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Abstract 

The co-pyrolysis of biomass with phosphates is an emerging strategy for producing advanced biochar-

based fertilizers. The properties of these fertilizers, particularly the speciation and release of phosphorus (P), are 

highly complex and dependent on synthesis parameters. This article provides a comprehensive review on the co-

pyrolysis of biomass with well-defined phosphates, including phosphoric acid (H3PO4) and salts of ammonium 

(e.g., NH4H2PO4, (NH4)2HPO4), sodium (e.g., NaH2PO4, Na2HPO4, Na3PO4), potassium (e.g., KH2PO4, K2HPO4, 

K3PO4), magnesium (e.g., from H3PO4 with MgO), and calcium (e.g., Ca(H2PO4)2). Supported by the thermal 

transformation pathways of these pure phosphates, we identify the key factors governing P transformations during 

co-pyrolysis: higher pyrolysis temperatures and higher degrees of protonation favor the condensation of 

orthophosphates into pyro- and polyphosphates. Furthermore, P release kinetics are primarily dictated by cation 

valency and biomass composition; monovalent cations (e.g., K+) typically generate highly soluble P forms, 

whereas divalent cations like Ca2+ (either from the additive or present in the biomass feedstock) promote the 
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formation of poorly soluble P species. The review also discusses specific limitations of the current literature and 

outlines future research directions. The synthesis of this information provides design principles for engineering 

biochar-based P fertilizers with targeted release profiles to improve sustainable use of P in agriculture.  

KEYWORDS: Pyrolysis, phosphorus, sustainability, carbonization, agriculture, circular economy 

 

 

1. Introduction 

Water-soluble phosphorus (P) fertilizers are heavily applied in agriculture to support the crop demands of 

the growing world population. However, only a small portion of the applied P is taken up by crops, while the rest 

of the P is lost to surface water runoff (causing eutrophication) or locked in the soil in plant-unavailable forms [1, 

2]. Furthermore, these P fertilizers are primarily prepared from non-renewable phosphate rock deposits that are 

mainly concentrated in Morocco, Western Sahara, and Norway [3, 4] and could be depleted within 30 to 300 

years [5]. To overcome these problems, biochar has emerged as a promising sustainable solution. Biochar is a 

stable carbon-rich material that is produced by pyrolysis, i.e., the thermal conversion of biomass in an oxygen-

limited environment. Biochars can function as slow-release fertilizers with enhanced nutrient use efficiency, 

resulting in higher crop productivity by 10% over fertilized control [6] and by 15% when combined with inorganic 

fertilizers [7]. On average, biochars increase P availability to plants by a factor of 4.6 [8].  

However, many biochars have low fertilizer value due to the inherent low P concentration of many 

(lignocellulosic) biomasses. To address this, biochars are often modified with plant nutrients. While post-

pyrolysis modification typically results in a fast-release P biochar fertilizer, pre-pyrolysis modification (or co-

pyrolysis with a P source) creates a slow-release P fertilizer whose release rate can be tailored by controlling the 

pyrolysis conditions. In addition to increasing P content, co-pyrolysis with P sources enhances carbon 
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stabilization [9], the stability of endogenous heavy metals [10], and exogenous heavy metal 

adsorption/stabilization in water [11] or soil [12]. This approach thus transforms organic waste into a stable, 

carbon-rich biochar while simultaneously incorporating P into the biochar matrix, which reduces P solubility and 

leaching and increases overall fertilizer use efficiency.  

The speciation and availability of P in biochars are strongly dependent on feedstock composition, 

pyrolysis conditions, and the nature of the additives. Existing reviews have covered P transformations in various 

biomasses during (hydro)thermal treatment [13, 14], including pyrolysis of specific wastes such as manure [15] 

or sewage sludge [16]. To the best of our knowledge, the co-pyrolysis of biomass with exogenous phosphate 

sources has not been systematically reviewed. This review aims to fill that gap by focusing specifically on 

phosphate-biomass interactions during pyrolysis. To provide a clear understanding of the fundamental 

interactions and mechanisms, the scope of this article is defined as follows: (1) this review focuses on pure 

phosphates because of their well-defined chemical composition, excluding P-rich resources with variable 

compositions like phosphate rock [17], phosphate tailings [18], wet process phosphoric acid [19], bone meal [20], 

and manure [21]; (2) this review focuses on P transformations and retention within the biochar, excluding studies 

that use post-treatment washing or lack biochar characterization ; (3) the scope is limited to co-pyrolysis, 

excluding studies on post-pyrolysis modification of biochars; and (4) hydrothermal carbonization is excluded 

because a large fraction of P migrates into the liquid phase [14].  

The objectives of this review are: (1) to determine the reaction mechanisms governing P transformations 

during co-pyrolysis of biomass with specific, well-defined phosphate compounds, specifically analyzing the 

interaction between phosphate salt additive, feedstock properties, and pyrolysis conditions; (2) to establish 

structure-function relationships linking the structure of the resulting P species to extractability, release kinetics, 

and plant uptake; and (3) to critically assess limitations in the literature and identify barriers to the large-scale 

synthesis and applications of such biochar-based P fertilizers. To address these objectives, Section 2 discusses 

the general properties and thermal transformations of the pure phosphates. Section 3 then examines the P 

transformations in co-pyrolysis biochars, while Section 4 evaluates their solubility, kinetic release, and plant 
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availability. A comparative analysis of transformation mechanisms is presented in Section 5, and Section 6 finally 

outlines the challenges and future research directions. 

2. Properties and transformations of pure phosphates  

To understand the P transformations during co-pyrolysis, the inherent properties of the phosphates 

(namely their chemistry, solubility behavior, and thermal transformations) are briefly reviewed first. This 

information serves as a fundamental background for interpreting the complex phosphate-biomass interactions 

discussed in later sections. 

2.1.  General phosphate chemistry 

Inorganic P is most commonly found in the form of phosphates, which exist in several structural forms. 

The simplest form is orthophosphate (PO4
3-), in which the pentavalent P is bonded to four oxygen atoms (three 

single bonds, one double bond) in a tetrahedral coordination [22]. Orthophosphoric acid (H3PO4) is a water-

miscible weak acid [23] with three pKa values (2.16, 7.21, and 12.32) [24] and typically exists as H2PO4
- or 

HPO4
2- ions in aqueous solutions.  

Orthophosphate ions form salts with various cations. The solubility of these salts generally negatively 

correlates with cation charge: phosphates of monovalent cations like Na+, K+, and NH4
+ are highly water-soluble, 

while those of divalent (e.g., Mg2+, Ca2+) and especially trivalent cations (e.g., Fe3+, Al3+) are much less soluble. 

Potassium orthophosphates are generally more soluble than the Na orthophosphates and ammonium 

orthophosphates [24]. In contrast, Ca phosphates are usually poorly soluble or practically insoluble in water. Their 

solubility decreases in the order Ca(H2PO4)2 > CaHPO4 > Ca3(PO4)2 > Ca5(PO4)3OH (hydroxyapatite) [23]. The 

Mg orthophosphates like MgHPO4 and Mg3(PO4)2 are more soluble than their Ca analogs, but remain sparingly 

soluble under neutral conditions and dissolve readily in (dilute) acids [23].  

