1400 16000 |
2
g 2Ll 12000 }
= 1000
500 8000 |
600 4000
400 J
0
24000 100092
(d)
20000 } 8000
16000 |
6000 |
12000 |
4000}
8000 |
4000 | 2000 a0 C3-OX.Ca-Ox.
0 0 r T T
10 10 20 30 40 50

28(9)

Figure 22. XRD and SEM-EDS graphs of recovered salts from the HTC liquor (a), struvite (s)
precipitation without iron removal (b), and after iron removal (c), and the extraction residue
with iron oxalate (Fe-ox.) and calcium oxalate (Ca-ox.) (d).

The higher XRD intensity and best crystal structures are obtained after P extraction and iron
removal. In this case, the big portion of P is precipitated as struvite (Figure 22c¢). On the other
hand, the solid phase obtained through extraction is an iron and calcium product of the oxalate
solid mixture. Its XRD diffraction shows lower peak intensity, while the SEM-EDS indicates
high iron and calcium on surface elemental mapping Figure 22b. Furthermore, microscopic
images correlate with XRD results. In addition to the lower intensity caused by the formation

of amorphous phosphate salts, the SEM-EDS image in Figure 22a indicates a non-crystalline
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structure with calcium phosphate as the major element with high signal on the product surface
elemental mapping. The results improve in Figure 22b after addition of magnesium salts.
The responsible products are their oxalates salts. They are materials with orthorhombic shapes

and their structures were confirmed by XRD analysis.

4.2.7. Struvite precipitation from incinerated sludge ash
a. Wet chemical leaching efficiencies
The solvent composition demonstrated strong effect on magnesite and ash metal dissolution.
The magnesite was mixed with ash to have a final ratio of 1.73 of Mg:P mole ratio after addition
of phosphoric acid. In contrary of RecoPhos process, the use of phosphoric acid was not
effective to dissolve both magnesium and ash minerals. The combination of phosphoric acid
and hydrochloric acid improved the dissolution efficiencies of magnesium, calcium and iron
from their matrices. The increment of hydrochloric acid solvent strength increased the
dissolution efficiencies. Compared to the 2M HCI strength, the 4M HCI reached the highest
magnesium dissolution of up to 80%. The dissolution efficiencies are depicted on Figure 23
and related efficiencies in percentage are presented in supplementary S. 6. In the same
conditions at mixing mole ratio (Ca+Fe):P of 0.25, the calcium and iron dissolution efficiencies
were up to 90 and 52% of dissolution efficiencies, respectively. The ash phosphorus

dissolution assessed in HCI was 73%.

a. Ash mineral dissolution kinetic
The dissolution assay is presented on Figure 24 and dissolution model parameters are presented
in Table 12. The assay on dissolution time in 4M HCI shows that the upper plateau is reached
after 1h. However, the changes become less noticeable in 15 mins. Consideration prediction
with dissolution model Eq. 28, the maximum dissolution requires 248 min to reach 99.9 % of

maximum magnesium dissolution. This can extract up to 88.97 % of magnesite and ash
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magnesium, 81.47 and 21.47% of calcium and iron, respectively. The associated kinetic data

of measured concentration in function of time are presented in supplementary material S. 7
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Table 12. Kinetic parameters of ash minerals dissolution

Model | Cs(mgkg™) k (min') R? T Tso Too9 DEmax (%)
P 3335.64 £ 91 0.062 0.978 16.229 +1.81 26.12+ 291 11211 +£12 5434+ 15
Ca 4716.96 + 118 0.069 0.98 14.472 £ 1.54 23.29 £ 2.47 99.97+11 81.97+2.1
Fe 2059.08 + 41 0.044 0.991 22.863 £ 1.67 36.80 + 2.69 157.93 £ 12 21.47+0.4
Mg 27577.37 £ 626 0.028 0.992 35.963 +2.74 57.88 +4.41 248.42 £ 19 88.90+ 2
K 815.10 + 34 0.046 0.963 21.809 +3.30 35.10+5.30 150.65 + 22 88.52 + 3.7
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Figure 24. Ash mineral dissolution in function of time.

b. Struvite precipitation from ash leachate

The incinerated dairy sludge ash dissolution in phosphoric acid and hydrochloric acid was
followed by struvite precipitation. The best mixing ratios were 0.25 as (Ca+Fe):P mole ratios
adjusted by addition of phosphoric acid. The magnesite was then added to a mole ratio of 1.73.
The mineral dissolution required the supplementation with hydrochloric acid up 4M HCl in the
final mixture until the solid liquid ratio of 1:27 mass/mass of ash and acid extracting solution.
It required the time range of 57 to 248 min to reach 80 to 99.9% of mineral dissolution from

the ash combined with magnesite, the 1h as time period for struvite precipitation from the
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leachate. The ammonium dosage is done on the ash leachate with similar mole ratios of 1.14

NH.*:P and the pH 9, as found during the work of struvite precipitation from the HTC liquor.

In this, three products were synthetized where two were synthetized from mimic solution of
ash leachate and precipitated at pH 9, with additional 1.14 NH4+: P and 1.73 Mg:P mole ratio
dose using ammonium chloride and magnesium source, respectively. The product (a) was
synthetized with magnesium chloride as Mg source, while product (b) was synthetized with
magnesite acidic solution as Mg source. The third product (c) was synthetized by addition of
ammonium and alkali to the ash and magnesite mixture. Compared to their original ash, the
results show that the products were enriched in nitrogen and magnesium. The concentration of
nitrogen in the product decreased with matrix effect. This was higher in synthetized struvite
from mimic extract with magnesium chloride, and lower by use of magnesite and much lower
when magnesite was combined from the ash. Nevertheless, these effects are inversely
proportional to the productivity where the mass of product increases with matrix effects. Thus
the combination of dairy sludge ash and magnesite for struvite precipitation can yield a better
primary macro nutrient profile (N,P,Mg) in the product than the ash and in plenty amount. The
comparative table of chemical characteristics of recovered products are highlighted in Table

13.

Table 13. Elemental characteristics of products obtained from ash leachate under different
conditions.