Orthophosphate ions can undergo condensation reactions with the elimination of water (typically achieved 

by heating) to form more complex phosphates. Condensation of two orthophosphate ions yields a pyrophosphate 

ion (P2O7
4-) in which two orthophosphate tetrahedra share a corner [22]. Pyrophosphoric acid (H4P2O7) has four 
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pKa values of 0.91, 2.10, 6.70, and 9.32 [24], and under neutral conditions exists as a mixture of H2P2O7
2- and 

HP2O7
3- ions in aqueous solution. Further condensation leads to the formation of polyphosphates, which are linear 

chains of orthophosphate units with the general formula PnO(3n+1)
(n+2)-. As the chain length increases, the average 

polyphosphate composition approaches PnO3n
n-. These long-chain polyphosphates are different from 

metaphosphates (or cyclophosphates), which are cyclic (ring-shaped) condensed phosphates with the same 

general formula PnO3n
n-. Ultraphosphates are complex, branched polyphosphates that are formed when some PO4 

tetrahedra are connected to three other PO4 tetrahedra [25].  

Condensed phosphates can form both crystalline salts and amorphous glasses with numerous cations [25]. 

The glassy, amorphous materials are typically formed by rapid cooling of the melts [23]. The repeating P-O-P 

backbone of polyphosphates is relatively stable to chemical attack under neutral conditions, but undergoes 

hydrolytic cleavage to form the original orthophosphate building blocks. This hydrolysis rate is greatly 

accelerated by elevated temperatures or strongly acidic/alkaline conditions [26, 27]. Solubility trends for 

pyrophosphates follow those of the orthophosphates, and K4P2O7 > Na4P2O7. Most Na and K polyphosphates are 

water-soluble, except for the high-molecular mass crystalline forms [23]. Similarly, amorphous ammonium 

polyphosphate is highly soluble [28], but crystalline ammonium polyphosphate has a low solubility [29]. In 

contrast, condensed Ca phosphates (e.g., Ca2P2O7, Ca5(P3O10)2, and Ca metaphosphate) are considered practically 

insoluble under neutral conditions [23, 30]. The Mg analogs have similar behaviors but are generally more soluble 

than their Ca counterparts [31, 32].  

2.2.  Thermal decomposition of pure phosphates 

To predict the phosphate species formed during co-pyrolysis with phosphate compounds, the thermal 

transformations of the pure phosphate compounds need to be understood first. Starting with the simplest 

orthophosphate, H3PO4 condenses upon heating and releases water, first forming H4P2O7. As the condensation 

reaction proceeds, a complex mixture of linear (Hn+2PnO3n+1), cyclic ((HPO3)n), and possibly branched 
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polyphosphoric acids of different chain lengths are formed [33, 34]. In the absence of any binding cation, these 

condensed phosphoric acids are amorphous and thus cannot be identified by XRD.  

The decomposition of the ammonium orthophosphates has been under much investigation and is complex 

due to the overlapping steps. During heating, (NH4)2HPO4 first decomposes at around 100-150 °C through the 

loss of ammonia, which results in the formation of NH4H2PO4 [35]. The NH4H2PO4 then decomposes at 

approximately 150-350 °C to form H4P2O7 through an intermediate (NH4H3P2O7). The H4P2O7 ultimately 

condenses into (HPO3)n at >300 °C [36-38].  

The thermal stability of Na phosphates increases as the number of hydrogen atoms decreases. The 

decomposition of NaH2PO4 involves dimerization into Na2H2P2O7 (210-225 °C) and polycondensation into Na 

polyphosphate (NaPO3)n at 260-360 °C [39, 40]. Decomposition of Na2HPO4 involves dimerization into a 

different pyrophosphate (Na4P2O7) at around 245-345 °C, but no polycondensation takes place [41]. Finally, 

Na3PO4 undergoes several phase transformations up to 600 °C without weight loss [42]. 

The least stable of the K orthophosphates, KH2PO4, thermally decomposes at around 200-340 °C to form 

K polyphosphate ((KPO3)n) via a pyrophosphate intermediate (K2H2P2O7) at 260-280 °C [43, 44]. The (KPO3)n 

can further undergo phase transformations at 510 and 670 °C and melts at 810 °C [22]. The K2HPO4 is more 

stable and its thermal decomposition takes place at around 280-400 °C to form K4P2O7 [45]. If mixtures of 

KH2PO4 and K2HPO4 are heated, other intermediates (K3HP2O7, K5P3O10) are formed before finally forming 

(KPO3)n or K4P2O7 [45]. The most stable K orthophosphate, K3PO4, does not decompose under typical pyrolysis 

conditions but undergoes a polymorphic transition at around 530 °C [46].  

The thermal decomposition of Mg(H2PO4)2 is complex and sensitive to environmental conditions [47, 48]. 

Typically, anhydrous Mg(H2PO4)2 condenses and forms MgH2P2O7 in the range of 250-380 °C, which is followed 

by condensation to Mg polyphosphate (Mg(PO3)2)n at around 400-520 °C [47-49]. Upon thermal treatment, 

MgHPO4 first dehydrates at 120-170 °C to form an amorphous Mg phosphate phase [50, 51]. This amorphous 

phase is a complex mixture of orthophosphate with polyphosphates of different chain lengths [52]. Upon further 
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heating, crystalline Mg2P2O7 is formed at around 420-600 °C. At higher temperatures, some Mg3(PO4)2 may also 

be formed [50, 53]. This Mg3(PO4)2 is stable and does not decompose until well above 1000 °C [13]. 

During its thermal decomposition, Ca(H2PO4)2 condenses and forms CaH2P2O7 at around 180-280 °C, 

which is transformed into Ca metaphosphate (Ca(PO3)2)n at around 280-500 °C [13, 47, 54]. Slow cooling of the 

metaphosphate promotes the formation of the crystalline form, and rapid quenching is required to obtain an 

amorphous, glassy form [55]. Upon heating, CaHPO4 dehydrates at around 80-220 °C, resulting in a mixture of 

poorly crystalline anhydrous CaHPO4 and an amorphous Ca phosphate phase [56, 57]. This mixture further 

converts into crystalline Ca2P2O7 at around 350–550 °C, with phase transformation to a more stable polymorph 

at >600 °C [52, 54, 56, 57]. Tricalcium phosphate (Ca3(PO4)2) has high thermal stability and does not decompose 

under pyrolysis-relevant conditions [13]. 

Figure 1 provides an overview of the thermal transformation pathways and approximate stability ranges 

of the phosphates based on these thermal decomposition mechanisms. Understanding these pathways can aid in 

the prediction of the dominant phosphate species that will be formed with the selected additive and co-pyrolysis 

conditions. For example, thermal treatment of tribasic orthophosphates (e.g., Na3PO4, K3PO4, Mg3(PO4)2, 

Ca3(PO4)2) preserves the orthophosphate form, even at high temperatures. In contrast, using protonated 

phosphates (e.g., KH2PO4, K2HPO4, Mg(H2PO4)2, MgHPO4, and similar) promotes condensation to form of pyro- 

and/or polyphosphates. Since each of these phosphate forms has its specific properties, their release and plant 

availability in the P-modified biochars are directly linked to the phosphate form. However, the interaction between 

these phosphate species and the biomass/biochar components needs to be taken into account as well, as discussed 

in the next section. 

3. Phosphorus transformations during co-pyrolysis with phosphate 

additives 

3.1.  Co-pyrolysis with phosphoric acid 
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Due to its catalytic and dehydrating properties, H3PO4 is a common pre-pyrolysis treatment agent for 

producing porous activated carbon from biomass [58]. The biomass is impregnated with a high concentration of 

H3PO4, which enhances pore formation and increases carbon retention by the formation of thermally stable C-O-

P bonds [59, 60]. Because the primary purpose of the H3PO4 treatment is to create a porous structure rather than 

P enrichment, any residual P compounds are typically removed by washing steps and only a small amount of P 

remains in the solid in the form of phosphate functional groups on the carbon surface [59, 61]. Recently, H3PO4 

has also been used for P enrichment of feedstocks such as poultry waste [62, 63], sugarcane leaves [64], wheat 

straw [9], and peanut shells [65] with a H3PO4 solution. In this context, the washing step is skipped to ensure 

maximum P loading. 

Examples of biochar modifications by co-pyrolysis with H3PO4 are shown in Table 1. Since H3PO4 is 

commercially available in solution form, mixing of H3PO4 with the biomass has been done exclusively in wet 

form. High H3PO4:biomass ratios increase the biochar yield and P content [9, 60], although a smaller or no effect 

is seen at lower H3PO4 loadings [62, 64]. The biochars produced by modification with H3PO4 typically exhibit a 

low pH (1.5-2.2) due to the presence of acidic phosphate species. When a low concentration of H3PO4 was applied 

to a high-ash biomass like poultry manure, Sahin et al. [62] reported a much higher pH of 8.57. 

The crystalline phases after modification with H3PO4 depend on the cations present in the raw material 

and thus on the biomass composition. For example, biochar from H3PO4-modified poultry manure (a Ca-rich 

feedstock) contained crystalline Ca and Mg phosphates [63], whereas no crystalline phase was found when 

sugarcane leaves were used as biomass [64].  

3.2.  Co-pyrolysis with ammonium phosphates 

Both NH4H2PO4 and (NH4)2HPO4 have been used for their fire-retardant properties and their ability to 

increase char yield [66, 67] by increasing the activation energy for thermal degradation of biomass [68]. More 

recently, NH4H2PO4 and (NH4)2HPO4 have been used as co-pyrolysis agents to produce P-enriched biochars for 

fertilizer application. This application is more effective at retaining P than N, because the P is retained in the char 
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whereas most of the N is lost to the gas phase during pyrolysis. For example, Suwanree et al. [64] reported that 

pre-treatment of sugarcane leaves with (NH4)2HPO4 and pyrolysis at 600 °C increased the P content from 7 to 81 

g/kg, whereas the N content increased from 10 to only 33 g/kg.  

Table 2 gives an overview of selected studies that have used ammonium phosphates in co-pyrolysis. Both 

wet and dry mixing have been carried out. Dry mixing avoids the need for an additional drying step, but may 

result in lower material homogeneity in the biomass mixture and less effective penetration of P into the biomass 

pores. Furthermore, particle segregation can occur if the P compound and biomass have different particle sizes, 

potentially leading to an inhomogeneous product. Wet mixing, on the other hand, allows for a more even 

distribution and better impregnation of the P compound throughout the biomass due to superior contact. However, 

this method requires an extra time- and energy-intensive drying step prior to pyrolysis [58]. Overall, the outcomes 

of the pyrolysis process, such as an increase in the biochar yield and P loading, are similar to those with H3PO4.  

Similar to H3PO4, the final decomposition products of (NH4)2HPO4 and NH4H2PO4 are XRD-amorphous 

[37, 40] and acidic (biochars have a pH around 2.0-2.8). Any crystalline phosphates found in the biochars 

originate from reactions between the phosphate acids and native mineral cations present in the biomass. For 

example, co-pyrolysis with NH4H2PO4 resulted in the formation of struvite-K (KMgPO4·6H2O) in poultry litter 

biochar (500 °C) [63], KH2PO4 in corn stalk biochar (300-700 °C) [69], and KH2PO4 and Ca(PO3)2 in maize straw 

biochar (650 °C) [70]. Similarly, crystalline (KPO3)n was formed when NH4H2PO4 was co-pyrolyzed with wheat 

straw at 550 °C, but not with pine wood [40], which highlights the influence of feedstock composition. No 

crystalline phosphates were found when sugarcane leaves were co-pyrolyzed with (NH4)2HPO4 at 600 °C [64].  

Ammonium polyphosphate has also been used as a co-pyrolysis agent. In the study by Huang et al. [65] 

using peanut shells pyrolyzed at 500 °C for 2 h, co-pyrolysis with H3PO4 or ammonium polyphosphate produced 

higher surface area (201 m2/g) than NH4H2PO4 (100 m2/g). All phosphate phases were XRD-amorphous (Figure 

2a). The solution 31P NMR analysis indicated that ammonium polyphosphate generated relatively more 

orthophosphate groups, while H3PO4 and NH4H2PO4 resulted in more pyrophosphate (although orthophosphate 

was still the main phase observed) (Figure 2b) [65]. This suggests that ammonium polyphosphate was thermally 
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fragmented into shorter chains [71], whereas H3PO4 and NH4H2PO4 underwent condensation (according to their 

thermal decomposition pathways, Section 2.3). This condensation is in agreement with pyrolysis of wheat straw 

and pine wood with NH4H2PO4 at 550 °C, which showed dominant H3PO4 peaks at 0.8 ppm and smaller H4P2O7 

peaks at -11 ppm (Figure 2c) [40]. 

3.3.  Co-pyrolysis with sodium phosphates 

Sodium phosphates are not typically used for biochar fertilizer applications because high levels of Na are 

toxic to plants [72]. Instead, NaH2PO4 and Na2HPO4 have been added to study their effects on biochar yield and 

properties. Zhang et al. [40] identified crystalline (NaPO3)3 and KPO3 in biochars produced by co-pyrolysis of 

NaH2PO4 with either pine wood or wood straw at 550 °C, which was supported by solid-state 31P NMR analysis 

(Figure 3). The presence of KPO3 was ascribed to the reaction of potassium species in the biomass with the 

phosphorus in NaH2PO4.  

3.4.  Co-pyrolysis with potassium phosphates 

Selected studies on co-pyrolysis of biomasses with K phosphates are summarized in Table 3. Modification 

has primarily been done by wet mixing, with only one study reporting dry mixing at varying KH2PO4 

concentrations [73]. The resulting biochars are typically alkaline (pH 7-10), with the biochar pH increasing with 

the K:P ratio of the K phosphate used [69, 74, 75]. Compared to Ca and ammonium phosphates, the increases in 

biochar yield and P content obtained with K phosphates tend to be slightly lower [69], although the starting K 

phosphate plays a significant role. For instance, co-pyrolysis of apple tree branches with KH2PO4 resulted in the 

highest biochar yield (50%) compared to K2HPO4 and K3PO4 (both 40%). On the other hand, K3PO4 yielded the 

highest P content (82 mg/g compared to 42-43 mg/g for KH2PO4 and K2HPO4) [75]. Similarly, a study with 

peanut shells found that higher KH2PO4 concentrations resulted in higher biochar yields, though the total P content 

was not reported [73]. 