ID Ca Fe K Mg P20s NH.* Na Tot. C
[%]
0.87 1.87 0.18 12.78 24.20 5.67 2.86 0.15
1.39 0.91 0.02 15.50 16.86 3.24 3.29 2.99
1.53 2.97 0.22 11.84 19.90 248 6.62 0.54
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c. Microscopic and spectroscopic characterization of the ash products

The crystalline, orthorhombic structures were observed in all products of struvite precipitation
from ash leachate. In mimic solutions and real ash sample, the structures are visible and reflects

the struvite products. The SEM images of struvite products are presented in Figure 25.
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Figure 25. SEM images of synthetic struvite from mimic ash leachate: (a): with magnesium

chloride as Mg source, (b): with magnesite as Mg source, (c): struvite from real ash combined
with magnesite, and a’, b’, c’, their respective EDS images with elemental mapping
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The struvite was confirmed using XRD analysis where it was a predominant phase in the
obtained products. As observed in struvite from the liquor, the crystal lattice parameters a:
6.955, b:6.142, and c: 11.218 AO° for struvite crystals were observed, as well, in the ash
products, and the characteristic peaks were at 15.9, 20.8, 21.5, and 31-32 ©. The use of
magnesite as Mg-source did not affect crystallinity of the products. In Figure 25c, the
combination of dairy sludge ash and magnesite highlights big agglomeration of crystals. Thus
playing a role of seed materials providing a surface for crystal growth and agglomeration. They
show the same crystal properties in products (b) and (c) as in their congeners produced with
magnesium chloride (a) (Figure 26a-c). On the other hand, the magnesite used in this work was

confirmed by XRD pattern, where it was made by magnesium carbonate (Figure 26d).
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Figure 26. XRD spectra of struvite synthetized from mimic solution of ash extract with different magnesium
sources (a): with MgCly, (b): with magnesite, (c): struvite synthesized from ash combined with magnesite, (d):

magnesite.
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d. Magnesite and magnesium chloride in struvite precipitation Kinetic

Struvite precipitation was effective in the presence of magnesium supplied as magnesium
chloride as well as the magnesium supplied as magnesite. In the latter case, the equilibrium is
achieved with higher supersaturation due to lower magnesite dissolution requiring the addition

of excessive amount with accountability to dissolution rate. In both cases, the P is recovered

efficiently > 99% and the final effluent concentration is lower than 2 mg-kg™, a value in the

recommended range of P levels in water discharge to environment. Nevertheless, the ionic

strenght of initial concentration were higher than validity values, i.e, I>1M.

In fact, the | changed from 1.1 to 0.78 for initial and final values, respectively, during
precipitration process with magnesium chloride as Mg source, while the | changed from 1.15
to 0.95M for initial and final | values, respectively, during the struvite precipitation process
with magnesite as Mg source. Those | values are not reliable and have not a valid correction in
thermodynamic correction of precipitation models. It is due to high concentration of minerals

that the initial state can not exist in homogeneous equilibrium.

They immediately undergo precipitation process. Therefore, for modelling purposes, the Davis
maximal value (I1=0.3M) was used in thermodynamic correction of the concentration. The
comparative aspect of magnesite and magnesium chloride performance in struvite precipitation

process is highlighted in Figure 27.
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4.2.8. Summarisation of phosphorus recovery from thermochemically processed

sludge

During hydrothermal processing of dairy sludge, the P and multivalent metals likely partition

in the hydrochar than in the liquor. This is due to thermodynamic properties of phosphate salts

formed with these metals. They are potentially prompt of precipitation and settle in hydrochar
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at equilibrium (Section 4.2.1). This partition induced by the presence of multi-valent metals is

in agreement with previous works by (Atallah et al., 2019).

The P species in the liquor are mostly iron phosphate species with more than 60% of molar
fraction on total P. The direct precipitation upon pH adjustment to 9, resulted in the vivianite,
which is the main iron phosphate salt with high saturation index, and calcium phosphate salts,
which present the highest saturation indices. These two metals are the main metal components
in recovered salts and have the main effect on the quality of recovered products. In the worst
case, the recovered product has high iron concentration, which makes it restricted on EU market

as an alternative to conventional phosphate fertilizer.

The mitigation of iron effect on the final product was favored by use of extraction process.
Oxalic acid was found to be the best to settle iron and extract P to supernatant. This achieved
the settling of 86.6% of iron and 93% of calcium from hydrothermal carbonization liquor of
iron based sludge by precipitation using oxalic acid followed by struvite precipitation. The
obtained iron removal efficiency confirms the settling property of ferrous ions by oxalic acid
thus can be applied in extraction process of iron-P rich liquor for their purification into separate
products (Abis et al., 2018; Elomaa et al., 2019). The oxalate product is reportedly useful in

sorption materials and nanomaterials synthesis, and other products recycling (Li et al., 2019).

The optimization of process conditions and salts dosage indicated the pH 9 and the optimum
dosage in terms of molar ratios is 1.73, and 1.14 for Mg?*:P and NH4*:P, respectively. When
an excess of ammonium was in the liquor, the ratio of NH4":P is initially adjusted to 1.14 by
additional source of P such as KoHPO4 or HsPO4. The Mg addition must then take into account
the update value. As presented in theoretical part (Table 2) of previous researches, the addition
of extra P source is the main option to mitigate the effect of competing ions, the amount needed
for proper adjustment is obtained under experimental studies of each matrix. These optimum

conditions enhance the HTC liquor P recovery of 99.96% and the struvite yield up to 91.02%.
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The P, and Fe in effluent are in acceptable limits of environmental safety for production
discharges. The ammonium level was a bit higher than the recommended levels, which would

require the striping or sorption process to remove it. Clinoptilolite demonstrated the properties

to remove ammonium with Qe of 1.25 mg-g™*. This Qe value is equivalent to 0.07 meg-g-1, a

value lower to 0.1 meqg-g' obtained by zeolite modification to Mg-homoionic form

(Numviyimana et al., 2021).

Struvite precipitation from sludge ash needed the wet chemical extraction with acids. Since Mg
IS needed as struvite precursor, the magnesite was combined with ash. The use of phosphoric
acid alone as leaching acid is not effective to dissolve the minerals and P from the iron based
ash. The supplementation with hydrochloric acid up to 4 M efficiently dissolved magnesite
combined with the ash. The best mixing is (Ca + Fe):P mole ratio of 0.25 adjusted with P acid

and 1.73 Mg:P mole ratio in 4 M HCI and solid liquid ratio of 1:21.

The struvite produced with magnesite had similar crystal lattice properties as the one produced
with magnesium chloride in ash extract mimic solutions. In both production processes, the final
P concentration was lower than 2 mg.dm. The struvite precipitation product from magnesite-
ash leachate was much more agglomerated, which highlight the seeding properties of the

undissolved ash matter.

The struvite products from both HTC liquor and sludge ash had high level of phosphorus (24-
28 %P,0s), Nitrogen (2-6.69 NH4") and magnesium (10-12 %) (see Table 11 product ¢ and
Table 13, product c¢). Except sodium, other metals in struvite from the liquor were less than
2%. This indicates that the products can be used as fertilizer accepted on the market with ability
to provide primary plant macronutrients (N and P), secondary plant macronutrient (Mg), and a

micronutrient (Fe) with its appropriate content.
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Considering the obtained optimum conditions and the yields, the results are in good range of P

recovery as struvite. The advantage of using iron based sludge include the production of

struvite with proper amount of iron as micronutrient. The comparison with previous work is

presented in Table 14. By use of multiple optimization approach, it was possible to reach lower

mixing ratios and achieve higher P recovery.