The final form of the K phosphate in the biochar depends on the specific starting compound, pyrolysis 

conditions, and interactions with biomass cations. For example, when corn stalk was pyrolyzed with KH2PO4, 
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Bai et al. [69] identified both KH2PO4 and KPO3 at 300 °C but only KPO3 at 500 and 700 °C. In co-pyrolysis 

with K3PO4, the original K3PO4 has been identified at temperatures ranging from 350 to 950 °C [74, 76], though 

the formation of K2HPO4 (at 450-550 °C) [74] and K4P2O7 (at 400-950 °C) [74, 77] has also been reported. 

Additionally, phosphates often interact with cations like Ca2+, Mg2+, and Al3+ in the biomass to form other 

phosphates. At 500 °C, co-pyrolysis of corn stalk with K2HPO4 resulted in K2HPO4 and (Ca/Mg)3(PO4)2 [78]. 

Similarly, microwave pyrolysis of cotton stalk with K3PO4 led to the formation of K3PO4, Mg2P2O7, and 

Mg3(PO4)2 due to the interaction with native Mg in the biomass [79]. In co-pyrolysis of sewage sludge, various 

K-, Mg-, Al-, and Ca-containing phosphates were formed at 500 and 700 °C, but no crystalline phosphates were 

observed at 300 °C [77].  In line with this, co-pyrolysis of apple tree branches with KH2PO4, K2HPO4, and K3PO4 

produced a mixture of various K- and/or Ca-containing ortho- and pyrophosphates [75].  

Figure 4 presents the FTIR and solution-state 31P NMR spectra of these biochars. The FTIR spectra (Figure 

4a) for all three modified biochars presented new peaks for orthophosphate (538 cm-1) and pyrophosphate 

vibrations (1152, 1090, and 1027 cm-1). Furthermore, material BC-1 (modified with KH2PO4) exhibited peaks at 

1290 and 868 cm-1 ascribed to metaphosphate (PO3
-) vibrations. Consistent with the FTIR data, solution-state 31P 

NMR analysis confirmed that metaphosphate was present in BC-1 but not in the other biochars (Figure 4b) [75]. 

These observations align with the thermal decomposition pathway of the pure K phosphates, where (KPO3)n is 

formed with KH2PO4 but not with K2HPO4 and K3PO4 (Section 2.3).  

3.5.  Co-pyrolysis with magnesium phosphates 

To the best of our knowledge, the direct co-pyrolysis of biomasses with a defined Mg phosphate has not 

been reported; instead, P and Mg compounds are commonly added separately. Typical P sources include H3PO4 

(most commonly), NH4H2PO4, (NH4)2HPO4, and Ca(H2PO4)2, which are then combined with MgO or MgCl2 

(Table 4). This approach has been extensively explored for applications as slow release fertilizer and as adsorbent 

for heavy metals like Cd(II) and Pb(II).  
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Compared to H3PO4 alone, incorporating MgO during pre-treatment shows varying effects on biochar 

properties. As shown in Table 4, the addition of MgO may increase the yield for some feedstocks, have a 

negligible effect for others, or even decrease yield, as observed with poultry litter. Similarly, while co-pyrolysis 

with H3PO4 and MgO generally increases the total P content in biochar from sugarcane leaves [64] and coffee 

husk [60], this was not the case for poultry litter, where the total P content was higher with H3PO4 alone [60]. 

Other studies indicate that increasing the Mg:P ratio in the pre-treatment can lead to a lower biochar yield [11, 

80] and higher total P content for sugarcane filter cake [80] but not for sugarcane leaves [11] (Figure 5a). The 

resulting biochars are typically neutral to slightly acidic, but their pH depends strongly on the feedstock and the 

Mg:P ratio. Specifically, low Mg:P ratios result in acidic biochars due to excess phosphate, whereas high Mg:P 

ratios produce alkaline biochars due to excess MgO [11].  

When H3PO4 and MgO are mixed in the pre-treatment process, a MgHPO4 intermediate is formed [31, 

81], which decomposes during pyrolysis to Mg2P2O7 and possibly Mg3(PO4)2, as outlined in Section 2.3. Indeed, 

XRD measurements confirmed that Mg2P2O7 was the dominant crystalline phase at 400-700 °C in biochars 

modified with MgO and H3PO4, regardless of whether the feedstock was spent green tea leaves (Figure 5b) [81], 

sugarcane leaves (Figure 5c) [11], sugarcane filter cake [31], or poultry litter [63]. A small amount of Mg3(PO4)2 

was formed after pyrolysis at 700 °C with spent green tea leaves [81] (see MPTB-7 in Figure 5b) or when wheat 

straw was pyrolyzed with KH2PO4 and MgCl2 at 600 °C [82]. In contrast, low temperature pyrolysis (300 °C) of 

spent green tea leaves with MgO and H3PO4 yielded no crystalline P forms, confirming the presence of amorphous 

phosphates (see MPTB-3 in Figure 5b) [81].  

The Mg:P ratio in the pre-treatment strongly influences the phosphate speciation. For example, when 

sugarcane filter cake was co-pyrolyzed at 600 °C, Mg2P2O7 was the only crystalline P phase at Mg:P ratios of 

0.5-1.5; however, with excess Mg (Mg:P = 2) no crystalline phosphate phase was detected, suggesting the 

formation of amorphous phosphates (Figure 5c) [80]. In contrast, for sugarcane leaves, crystalline Mg2P2O7 was 

found across wider Mg:P ratios (0.5-2), with the highest peak intensity at Mg:P = 0.75 (Figure 5c) [11]. Similarly, 

microwave pyrolysis of cotton stalk with K3PO4 and MgO (Mg:P = 0.25 and 0.5) produced new crystalline peaks 
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for MgHPO4 and increased XRD peak intensities for Mg3(PO4)2 and Mg2P2O7 compared to the MgO-free biochar 

[79]. Surface analysis via XPS provides complementary insights into these P species. For instance, the P 2p signal 

of a modified sugarcane leaf biochar (1MgP-BC) presented two sets of doublets; a lower energy doublet (134.6 / 

133.7 eV) assigned to either orthophosphate or pyrophosphate groups, and a higher energy doublet (136.4 / 135.5 

eV) assigned to metaphosphate (Figure 5d) [64]. 

Finally, the addition of MgO significantly alters the porous properties of the biochar, with the effect being 

feedstock-dependent. The MgO addition led to a decrease in specific surface area for sugarcane leaves [11, 64], 

but an increase for poultry litter and coffee husk [60]. When comparing phosphate precursors in poultry litter 

biochars, combining MgO with NH4H2PO4 or Ca(H2PO4)2 resulted in a higher specific surface area and greater 

mesoporosity. In contrast, combining MgO with H3PO4 did not affect the specific surface area and only slightly 

increased the pore volume [83].  

3.6.  Co-pyrolysis with calcium phosphates 

Calcium phosphates, particularly Ca(H2PO4)2, have been added in biomass pyrolysis for various reasons, 

including increasing carbon retention and stabilization, improving fertilizer value, immobilizing or adsorbing 

heavy metals, and for fuel applications (Table 5). Incorporating Ca(H2PO4)2 into the pyrolysis process increased 

both biochar yield and P content. The resulting biochar tends to be acidic to neutral, with pH values ranging from 

3.6 to 7.0 depending on the biomass and pyrolysis conditions.  

Typically, the specific Ca phosphate phase formed depends on the modifiers and the Ca:P ratio. For 

instance, while Ca(H2PO4)2-based biochars (with a Ca:P ratio of 0.5) tend to contain (Ca(PO3)2)n, separate 

addition of H3PO4 and CaO (equimolar Ca:P ratio) to sugarcane filter cake at 600 °C resulted in crystalline 

Ca2P2O7 as the main phase [31]. This is consistent with the thermal degradation pathway of the CaHPO4 

intermediate (Section 2.3). However, when Ca(H2PO4)2 is co-pyrolyzed with biomass, the interaction with 

inherent cations (like K+) can also lead to the formation of various other phosphate species. For example, in 

addition to Ca phosphates like Ca2P2O7 (at 300-700 °C),  Ca(PO3)2 (at 500-700 °C), and/or Ca3(PO4)2 (at 500 °C) 
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[20, 40, 63, 69, 70, 84], crystalline K-containing phosphates like KPO3 [40], KH2PO4 ([69]  K5P3O10 [63], or 

mixed phases like Ca2KP3O10 [69] have been identified.  

In the work of Wang et al. [70], co-pyrolysis of maize straw with Ca(H2PO4)2 at 650 °C (MSC-CPM) 

produced Ca(PO3)2 as the only crystalline P-containing phase (Figure 6a), consistent with its thermal degradation 

pathway (Section 2.3). In contrast, co-pyrolysis with NH4H2PO4 (MSC-ADP) yielded KH2PO4, while the 

unmodified biochar (MSC) did not contain any crystalline P phases (Figure 6a) [70]. Furthermore, when wheat 

straw was pyrolyzed with Ca(H2PO4)2 at 550 °C, XRD analysis confirmed the presence of crystalline Ca(PO3)2 

and KPO3 (Figure 3a), whereas the solid-state 31P NMR analysis identified a mixture of Ca2P2O7, Ca(PO3)2 and 

Ca3(PO4)2 (Figure 6c). By comparison, pine wood biochar exhibited a simpler 31P NMR spectrum with only 

Ca2P2O7, highlighting the influence of the feedstock on P speciation [40]. Finally, XPS analysis of sawdust co-

pyrolyzed with Ca(H2PO4)2 (BCsaw-TSP) revealed a P 2p spectrum with a higher binding energy (134.4 eV) than 

either unmodified (BCsaw) or bone meal co-pyrolyzed biochars (BCsaw-BM) (133.3 eV, Figure 6b). This shift to 

higher binding energy was ascribed to the formation of C-O-P bonds between the phosphate and the carbonaceous 

biochar matrix [20].  

4. Phosphorus solubility, release, and plant uptake 

4.1.  Extractable P from phosphorus-modified biochars 

The extractability of P-modified biochars has been widely studied, most commonly using deionized (DI) 

water extraction. Consistent with the behavior of the pure compounds, biochars modified with P sources 

containing monovalent cations (e.g., H+, NH4
+, and K+) exhibit high levels of water-soluble P, typically 

accounting for 50-90% of the total P content [64, 79]. An exception to this is when poultry manure was modified 

with H3PO4 and pyrolyzed at 300 °C, where water-soluble P was only 0.1 g/kg (<1% of total P). This was likely 

due to the comparatively low H3PO4 loading used (see Table 1) and the reactions between the acid and the intrinsic 

divalent cations in the manure [62]. Similarly, co-pyrolysis of H3PO4 with divalent metal oxides (MgO or CaO) 

reduced the water-soluble P levels to <5% of total P [31, 64, 80, 81, 85]. Slightly higher values were found when 
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MgO was combined with monovalent sources such as (NH4)2HPO4 (16% soluble P) [64] and K3PO4 (22-48% 

soluble P) [79]. For Mg/P-modified biochars the low water solubility appears insensitive to process parameters 

such as the pyrolysis temperature [81] or Mg:P ratio [80]. From an environmental perspective, a lower water-

soluble P concentration is critical, as this highly mobile fraction contributes to P losses via surface water runoff 

[86]. 

When stronger extractants are used, P extractability significantly increases compared to DI water. For 

biochars produced with H3PO4 and ammonium phosphates, the extractability in 2% formic acid is high, similar 

to DI water [64]. However, for Mg/P-modified biochars, the extractability in formic acid is significantly higher 

than in DI water and (unlike in DI water) sensitive to synthesis conditions. Specifically, higher Mg:P ratios and 

lower pyrolysis temperatures lead to a higher extractability in formic acid, suggesting the formation of more acid-

soluble phosphates under these conditions [64, 80, 81]. Other media show a similar high extractability: P 

extractability from Mg/P-modified biochars in 2% citric acid is 73% [85] and increased to 86-91% in neutral 

ammonium citrate (NAC) [85, 87]. Interestingly, the effect of MgO addition during pyrolysis depends on the P 

source: MgO addition slightly decreased extractability for H3PO4-modified biochars (from 95% to 91%), but 

increased NAC-extractable P when Ca(H2PO4)2 was used (from 47% to 91%). Finally, studies using 0.2 M EDTA 

have reported a high P extractability (69-80% of total P) irrespective of Mg content or K3PO4 loading [79]. 

To characterize the different P forms in biochars, studies have used a sequential extraction procedure 

adapted from the Hedley soil fractionation method [88-90]. This procedure separates the P into pools using 

reagents of increasing strength: DI water (readily water-soluble P), 0.5 M NaHCO3 (labile P that is readily 

available to plants), 0.1 M NaOH (moderately labile P associated with Al and Fe oxides/hydroxides), and 1 M 

HCl (stable P bound within acid-soluble minerals such as apatites) [91, 92]. In Mg/P-modified spent green tea 

leaf biochars, Jantapa et al. [81] found that the stable HCl-P fraction dominated (37-71% of the total extracted P) 

across temperatures 300-700 °C. Higher pyrolysis temperatures correlated with a transformation from more plant-

available into less available P forms (Figure 7a) [81]. In contrast, Liu and Tian [77] observed that adding K3PO4 

to iron-rich sewage sludge increased labile (H2O-P and NaHCO3-P) and especially moderately labile (NaOH-P) 
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fractions while decreasing HCl-P, independent of temperature (300-500 °C, Figure 7b). Similarly, a K3PO4-

modified rice husk biochar prepared at 500 °C contained H2O-P as the largest fraction (59%), followed by 

NaHCO3-P (16%) (Figure 7c) [12]. This highlights a strong functional contrast between phosphate salts: the P 

sources that form stable phosphates (e.g., with Mg) promote P stabilization into less soluble, long-term available 

forms, whereas soluble P compounds (like K3PO4) enhance labile nutrient levels.  