Table 14. Comparative table of mixing ratios and P recovery under this work and in

literature
This work Others’ works
Ref. (Numviyimana et (Numviyimanaet | (Numviyimanaet |Lavanyaand Sri | (Khater et Daneshgar et (Capdevielle et
al., 2020) al., 2021) al., 2022) Krishnaperumal al., 2015) al., 2018a) al., 2013a)
[Thanga, 2020)
Matrix Cheese Cheese HTC sludge Dairy Waste- Sludge Swine
wastewater wastewater liquor* wastewater water liquor wastewater
pH 8.3 8.9 8.9 8.9 9 9.5 10.89 8.5,95 10.7
Mg:P 1.26 1.21 151 151 1.73 4 2.25 5 2.25
Ca:P 0.25 0.26 0.26 0.05 - 0.05* - 1.95 1
NH4%P | 2.32 2.69 0.8 0.61 1.14 12* - 5 3.1
P rec. 92% 99 99 99.05 99.96 92.60% 84.70% | 84%, 94% >90%

*Iron and calcium were firstly removed by precipitation as oxalate

4.3.1.

4.3. Qualification of phosphorus fertilizers

In-vitro nutrient release assay

The in vitro nutrient release assay in 2% citric acid solution demonstrated a significant

difference in P release and availability. The P purification from the sludge liquor by extraction

followed by precipitation demonstrated the advantage in nutrients availability. The in-vitro

nutrient release assay is presented in Figure 28.
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Figure 28. In vitro nutrient release assay in citrate solution for phosphorus (A), calcium (B),
magnesium (C), iron (D), ammonium (E), and their availability (F)

The P release in terms of Cmax for the raw sludge (s) was lower than their purified products.
The product (c) of P extraction combined with precipitation exhibits better nutrient availability
with higher Cs than others. This property is affected by increased iron and calcium content,
where Cs was lower in precipitation products obtained without iron removal (a, b). The effect
was even stronger in the case of HTC liquor recovered salts, where P release was the lowest of
phosphate precipitates (Figure 28a). Nutrient availability was more decreased with a lower
level of struvite content, and high iron and calcium content. The latter reached a higher
concentration of release in citric acid for products a, b, and s. In particular, for P and N
availability, the product c of P extract reached the highest percentage of solubility in citric acid

solution (Figure 28F and Table 15).
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Table 15. Kinetic parameters of the in-vitro nutrient release assay for recovered products (a,
b, ¢) and their raw sludge (s)

MIEelE, Product| Cmax(mg.kg?) | k [min] | R? T tso AvaE!;)t]"“ty

P release a 46.42 0.04 0.894 22.50 36.22 3.77
b 497.08 0.04 0.92 23.72 38.18 36.03

c 653.32 0.23 0.981 4.28 6.88 53.10

S 108.39 0.01 0.988 69.39 111.67 18.96

Mg Release a 30.49 0.55 0.965 1.84 2.95 41.20
b 387.63 0.05 0.899 18.68 30.06 62.22

c 547.92 0.27 0.968 3.68 5.93 84.42

S 25.81 0.08 0.975 12.16 19.58 89.78

Ca release a 153.47 0.04 0.958 23.44 37.73 19.09
b 102.80 0.05 0.956 20.31 32.69 29.97

c 14.82 0.41 0.760 2.42 3.90 7.45

S 335.40 0.04 0.996 22.76 36.63 68.16

Fe release a 109.87 0.02 0.979 59.67 96.04 6.13
b 187.91 0.03 0.979 38.12 61.36 28.26

c 90.83 0.01 0.979 83.93 135 48.31

S 210.37 0.01 0.999 91.78 147.71 16.34

NH4" release a 22.86 0.55 0.965 1.84 2.95 53.16
b 290.72 0.05 0.899 18.68 30.06 63.61

c 410.94 0.27 0.968 3.68 5.93 77.98

S 19.36 0.08 0.975 12.16 19.58 2.92

4.

3.2. In-vivo nutrients use efficiencies

The in-vivo assay on the cucumber demonstrated similar effects. The germination test showed

a difference in terms of plant health and nutrient effects. After one week, the seeds were

effectively germinated at 80, 32, and 88% for the control, and the soil fertilized with P products

b and c, respectively. The lower germination rate observed for high iron content products (b)

highlights the risk of phyto-toxicity. On the other hand, removing a large fraction of iron makes

the product more valuable for fertilizer application. The Iron content in the product is within

the accepted range and becomes a benefit to the plant for the production of a micronutrient bio-

fortified diet. After two weeks, the harvested fresh biomass was weighed, dried, and analyzed

on a dry matter basis.
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With consideration of nutrient efficiency ratio, the NER parameter is lower for fertilized
biomass than the control, thus highlighting the higher uptake of nutrients in the fertilized trials.
The comparative experiments were aimed at highlighting the effect of iron on fertilizer quality.
The high efficiency parameters were found with product ¢ (L-HTC), the product after iron

removal.

Table 16. In-vivo assay and nutrient use efficiencies for different struvite products

Control (a) HTC (b) L-HTC (c)
Mass soil (kg) 0.874 0.874 0.874
Number Seeds 25 25 25
Fertilizer used 0 5 5
Germinated 18 8 22
Germ. Rate (%) 80 32 88
Applied N 0 17.8 28.5
nutrient Mg 0 31.2 55.9
(x10° kg) P 0 56.4 56.1
Fe 0 33.3 5.55
Fresh biomass (Q) 26 16 57
Dry biomass (g) 4.6 2.6 59
%DM 17.40 16.67 10.23
DM conc N (%) 2.86 4.22 3.18
(9.kg™) Mg (g.kg?) 8.07 10.41 9.99
P(g-kg?) 1.41 14.93 14.27
Fe (g.kg?) 0.11 0.19 0.09
NER N 34.96 23.68 31.45
Mg 123.97 96.05 100.07
P 310.35 29.24 30.60
Fe 9.01 5.35 10.72
PE N - 101.41 23.26
Mg - 206.79 59.76
P - -25.34 7.37
Fe - 378.61 -112.22
AE N - -0.44 0.30
Mg - -6.15 2.33
R - -3.40 2.32
Fe - -5.77 23.48
NAR N - -10.64 19.66
Mg - -2.98 3.9
P - 16.01 34.12
Fe - 1.49 9.85

On the other hand, the efficiency parameters decreased on trials fertilized with b (HTC) due to
an excess of iron content. This observation is an emphasis on iron content limitation in
phosphate fertilizers. Additionally, this negative effect was studied and confirmed elsewhere