4.2.  Phosphorus release kinetics from phosphorus-modified biochars 

The kinetic P release in water has been measured for various modified biochars. Most studies dispersed 

the biochar in water at a concentration of 5 g/L and agitated the suspension for 240 hours (10 days). Dissolved P 

concentrations were measured at different time intervals using techniques like ICP-OES [60, 63, 69, 93], which 

quantifies the total released P but does not distinguish between specific P species. Selected results of total P 

release are summarized in Figure 8a-e.  

The P release from biochars modified with monovalent cation phosphates (e.g., H+, NH4
+, and K+) was 

generally high and reached approximately 60-210 g P/kg biochar after 240 h, which corresponds to ≥54% of the 

biochar P content (Figure 8a). This release was also relatively fast, with approximately 65-95% of the total P 

release occurring within the first 24 h. The highest P release was observed for poultry litter biochar modified with 

H3PO4 [63]. This can be attributed primarily to the high water solubility of H3PO4 and its thermal decomposition 

products, the low pH of the resulting biochar, and the high intrinsic P content of the poultry litter compared to 

plant-based feedstocks. Generally, P release followed the order: H3PO4 > NH4H2PO4 ≈ KH2PO4, with no clear 

dependence on pyrolysis temperature [63, 69]. This rapid and high release suggests that co-pyrolysis with 

monovalent cation phosphates produces phosphate compounds that are largely water-soluble and loosely bound 

to the biochar matrix.  

Biochars modified with divalent cations (Mg and Ca phosphates) exhibited significantly slower P release 

kinetics compared to monovalent modifiers. Less than half of the total P content was released after 240 h 

(generally below 50 g P/kg biochar), with the majority (49-84%) occurring within the first 24 h (Figure 8b,c). A 
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direct comparison of Mg to Ca phosphates requires careful attention to stoichiometry: modifications with Ca 

phosphates typically used a Ca:P ratio of 0.5 (due to the stoichiometry of Ca(H2PO4)2), whereas most Mg 

phosphate modifications used a Mg:P ratio of 1.0. Increasing the Ca:P ratio to 1.0 (e.g., for filter cake) drastically 

reduced the P release to only 2% after 240 h, confirming the P stabilizing effects of higher Ca:P ratios [31]. 

Beyond stoichiometry, the phosphate salt and feedstock also significantly influenced P release. For example, 

combining MgO with H3PO4 or NH4H2PO4 resulted in a higher release than MgO with Ca(H2PO4)2, suggesting 

that MgO can readily displace protons/ammonium but not Ca2+ to form slowly releasing phosphates. The P release 

was also feedstock-dependent and decreased in the order: coffee husk > poultry litter > spent green tea (at the 

same pyrolysis temperature and equimolar modification with H3PO4 and MgO). While coffee husk and spent 

green tea are similar in their low intrinsic Ca and P content compared to poultry litter, coffee husk biochar 

modified with H3PO4 and MgO released significantly more P (91 g P/kg biochar) than spent green tea biochar, 

mainly due to the higher P:biomass ratio used during modification (Table 4). Conversely, poultry litter biochars 

showed a lower P release compared to plant-based feedstocks like corn stalk, likely due to the formation of highly 

stable Ca compounds like hydroxyapatite. Finally, pyrolysis temperature affected the P release. While the absolute 

P release from Ca(H2PO4)2-modified corn stalk biochars was independent of temperature, lower temperatures 

yielded a higher percentage of P release. This may imply that low temperature pyrolysis may generate more 

soluble phosphates, in contrast to high temperature pyrolysis where Ca(PO3)2 was formed [69].  

As shown in Figures 8d and 8e, comparisons of total P release after 240 h (both absolute values and 

percentages of biochar P content) confirm that the P release from monovalent cationic modifiers was consistently 

higher than divalent modifiers. Despite different stoichiometries, the P release from Mg phosphate modified 

biochars (with Mg:P generally at 1.0) was comparable to that of Ca phosphate modified biochars (with Ca:P ratio 

of 0.5).  

The studies discussed above measured only the total P without distinguishing between specific P forms. 

However, biochars typically contain various phosphate species (such as orthophosphates, pyrophosphates, and 

polyphosphates), each with different solubilities and crop availabilities. To address this limitation, some 
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researchers have employed UV-vis spectroscopy with the molybdenum blue method to quantify the ‘molybdate 

reactive phosphorus’, which consists (almost) exclusively of orthophosphate [31, 64, 80, 81, 94]. This approach 

provides direct information on immediately available P and has been primarily applied to Mg phosphate modified 

biochars (Figure 8f). Orthophosphate release patterns generally followed those observed for total P: release 

decreased with increasing pyrolysis temperature and higher Mg:P ratios, and was more rapid for (NH4)2HPO4 

than H3PO4 modifications (due to the lower biochar pH) [64]. Feedstock also played a role, with orthophosphate 

release decreasing in order: sugarcane leaves > sugarcane filter cake > spent green tea (under identical 

modification conditions). Consistent with total P release trends, Mg phosphate biochars released orthophosphate 

more rapidly than Ca phosphate biochars at equivalent cation:P ratios [31]. The most rapid P release was observed 

with K3PO4-modified rice husk biochar [12], where  orthophosphate release reached 58% of the biochar P content 

(36 mg/kg) after 24 hours. Equilibrium was reached within just 2 hours due to the formation of readily soluble 

phosphates during co-pyrolysis with water-soluble K3PO4.  

To differentiate between phosphate forms with the molybdenum blue method, a digestion or peroxidation 

step can be added to convert all P into orthophosphate. Some authors have used this approach to distinguish 

between orthophosphate and total P concentrations in the final 240-h sample (Figure 8g). The difference between 

these values represents condensed phosphates (i.e., pyrophosphates and polyphosphates). These results 

demonstrate that while orthophosphate release was the highest for the 300 °C biochar, condensed phosphate 

release peaked at 500 °C. Consequently, the total P release was highest at 300-500 °C (19-25% of biochar P 

content) and decreased at higher temperatures [81]. Notably, for Ca phosphate biochars, while orthophosphate 

dissolution was low, peroxidation barely increased the measured P concentration, confirming the poor solubility 

of condensed Ca phosphates [31]. This observation indicates that any condensed phosphates formed in Ca 

phosphate biochars remain largely insoluble and are retained within the biochar, even after 10 days in water.  

Relatively few authors have measured P release kinetics in soil. Studies focusing on K3PO4-modified 

cotton straw biochar, prepared by microwave pyrolysis, demonstrated rapid P release: the K3PO4-modified 

biochar released all its P within 12 days in soil [95]. When 10% or 30% bentonite clay was included, this P release 
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was reduced to 53% (in 12 days) or 82% (in 20 days), respectively. This slow release behavior was ascribed to 

the formation of stable Ca and Mg phosphates in the presence of bentonite [95]. Similarly, MgO incorporation 

also inhibited P release. Consistent with the bentonite findings, the MgO-free K3PO4-modified biochar released 

its P rapidly, while incorporation of MgO slowed the P release to only around 32% after 28 days in soil [79]. 

Characterization using XRD and XPS analysis confirmed the P release mechanism: water-soluble P dissolved 

first, followed by precipitated P, and organic P showed the slowest release behavior [79].   

4.3.  Plant studies 

The agronomic performance of Mg/P-modified biochars derived from poultry litter and coffee husk has 

been demonstrated in several plant studies under controlled greenhouse conditions. Such trials have shown that 

while triple superphosphate produces higher biomass in the first cycles [63, 87], the biochar-based fertilizers 

resulted in higher cumulative yields over multiple growth seasons [87, 93]. The mechanism behind this long-term 

performance was ascribed to the formation of stable, water-insoluble pyrophosphates (e.g.,Mg2P2O7 and Ca2P2O7) 

that provide a slow and steady release of P and reduced soil fixation [85, 87]. Sequential P extraction and P 

diffusion measurements confirmed that soils with modified biochars had significantly higher long-term available 

P pools than triple superphosphate-amended soils [85, 93].  

The combined modification of cotton straw with K3PO4 and bentonite improved biomass production in 

pot-grown pepper plants compared to K3PO4-modified biochar [95], although no comparison was made with 

traditional fertilizers. However, not all modifications are effective. For example, pre-pyrolysis modification of 

poultry manure with a low concentration of H3PO4 increased plant P uptake, but did not significantly increase the 

plant dry weight compared to the unmodified biochar [62]. 

5. Comparative analysis of P transformations and release mechanisms 

The P species and release kinetics in P-modified biochars are largely governed by three key parameters: 

(i) the properties of the phosphate modifier salt (specifically the cation identity and protonation state), (ii) the 

pyrolysis temperature, and (iii) the biomass feedstock composition (especially ash content and native cations) 
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(Figure 9). Generally, both the additive salt and temperature determine the degree of condensation in the biochar: 

higher temperatures and higher degrees of protonation (i.e., higher H:P ratios) favor the formation of condensed 

P species. The specific phosphate salt used dictates the resulting P structure: dihydrogen phosphate salts (e.g., 

KH2PO4, Ca(H2PO4)2) tend to form condensed phosphates like polyphosphates at sufficiently high temperatures, 

whereas hydrogen phosphate salts (e.g., K2HPO4, CaHPO4) typically produce pyrophosphates, and tribasic 

phosphate salts (e.g., K3PO4, Ca3(PO4)2, generally retain their original orthophosphate structure. 

The P solubility and release are directly linked to these structural forms and the binding cations. The cation 

valency is a major determinant of release kinetics: co-pyrolysis with monovalent cations (K+, Na+, NH4
+) typically 

yields highly soluble phosphates, irrespective of the H:P ratio and pyrolysis temperature. In contrast, divalent 

systems (Ca2+, Mg2+) present significantly slower phosphate release, which is further suppressed as the cation:P 

ratio increases (and H:P ratio decreases). Pyrolysis temperature further influences this behavior, with higher 

pyrolysis temperatures promoting the formation of less soluble species.  

Finally, the native mineral content of the biomass can alter these predicted trends. High ash feedstocks 

rich in competing cations (such as sewage sludge or poultry manure, Table S1 in Supporting Information) can 

displace protons or monovalent cations during pyrolysis. For example, in Ca-rich poultry manure, the native Ca2+ 

can react with acidic additives (e.g., H3PO4) to form Ca phosphates. This interaction effectively shifts the system 

towards less soluble phosphates, even when highly soluble phosphate salts are used in co-pyrolysis. Together, 

these factors provide a basis for the rational design of engineered biochars with targeted P release profiles.  

6. Challenges and future research directions 

Despite the promising agronomic performance of P-modified biochar fertilizers in greenhouse trials, 

bridging the gap between laboratory synthesis and commercial application requires overcoming several hurdles 

(Table 6). 

1. Advanced characterization  
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The analysis of P species in biochars has mainly relied on accessible techniques like XRD, FTIR 

spectroscopy, and SEM-EDX [13]. While these techniques provide complementary information, they have 

distinct limitations when describing complex matrices like biochars. XRD is restricted to crystalline phases and 

gives no insight into the amorphous phosphates that are often present in biochars. Similarly, interpretation of 

FTIR spectra is often challenging due to low specificity and peak overlap from silicate and carbonate vibrations. 

While SEM-EDX provides the spatial distribution of P and its location with other elements (e.g., with Ca, Mg, or 

K), it does not provide information on the chemical speciation or bonding of P. More in-depth characterization is 

particularly necessary for condensed P phases, as these are often amorphous and tend to be overlooked. To 

identify the local P structure and binding environment, advanced techniques are increasingly necessary. For 

example, solid-state and solution 31P NMR spectroscopy can quantify and distinguish between different inorganic 

phosphates (e.g., orthophosphate, pyrophosphate, and polyphosphate), while XPS is useful for probing the surface 

chemical states of P in biochars. Synchrotron-based X-ray absorption near edge structure (XANES) spectroscopy 

is highly sensitive to the local environment of P and is particularly useful in distinguishing between different P 

species in complex mixtures [96]. Although P-edge XANES has been successfully applied to various biochars 

[97-99], it may not be readily available due to the requirement of synchrotron radiation and complexity of data 

interpretation. Future research should employ in situ characterization techniques that monitor P transformations 

within the biochar, particularly focusing on transitions between orthophosphate, condensed phosphates, and 

crystalline/amorphous structures. 

2. Agronomic effectiveness 

The link between P species, release kinetics, and plant uptake has only been established in a few studies. 

Plant responses have been largely limited to biochars modified with Mg phosphates, with two studies on biochars 

modified with H3PO4 and K3PO4. Furthermore, research has mostly focused on poultry manure as feedstock, 

whereas most modifications have been done on lignocellulosic biomasses. Because the physicochemical 

properties and effects on plant growth can vary significantly across feedstocks [100], biochars from more diverse 

feedstocks should be studied. Moreover, evaluations should include biochars co-loaded with N, K, and 
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micronutrients together with P to create more complete fertilizers. It is critical to determine how these nutrients 

interact within the biochar matrix and how these interactions influence nutrient release kinetics and overall 

agronomic efficacy. Finally, there is a substantial lack of data from field trials, which are essential to validate the 

biochar efficacy under realistic agricultural growth conditions, as results from pot trials may not necessarily 

translate to those obtained in field trials [101, 102].  

Furthermore, there is a strong lack of information on the agronomic efficacy of biochars containing long-

chain condensed phosphates such as poly- and metaphosphates. While ammonium polyphosphate fertilizers have 

been recognized for their ability to reduce P fixation in soil [103], the performance of biochars loaded with 

condensed phosphates is largely unexplored. A recent study demonstrated that biochar enriched with 

polyphosphate (as K5P3O10) was significantly more effective than biochar enriched with orthophosphate (as 

KH2PO4) and unmodified biochar in mitigating Cd toxicity and improving plant growth [104]. Similarly,  

polyphosphates formed during high temperature pyrolysis were found to be resistant to precipitation with Ca2+ 

and could still be utilized by phosphate-solubilizing bacteria [105]. This suggests that condensed phosphates may 

offer multifunctional benefits by combining sustained nutrient release with metal chelation, which prompts further 

investigation. 