(ROmer and Samie, 2002). Nevertheless, the iron optimum content in the product demonstrated
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the improvement of AE and ANR parameter. The latter became worse for trials fertilized with
high iron content where they became negative, thus the applied nutrients remained almost
unused compared to the control trial. In contrast, the PE results demonstrate the potential of
micro-elements in plant growth, where the PE was improved. Similar effects were previously
reported by other research where iron was particularly the major micro-element in the fertilizer
formulation (Popko et al., 2018). This plays a major role in the bio-fortification and the
production of micronutrients-based functional foods. In addition, previous research found that
application of 2.5 g struvite per kg of soil increased the amount of cucumber harvested plant
biomass by 64% versus control treatment (Yetilmezsoy et al., 2020). The nutrients use

efficiency parameters that include NER, PE, AE, and ANR for Eq. 30-33 are reported in Figure
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18; ‘ 400—— 4001(c) JL-HTC
== L-HTC [ ILHTC
5 @ sso] T ==
c 14{ [_IcoNTROL| ] 00/ [_ICONTROL o o300

w
Y 250 200 ;
200
100 :
150

o

50
- -100
N Mg P

N Mg P Fe

P Fe N Mg Fe
Nutrients Nutrients Nutrients
30 40 Control L-HTC
(d)[JHTC (e) [ JL-HTC ' H g - :
251" [ HTC % g0] [_IHTC
20 <

20 z )
L 10 H l

N Mg P Fe N Mg P Fe
Nutrients Nutrients

AE
&

-10

-10

Figure 29. Nutrient content (a) on the basis of dry biomass for N (%), and other elements (g-kg
1): their use efficiency parameters: (b) NER (kg DM-kg™); (c) PE in kg net DM vyield per unit
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4.3.3. Summarization of phosphorus fertilizers qualification
The dairy sludge has lower nutrients availability than their purified products. The P product
obtained by direct precipitation process has also lower P availability due to high iron and
calcium concentration forming less soluble P compounds of vivianite and calcium phosphate,
respectively. The extraction with oxalic acid removes iron followed by struvite precipitation

from the extract mitigated this problem resulting in product with better nutrients availability.

The nutrients use efficiency parameters on plant were worse on high iron content products
accompanied with germination inhibition. The germination rate was effective with struvite
produced after extraction process. Therefore, it is evident that fertilizer quality of the recovered
product is affected by iron content. Removing iron enhances the production of struvite with
good level of that micronutrient (Fe), thus making plant healthier. The agronomic efficiency

and apparent nutrients recovery parameters are thereby improved.

4.4. Business case and cost effectiveness

The business case is presented for producing the struvite with the use of raw materials of dairy
sludge HTC process water.
Potential applications of the obtained preparations are:
1. An alternative conventional P fertilizer for supply of P and nitrogen as plant primary
macronutrients, and magnesium as the secondary macronutrient for different crops.
2. Maintain a small content of iron (<2%) in the product for both product purity and optimum
micronutrient composition

3. To recover both phosphorus and Iron into two separate products with agricultural and
chemical applications, respectively. The production model involving sludge processing
and resources recoveries is presented as in

4. Figure 30
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Figure 30. Model of coupled dairy sludge hydrothermal processing and struvite precipitation

From the HTC process water (liquor), the implementation of struvite precipitation cannot suit
to Ostara system due to involvement of double precipitation process, which one consists of iron
and calcium precipitation as oxalate salts (Reactor 1, R1), and extract P precipitation as struvite
(Reactor2, R2), both in separate reactors. Thus we design a system of double connected reactors

with the similar mechanical properties.

In the first tank, the iron and calcium are precipitated by oxalic acid and the supernatant rich
in P is continued to struvite precipitation reactor. The extraction time is 30-60min. In the second
tank, the liquor leachate, the magnesium chloride, and sodium hydroxide are added up to pH 9
for struvite crystallization. Adopting the famous reactors of Pearl® Fluidized Bed Reactors as
described in their works (OSTARA, 2018), the combination of two sequential reactors both
serving in precipitation of oxalates salts and struvite, respectively is described by the drawing

in Figure 31
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Figure 31. Illustration of industrial plant set-up for iron recovery as oxalates and phosphorus
recovery as struvite

Considering previously published work on coupling hydrothermal process with chemical
extraction and struvite precipitation (Numviyimana et al., 2022), the respective reactions
occurs in consecutive reactors as illustrated in Figure 31. The production yield, energy and
material balances, operational, maintenance, installation, and chemical costs related to the

configuration and the cost effectiveness are presented in supplementary
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S.9.

For the cost effectiveness, the full scale with 10K Ostara fluidized bed reactor system makes
1.11 USDkg? and 9.01 USD-kg™* to struvite production and P recovery costs, respectively.
The high production cost was previously reported per 1kg P in range from 11USD to 55 USD
(i.e. nearly 9.52 to 47.61 €) while their products market prices ranges from 0.95 to 4 USD per
1 kg (i.e. nearly 0.82 to 3.46 €) (Kim et al., 2021). Additionally, the iron and calcium oxalates
were recovered. This cost is affordable view the value of produced struvite enriched with

proper content of iron, a plant essential micronutrient.
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5. CONCLUSIONS

1.

The P recovery as struvite encounters interfering ions that, when available at high
concentration, they inhibit struvite precipitation. These include mainly calcium and iron.
Both metals are the most abundant in chemically accumulated sludge with iron salts as
coagulants. Their precipitation potential can reach 45 magnitudes higher than that of
struvite. This affects both the process efficiency and the quality of the product as

fertilizer.

The coupling hydrothermal processing of sludge and struvite precipitation presented a
prominent approach in dairy sludge valorisation. The obtained hydrochar can serve as
biochar usable as accepted fertilizing biosolid. The obtained nutrients rich liquor is

valorised by P and N recovery through struvite precipitation.

Stoichiometric analysis indicated that P species are more iron bound which FeHPO4 and
FeH.PO4* have 60% of fraction of total P in the HTC liquor of iron based sludge.
Similarly, the precipitation directly applied on the liquor by pH adjustment to 9 produces
a high iron content product with lower P availability and the risk of phyton-toxicity to

plant for uncontrolled fertilizer dose.

Chemically produced sludge required the use of extracting agent to remove iron followed
by struvite precipitation. The use of oxalic acid up to 0.375M was effective to extract
86.7% of P and remove 86.6% of iron. This enhances both P recovery and iron recycling
into two separate products for agricultural and chemical applications, respectively. The
fraction of 58% of P in feed stock came from dairy sludge liquor which is a big

contribution to waste resources valorisation and non-renewable nutrient recovery.

The experimental design and multiple optimization process is accurate for determination
of the optimal process conditions of pH and salts dosage in form of mixing molar ratio
(Ca:P, Mg:P, NH4":P) for struvite precipitation. The optimum initial conditions were pH
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~9, mixing rations of 1.73 and 1.14 as Mg:P and N:P mole ratios of magnesium and
ammonium to phosphate, respectively. The P recovery efficiency is up to 99.96% and

82% of nitrogen recovery.

6. The obtained products of struvite precipitation from HTC liquor demonstrated good
quality as fertilizer. Struvite showed better nutrient release with higher Cs for P in citric
acid. This value was decreased with the increase of Fe level in the initial mixing
conditions. The nutrients use efficiency was better on struvite than the phosphate products
obtained without iron removal. In contrast, at the same application dose with high iron

level caused lower germination rates.

7. The use of zeolitic material either as additive to the reactor or in the effluent enhanced
the ammonium removal to lower level as well as process thermodynamics. These
combined precipitation and sorption processes beneficiate to obtaining two fertilizing

materials: struvite and ammonium saturated natural zeolite.

8. The cost effective way of struvite production is the coupling of hydrothermal processing
and precipitation through extraction. The adopted Ostara fluidized bed reactors with 10K
reactor system, the struvite production cost is approximately 1.11 USD/Kg. It makes a
promising and cheap technology to contribute to dairy wastes management by valorising

them into a micronutrient enriched struvite fertilizer.
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6. RECOMMENDATIONS FOR FUTHER RESEARCH

The research on dairy wastes processing and struvite precipitation using EBPR sludge is worth
being conducted and compared with the chemically produced sludge. The EBPR sludge
involves longer production time, however the struvite precipitation from their processing liquor
may not need any further metal removal. This can decrease the number of steps such as the
skipping of extraction and addition of oxalic acid associated reagents. The alternative P
accumulation that is recommended for further researches is lime based sludge. These
technologies are left on bench scale. However, once performed they can produce a raw sludge
with the liquor of good chemical profile for struvite and calcium phosphate salts. Along with

magnesium, calcium is an important plant secondary macronutrient.

The production of struvite from dairy wastes for commercial purposes needs awareness of all
stakeholders involved in wastes generation. The financial contribution of all involved parties
can mitigate the final product costs thus making the process more sustainable. Thus, there is a
need for a business model involving the contribution of wastes generators, wastewater
treatment, their sludge thermochemical treatment, and struvite precipitation. Establishing a
pilot plant for dairy sludge hydrothermal processing, coupled to HTC liquor nutrients
extraction and precipitation as illustrated in the business model presented in this study is

recommended for implementation.

This work involved recovery of iron along with P. The iron and calcium were precipitated
separately during extraction process and produced solid products of crystalline iron (1) oxalate
and calcium oxalate. Further research on their application as sorbents, or in synthesis of metal
organic frameworks and nanomaterials, or in coagulants recycling could allow achievement of

the circular economy.
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ABSTRACT

Thermochemical treatment of sludge from dairy industries was applied to obtain products
designated as STRUBIAS (struvite, biochar, and ash), which are commercially accepted as
fertilizing products. The technologies hereby used include lower temperature incineration to
produce a P rich ash and hydrothermal carbonization (HTC) that produces hydrochar, a
prototype of biochar, and a nutrient rich process water. The P and N in resulting hydrothermal
process water were purified through struvite precipitation. The multiple optimization method
was used to find the proper process conditions. These were evaluated on processed cheese
wastewater where the desirability function enabled the minimizing effect of foreign ions while
enhancing struvite precipitation from calcium rich whey. The approach was improved by
addition of clinoptilolite natural zeolitic materials for struvite precipitation combined with
ammonium sorption. This enhanced the ammonium removal, process thermodynamic and
obtaining a fertilizer formulation encapsulating more nitrogen in the sorbent active sites, thus
a managed nutrient release.

The particular attention was given to chemically produced dairy sludge with iron salts as
coagulants. Such a sludge is characterized with very low P availability to plant, while high
level of iron becomes threatening for some plants. On one side of the study, the incineration
ashes were leached with phosphoric acid supplemented with hydrochloric acid followed by
struvite precipitation after ammonium and magnesium dosage. For better cost effectiveness,
the study with ash has combined the magnesite and dairy sludge ash co-leached together in
acidic solution followed by struvite precipitation. The combination of dairy sludge ash and
magnesite were as effective in struvite crystallization as the magnesium chloride use.

The HTC process leaves a bigger volume of nutrient-rich liquor. The recovery of
phosphorus (P) by direct precipitation was criticized for product quality. The product iron
content was 17.96%, a value higher than accepted limits for purity of phosphate fertilizers.
Thus, the HTC liquor P extraction followed by struvite precipitation was studied. The use of
oxalic acid extracted 86.7% of P from HTC liquor, while 86.6% of iron was removed. The
process conditions of pH 9, and salt dosage of 1.73:1.14:1 for Mg:NH4*:P mole ratio for struvite
precipitation were obtained with a P recovery of 99.96%, and the effluent P concentration
below 2 mg-L™.

The quality of products as fertilizers was tested by both in-vitro and in-vivo assays. High
iron content in the product demonstrated a negative effect on plant germination, whilst the

precipitation product from P extract demonstrated an advantage of P purification into struvite
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for plant macro and micronutrient availability. The used method of P extraction followed by
struvite precipitation is useful for both P and iron recovery into two separate products with
agricultural and chemical applications, respectively.

Finally, a business model of sludge valorization into biochar and struvite was illustrated.
The struvite precipitation cost effectiveness was evaluated on the hydrothermal carbonization
liquor at full scale by adopting the use of fluidized bed reactors. The product cost was nearly
1.11 USD/Kg struvite. Along with that, the recovered iron oxalate byproducts can be
commercialized as Fe and Ca sources for further chemical applications.

ABSTRAKT

Zastosowano termochemiczng obrobke osadéw z przemyshu mleczarskiego w celu
uzyskania produktow oznaczonych jako STRUBIAS (struwit, bioweggiel i popiot), ktore sg
komercyjnie uznawane jako produkty nawozowe. Zastosowane technologie obejmujag spalanie
w nizszej temperaturze w celu wytworzenia popiotu bogatego w fosfor i hydrotermalng
karbonizacj¢ (HTC), ktora wytwarza hydrochar, prototyp biowggla oraz wode bogata w
sktadniki odzywcze. Fosfor i azot w otrzymanej w tym procesie hydrotermalnej wodzie
0CzyszCzono poprzez wytracanie struwitu. W celu znalezienia odpowiednich warunkéw
procesu zastosowano metode wielokrotnej optymalizacji. Zostaly one okreslone, badajac
serwatke, dzieki funkcji spetlnienia wymagan (desirability function) okreslono efekt
minimalizujacy wplyw obcych jonow, jednoczes$nie zwigkszajac wytracanie struwitu z bogatej
w wapn serwatki. Podej$cie to zostato ulepszone przez dodanie naturalnego zeolitu —
klinoptylolitu, aby wytraci¢ struwit w potaczeniu z sorpcjag amonu. To usprawnito usuwanie
amonu, termodynamike procesu i uzyskanie sktadu nawozu, ktory w miejscach aktywnych
sorbentu zawiera wigcej azotu, a tym samym zachodzi kontrolowane uwalnianie sktadnikéw
odzywczych.

Szczegbdlng uwage zwrocono na chemicznie wytworzone osady mleczne z solami zelaza
jako koagulantami. Taki osad charakteryzuje si¢ bardzo niska dostgpnoscig P dla roslin,
podczas gdy wysoki poziom zelaza staje si¢ dla niektorych roslin zagrozeniem. Z jednej strony
badania popioty pozostate po spaleniu byty tugowane kwasem fosforowym z dodatkiem kwasu
solnego, nastepnie po dodaniu amonu i magnezu nastepowato wytrgcenie struwitu. W celu
uzyskania lepszej oplacalnosci procesu, potaczono magnezyt i popidt z osadow mlecznych,
ktore byly tugowane w roztworze kwasnym, a nastgpnie wytragcono struwit. Potaczenie popiotu
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z osadéw mlecznych 1 magnezytu bylto tak samo skuteczne w krystalizacji struwitu, jak uzycie
chlorku magnezu.

Proces HTC pozostawia wigksza ilos¢ bogatego w sktadniki odzywcze roztworu.
Odzyskiwanie fosforu (P) przez bezposrednie stracanie zostato zbadane w celu polepszenia
jakosci produktu. Zawartos$¢ zelaza w produkcie wynosita 17,96% i byta warto$ciag wyzszg od
dopuszczalnej warto$ci czystosci nawozow fosforowych. Dlatego wykonano ekstrakcje
roztworu P w HTC, a nastgpnie wytracono struwit. Zastosowanie kwasu szczawiowego
wyekstrahowato 86,7% P z tugu HTC, podczas gdy usunieto 86,6% zelaza. Dla warunkow
procesu pH 9 i dodatku soli w stosunku molowym (Mg:NH4*:P) 1,73:1,14:1 do wytracenia

struwitu odzyskano 99,96% P i stezeniu P w odcieku ponizej 2 mg-L™.

Jako$¢ produktow jako nawozow zostata przetestowana zarowno w testach in-vitro, jak
i in-vivo. Wysoka zawarto$¢ zelaza w produkcie wykazywata negatywny wplyw na
kietkowanie ro$lin, podczas gdy produkt stracania z ekstraktu P wykazal przewage
oczyszczania P do struwitu dla dostepnosci makro i mikroelementéw dla roslin. Zastosowana
metoda ekstrakcji P, po ktorej nastepuje strgcanie struwitu, jest przydatna zaréwno do
odzyskiwania P, jak i zelaza, oddzielnych produktéw do zastosowan odpowiednio rolniczych
i chemicznych.

Na koniec zilustrowano model biznesowy waloryzacji osadéw do biowegla i struwitu.
Optacalno$¢ wytracania struwitu zostala oceniona na roztworze po hydrotermalnej
karbonizacji w pelnej skali przy zastosowaniu reaktorow ze zlozem fluidalnym. Koszt
produktu wyniost okoto 1,11 USD/kg struwitu. Wraz z tym odzyskane produkty uboczne
szczawianu zelaza mogg by¢ skomercjalizowane jako zrodta Fe 1 Ca do dalszych zastosowan

chemicznych.
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SUPPLEMENTARY MATERIALS

S. 1. Additional dosage in experimental struvite precipitation: Calculation formula of molar
ratios, excess and limiting reagents.

-Calculate the molar ratio Ca/P, Mg/P and NH4+/P in the sample using results of elemental concentration

C, from sample analysis.
cx(’,?—;’)/
Mm, (-2 )*1000(%)

Molar ratio (R) of element (x): R, = % = - ( mol

7
Mmp(-E )*1000(%)

mol

-On 250 mL of wastewater volume (Vs) measured using graduated cylinder, add recalculated amount of
reagents as follow.

1. When Calcium is needed in excess, adjust its molar ratio to design of experiment matrix (Rpog)

Neagaqto1l = Reayp *Mp —Neq

mlL ]
VCaClleolal added (mL) = (Nca_added (mol)/1kg * Vs(kg) * 1000(?)) / (M(7Z_Ol) * Density)
g

2.When P is needed in excess i.e Rca_, ,
<

(nCa — Nca * nP>
P _DOE

Nca
P _DOE

Npgatoll =

mL )
VKZHPO4 1Molal added (mL) = (Mp_added (mol)/1kg * Vs(kg) * 1000(?)) / (M(7Z_01) * Density)
g

3. Magnesium is then calculated by molar ratio to actual P concentration in design of experiment
(DOE).

Npg needed = Rmg/p * Mp_poE

NMg added to 1L = MMg added to 1L ~ Mgy 11, sampe

mL .
VMgSO4 2Molal added (mL) = (nMg_added (mol)/1kg * Vs(kg) * IOOO(E)) / (M(n;_ol) * DenSlty)
g
4. Ammonium is calculated as excess on Mg/P ratio. Thus Ry .+ /p = RNHIDOE * Ryg/p

NNH} needed = RNHI/P *Np_poE

"NH} added to 1L = ™'H} added to 1L ~ "WH{ ;1) come
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m .
VNH,cl aMolal added (mL) = (nNH;f_added (mol)/1kg * Vs(kg) * 1000(E)) / (M(m_ol) * Density )

S. 2. Matrices of experimental data: Actual factors and responses

kg

Box—Behnken design for pH, Mg:P, Ca:P, and NH4" excess. The number of experiments for

struvite precipitation from processed cheese wastewater is 27 experiments. The table of

experimental results of phosphorus recovery are given in table below:

Factor 1 | Factor 2 | Factor 3 | Factor 4 Response 1 Response 2
Run A:pH B:Mg/P | C:CalP D:NH4* Pi Pout X-recP X-NHz*
% %
1 8 15 0.625 2 1015 | 237.1 76.643 4.50
2 9.5 15 0.625 1 1015 | 55.9 94.499 413
3 11 1 0.625 3 990 93.5 90.551 2.05
4 9.5 15 1 2 634 37.8 94.039 3.13
5 9.5 0.5 0.625 1 1015 | 255.3 74.857 1.30
6 9.5 1 0.625 2 1015 | 62.6 93.829 4.13
7 11 05 0.625 2 1015 | 239.6 76.398 0.56
8 9.5 0.5 0.25 2 2528 | 699.9 72.424 4.29
9 8 1 0.625 3 1015 | 219.2 78.414 4.10
10 8 1 0.625 1 1015 | 280.0 72.420 291
11 8 1 1 2 635 | 195.1 69.253 2.44
12 11 1 0.625 1 1003 | 579 94.225 0.44
13 9.5 1 0.625 2 1015 | 408 95.982 3.24
14 11 1.5 0.625 2 1015 | 44.2 95.646 1.15
15 9.5 1 0.625 2 993 348 96.495 2.93
16 9.5 1.5 0.25 2 2518 | 36.1 98.566 5.92
17 11 1 0.25 2 2443 | 64.6 97.356 1.32
18 9.5 1 0.25 3 2377 | 576 97.578 5.60
19 9.5 1 0.25 1 2538 | 575 97.736 4.38
20 9.5 1 1 3 595 41.6 93.003 2.20
21 9.5 15 0.625 3 1005 | 35.6 96.459 4.88
22 8 1 0.25 2 2444 | 2444 89.998 6.37
23 8 0.5 0.625 2 1015 | 406.9 59.926 1.95
24 11 1 1 2 626 57.5 90.806 0.27
25 9.5 0.5 0.625 3 1006 | 2225 77.883 1.88
26 9.5 1 1 1 631 49.6 92.135 0.96
27 9.5 0.5 1 2 627 | 136.9 78.159 0.46
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S. 3. ANOVA for Quadratic models for minimizing effect of foreign ions

df P rec X-NH4+ Significance
Source Sum of Mean F-value | p-value | Sum of Mean F-value | p-value
Squares | Square Squares | Square
Model 14 3070.97 | 219.35 20.03 <0.0001 79.49 5.68 17.53 <0.0001 significant
A-pH 1 809.48 809.48 73.91 <0.0001 22.66 22.66 69.98 <0.0001
B-Mg/P 1 1136.82 | 1136.82 103.8 <0.0001 14.69 14.69 45.35 <0.0001
C-Ca/P 1 110.42 110.42 10.08 0.0080 28.31 28.31 87.41 <0.0001
D-NH4+ 1 5.40 5.40 0.493 0.4961 3.61 3.61 11.16 0.0059
AB 1 1.43 1.43 0.131 0.7239 0.9577 0.9577 2.96 0.1111
AC 1 50.76 50.76 4.63 0.0524 2,07 2.07 6.38 0.0266
AD 1 23.55 23.55 2.15 0.1683 0.0444 0.0444 0.1370 0.7178
BC 1 26.53 26.53 2.42 0.1456 0.2690 0.2690 0.8307 0.3800
BD 1 0.2857 0.2857 0.026 0.8744 0.0072 0.0072 0.0221 0.8843
CD 1 0.2650 0.2650 0.024 0.8790 0.0000 0.0000 0.0001 0.9941
A2 1 489.28 489.28 44.67 <0.0001 5.42 5.42 16.75 0.0015
B2 1 441.01 441.01 40.26 <0.0001 | 0.3275 0.3275 1.01 0.3344
C2 1 0.7251 0.7251 0.066 0.8013 0.1224 0.1224 0.3780 0.5502
D2 1 5.86 5.86 0.535 0.4784 0.1427 0.1427 0.4407 0.5193
Residual 12 131.43 10.95 3.89 0.3238
Lalgli(t of 12 127.40 12.74 6.32 0.1442 3.11 0.3114 0.8069 0.6695 | not significant
Pure 4.03 2.02 0.7719 0.3860
Error
Cor Total 3202.40 83.38

S. 4. Multi-response optimization for effect of foreign ions

In this case both responsees are maximized, errors minimized and othors factors in the range. The

overall desirability is deduced as geometric mean of both responses using desirability function,

and inputs data. The lamp graph as follow:

D:NH4+=2.21

8.0 11.0 0.50 1.50 0.250 1.000
A:pH=8.9 B:Mg/P =1.22 C:CalP = 0.265
1.00 3.00 59.93 98.57 1.91 2.52

X-recP = 98.57

StdErr(X-recP) = 1.91

M

0.27 6.37

X-NH4+ = 6.26

0.328 0.434

StdErr(X-NH4+) = 0.328

Desirability = 0.995
Solution 1 out of 91
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S. 5 Elemental composition of dairy wastes samples (S1 and S2)

Concentrations (mg-kg™?)
Analyte S1 S2 S3 S4 S5 S6 S7
pH 4.35 4.34 6.96 - -
C [%] 1.81 3.33 48.7 12.94 3.72 - 16.1*
Al 0.68 0.94 6116 3242.87 421 0.22* -
B 1.14 10.83 1.65.00 55.45 2.52 -
Ba 0.30 0.11 16 15.39 0.55 45 -
Ca 1310 404 49205 37783.2 5538 15* 0.54*
Cr 0.12 0.39 2.12 6.04 - -
Fe 88.2 3.44 128741 53212.1 9033 25* 106.6
K 1640 1635 15256 5558.03 2382 2.4* 147.7
Mg 108 82.33 2874.7 1843.6 278.6 0.83* 31.04*
Mn 1.53 0.06 181.69 1314 19.21 390 -
N [%] 0.1 0.14 5.15 2.69 1.05 - -
Na 490 488.39 3039.2 1834.99 557.7 0.57* 279.9
Ni - 0.74 6.96 2.9 <LOD -
P 698 412 57177 52402.1 4517 16* 154
Pb 0.70 4.96 4.26 29.96 0.07 12 <LOD
S 88.2 126.43 4321.4 - 1302 152 -
Sh - 5.78 9.96 15.66 1.35 4.26 -
Si 7.50 136.88 62.3 84.64 53.4 - -
Ti 0.13 3.34 580.2 414.47 1.64 - -
\% - 0.34 5.53 - 0.38 -
Zn 2.83 2.54 125.8 103.7 15.2 280 -
NH4* 600 364 - - 5850 - -
Density 1.02 1.0 - - 1.0 - -
*:Values in % as unit. S1: cheese wastewater from District Dairy Cooperative in Krzepice, and S2, at the Sery Lutomierskie,
Poland; S3: Dairy Sludge, S4: Hydrochar, S5: HTC liquor, S6: sludge ash, S7: Magnesite.
S. 6. Ash mineral extraction efficiencies
(Ca+P):P OM_HCI + 2M_HCI + 4M_HCI +
Mg (%) 0.15 1.27 0.11 35.19 0.00 64.51 1.17
0.25 4.03 0.37 32.25 0.00 80.14 13.68
0.50 15.64 0.98 24.63 0.00 60.21 5.47
0.75 16.49 1.83 23.75 0.88 73.89 7.04
1.00 9.82 7.77 10.03 1.11 28.15 4.69
Ca (%) 0.15 19.89 0.33 78.67 9.33 78.22 0.00
0.25 23.00 1.44 74.67 0.00 90.67 12.44
0.50 21.44 0.78 62.67 6.67 80.00 5.33
0.75 28.89 2.22 64.00 16.00 80.00 5.33
1.00 13.33 8.44 54.67 6.67 69.33 8.89
Fe (%) 0.15 0.94 0.12 34.72 5.60 14.34 3.58
0.25 0.68 0.29 21.50 0.90 52.27 4.48
0.50 0.41 0.21 15.90 1.79 61.23 4.48
0.75 1.95 0.66 17.14 3.92 56.75 5.97
1.00 5.36 3.98 12.66 1.23 50.77 5.97

120




S. 7 Ash dissolution real-time measurement data

Time (min) P Ca Fe Mg K
mg.kg-1
0 4.29 7.03 0.63 1.89 0
4 477.95 816.58 227.85 2138.69 85.66
10 1325.49 2080.32 602.16 7201.17 226.35
15 1974.29 3092.48 916.86 10763.90 322.14
20 2557.05 3876.43 1225.18 11223.60 461.56
27 2850.74 4062.40 1431.95 12856.30 546.08
35 2888.00 4090.02 1682.96 17091.30 672.4
50 2918.49 4270.93 1842.72 21190.70 827.94
75 3037.41 4465.78 1826.27 24852.80 865.68
110 3489.27 4622.28 2045.16 26332.70 835.02
150 3485.04 4896.96 2114.31 26065.00 739.4
210 3377.43 5035.22 2066.02 28056.40 735.65
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Mg(mg.kg™) P (mg.kg™)
Time (min) With MgCI2 With magnesite With MgCI2 With magnesite
0 10349.85 11359.33 5587.00 4917.00
15 7060.85 8457.91 1940.10 1372.14
4 4917.96 6969.73 16.84 15.00
6 4751.79 6738.29 8.12 9.62
8 4735.56 6764.32 5.42 6.12
10 4766.24 6387.72 4.92 4.97
135 4942.12 6993.98 4.78 4.25
17 4775.04 6805.59 3.90 4.11
22 4819.55 6920.12 3.38 351
27 5006.44 6900.10 3.20 3.21
35 4789.51 6861.32 2.89 3.15
45 4660.47 7050.18 1.73 3.02
60 4907.45 6943.86 2.46 3.33

S. 8. Mass balance estimates for cost effectiveness

VRZ = VRl * AV

1 . Cnha+ * ACypayt _ Cp x ACp
purity Ry * My,
P

Vhspoa = * MMyzpog * Vg1 * AV

NHat Mmp

Vr2 = Vextract + Vmgciz + Vuzroa + Vvaon

Pin(kg) * Vg1 * AV * Ry p

Mpygci2 (kg) = kg
Mmp (-7
39.47 * Vpq * AV

Estimated mass of cake:

m — Fecake(kg)
cake %Fecake * 10_2

kg 10~ %kg
m

— * %REp, * 1072

mg
Fecake(kg) = (Cre (E) * VRl(m3) * 1000
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Cnhay * ACypay * Mmp

C de (Cp, N:P1.14 =
pupgrade (Ce,,) for 100 * Ry * MMy
P

WNH4 ke * Meake
VRl * 103 * CNH4-+ x 107

ACypa+ (%) = 100 —

ACp
Pyaste fraction(PR) = (Cp * C
Pin

v _ L. * Pg * 103
extract — CP * AP * 10—2 * 10—6
Vor = Vextract
RL™ AV %1072

mHzczo4 = (VRl * 0375 * 103 * MmH2C204- * 10_3)

Peare(kg) = Cp * Vgy * 10% %« 107° * REp * 1072

RecP (%)
Prec(kg) = Pip(kg) * 100
P...(k
Struvite product mass estimate = - (65] )
%P205 * 1i7 * 102
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S. 9. Quantitative estimation results for proposed industrial production model (energy,
maintenance, operation, chemicals, installation and production costs)

Sample
property

Reactor 1 &
mass
balance

Reactor2

Cost

Chemicals

TAC /day

Load capacity (kg PO4_P/day) (Lc)

[P] liquor (mg/kg) (Cp)

Cre

CCa

[NH4] liquor 9 (mg/kg), CnHa+

NH4* (%) in cake, %NH4cake

dNH4 for second reactor (%), ACNH4+

P upgrade for N:P to be 1.14 (CPin)

dP for second reactor influent, ACP

P liquor fraction, Pr

V liquor licheate (m3), Vextract

dV for second reactor influent, AV

Feed liquor volume, Vr1

Mass (kg) of Oxalic acid added (up to 0.375M), Mu2c204
Fe accumulated (%), %Fecake

Ca Accumulated (%),

P accumulated (%)

P in cake (%P205)

Fe in cake (%Fecake)

Ca in cake (%Cacake)

P in cake for used substrate mass (kg), Pcake (kg)
Fe in cake for used substrate mass (kg), Fecake (Kg)
Ca in cake for used substrate mass (kg), Cacake (kg)

Estimated mass (kg) of cake (CaC204 and FeC204), Mcake (kQ)

V H3PO4 85% added for N:P 1.14 adjust, VVHsros (k)
MgCl2 (kg) added for Mg:P 1.73 adjust, mmgci2(kg)
VNaOH 6M added for pH ~8.5-9 adjust, mnao+ sm (Kg)
Influent Liquor leachate total Volume, Vg2

RecP (%)

P_in (Kg)

P_Rec (Kg)

P20s in product (%)

Struvite product mass (kg)

Reactor (USD) (20 years)

Lifetime of the reactor (years)

Labor Usd/h

Electricity (KWh)

Electricity cost (USD)/KWh

P recovery cost USD 2.4-3.7/Kg P for 15 years since 2009
Maintainace cost /1 reactor (15000-27000 USD/year
Building space (SF) with 160-200USD/SF
Magnesium Chloride (USD/tonne) as per Ostara
NaOH cost (USD/tone)

Oxalic Acid Cost (USD/tone)

H3PO4 (USD/tonne)

Infrastructure cost

Chemicals cost

TAC

PEk

CE

PC/kg struvite (USD)

65.00
4517.00
9033.00
5538.00
5850.00

1.72

79.16
6995.94

86.70

0.56
9.29
82.40
11.28
380.55

86.60

93.13

13.40

0.34
11.04
7.30
6.82
88.20
58.15
798.95
106.42
344.60
1528.00

11.27

99.96

65.00

64.97

28.18

528.07
1800000.00
20.00
0.35
320.00
0.15

3.70
27000.00
2400.00
250.00
340.00
640.00
800.00
885.40
539.52
1424.93
64.97
21.93
2.70

250.00
4517.00
9033.00
5538.00
5850.00

1.72
79.16
6995.94
86.70
0.56
35.74
82.40
43.37
1463.66
86.60
93.13
13.40
0.34
11.04
7.30
26.25

339.25

223.67
3072.89

409.31
1325.40
5876.92

43.35
99.96
250.00
249.90
28.18
2031.06
1800000.00
20.00
0.35
320.00
0.15

3.70
27000.00
2400.00

250.00

340.00

640.00

800.00

885.40
2075.10
2960.50

249.90

11.85
1.46

1250.00
4517.00
9033.00
5538.00
5850.00
1.72
79.16
6995.94
86.70
0.56
178.68
82.40
216.84
7318.31
86.60
93.13
13.40
0.34
11.04
7.30
131.25
1696.24
1118.35
15364.47
2046.53
6627.02
29384.61
216.73
99.96
1250.00
1249.50
28.18
10155.28
1800000.00
20.00
0.35
320.00
0.15

3.70
27000.00
2400.00
250.00
340.00
640.00
800.00
885.40
10375.48
11260.88
1249.50
9.01
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