3. Scale-up and economic feasibility 

Finally, the transition from laboratory-scale synthesis to large-scale industrial production faces economic 

and engineering challenges. Although some studies have suggested that the benefits can outweigh production 

costs [106-108], profitability is highly context-specific [109, 110]. Biochar production cost can vary widely, from 

a few dollars to several hundred dollars per ton [107, 111, 112]. A critical factor is the P source: while high-purity 

P chemicals ensure a consistent product, production costs may be very high. Instead, utilizing P-rich waste streams 

such as bone meal [20] and manure [21] could minimize raw material costs but requires validation of the product 

performance, given the variability in waste stream composition. Additionally, large-scale production faces 

engineering challenges related to heat transfer and mixing uniformity. Ultimately, the economic success remains 

highly sensitive to fluctuations in market values of the end products [106, 107]. Techno-economic analyses must 
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also account for revenues obtained from co-products (e.g., bio-oil and biogas [106]) and include benefits beyond 

the direct financial outcomes (e.g., carbon sequestration) to fully capture the value of the biochars. 
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Figure 1. Thermal transformation pathways and stability ranges of selected phosphate compounds based 

on reported thermochemical data for ammonium phosphates [35-38], sodium phosphates [39-42, 113], 

potassium phosphates [43-46], magnesium phosphates [47-53], and calcium phosphates [47, 54, 56, 57]. 

Horizontal bars indicate the temperature ranges over which each dominant phosphate is stable: orthophosphates 

(blue), pyrophosphates (green), and poly-/metaphosphates (orange). Arrows indicate transformation pathways at 

the indicated temperature ranges. Purple arrows are condensation reactions (releasing H2O(g)), and pink arrows 

at the ammonium phosphates denote loss of NH3(g). The transition temperatures are generalized from literature 

and may vary depending on specific experimental conditions (e.g., heating rate, gas atmosphere, and sample 
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size/structure). For clarity, only the anhydrous compounds are shown, and melting/polymorph transitions are 

omitted.   
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Figure 2. (a) X-ray diffraction patterns and (b) solution-state 31P NMR spectra of the NaOH-EDTA 

extracts of peanut shell biochars (500 °C) modified with ammonium polyphosphate (PABC), H3PO4 (PHBC), 

and NH4H2PO4 (PNBC) compared to the unmodified biochar (BC). Reprinted (adapted) from Huang et al. [65] 

with permission from Elsevier, 2022; (c) solid-state 31P NMR spectra of NH4H2PO4-modified wheat straw and 

pine wood biochars produced at 550 °C. Reprinted (adapted) from Zhang et al. [40] under the Creative 

Commons Attribution (CC BY) license.  
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Figure 3. (a) X-ray diffraction patterns of wheat straw biochars produced at 550 °C modified with 

NaH2PO4, Ca(H2PO4)2, and NH4H2PO4 compared to the unmodified biochars; (b) solid-state 31P NMR spectra 

of wheat straw and pine wood biochars modified with NaH2PO4 produced at 550 °C. Reprinted (adapted) from 

Zhang et al. [40] under the Creative Commons Attribution (CC BY) license.  
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Figure 4. (a) FTIR spectra and (b) solution-state 31P NMR spectra of NaOH-EDTA extracts of biochars 

prepared from apple tree branches at 500 °C. Spectra are shown for unmodified biochar (BC, black line) and 

biochars modified with different potassium phosphates: BC-1 (KH2PO4), BC-2 (K2HPO4) and BC-3 (K3PO4). 

Reprinted (adapted) from Wang et al. [75] with permission from Elsevier, 2022.   
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Figure 5. (a) Effect of Mg:P ratio in the pre-treatment process on the total Mg and P contents in biochars 

prepared from sugarcane leaves and sugarcane filter cake. Figure was prepared using data on sugarcane leaves 

from Suwanree et al. [11] and sugarcane filter cake from Knijnenburg et al. [80] and Jetsrisuparb et al. [31]; (b) 

X-ray diffraction patterns of unmodified (TB-3 to TB-7) and Mg/P-modified spent green tea biochars (MPTB-3 

to MPTB-7) at 300 to 700 °C. Reprinted (adapted) from Jantapa et al. [81] with permission from Springer 

Nature, 2024; (c) X-ray diffraction patterns of sugarcane leaf biochars modified with varying Mg:P ratios. 

Reprinted (adapted) from Suwanree et al. [11] with permission from Springer Nature, 2024; (d) P 2p XPS 

spectrum of a Mg/P-modified sugarcane leaf biochar (1MgP-BC). Reprinted (adapted) from Suwanree et al. 

[11] with permission from Springer Nature, 2024.  
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Figure 6. (a) X-ray diffraction patterns of maize straw biochar (MSC) modified with NH4H2PO4 (MSC-

ADP) and Ca(H2PO4)2 (MSC-CPM) produced at 650 C. Reprinted (adapted) from Wang et al. [70] with 

permission from Springer Nature, 2020; (b) P 2p XPS spectra of sawdust biochar (BCsaw) modified with 

Ca(H2PO4)2 (BCsaw-TSP) and bone meal (BCsaw-BM). Reprinted (adapted) with permission from Zhao et al. 

[20]. Copyright 2020 American Chemical Society; (c) solid-state 31P NMR spectra of wheat straw and pine 

wood biochars modified with Ca(H2PO4)2 produced at 550 °C. Reprinted (adapted) from Zhang et al. [40] under 

the Creative Commons Attribution (CC BY) license.  
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Figure 7. Phosphorus fractionation in modified biochars as determined by sequential (Hedley) 

extraction: (a) spent green tea biochars co-pyrolyzed with H3PO4 and MgO at 300-700 °C (labeled MPTB-3 to 

MPTB-7). Reprinted (adapted) from Jantapa et al. [81] with permission from Springer Nature, 2024; (b) Sewage 

sludge (SS), unmodified sewage sludge biochars (SB300 to SB500), and K3PO4-modified sewage sludge 

biochars (SBP300 to SBP500) produced at 300-500 °C. Reprinted (adapted) from Liu and Tian [77] with 

permission from Elsevier, 2021; (c) Unmodified rice husk biochar (HBC) and K3PO4-modified rice husk 

biochar (HPBC) produced at 500 °C. Figure produced with data from Wu et al. [12].  
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Figure 8. Total P release over 240 hours from biochars modified with (a) H3PO4, ammonium and 

potassium phosphates, (b) magnesium phosphates, (c) calcium phosphates; (d) total P release (g/kg) and (e) 

relative total P release (%) after 240 h; (f) orthophosphate (PO4-P) release from modified biochars; (g) 

orthophosphate and condensed phosphate released after 240 h. Abbreviations and data sources for each 

feedstock are: Corn stalk (CS) [69]; poultry litter (PL) [60, 63, 93]; coffee husk (CH) [60, 93]; sugarcane filter 

cake (SFC) [31, 80]; sugarcane leaves (SL) [64]; and spent green tea leaves (SGT) [81]. 
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Figure 9. Schematic overview of P transformations and release from phosphate-modified biochars as a 

function of pyrolysis temperature and the degree of protonation of the phosphate salt additive. The left panel 

depicts monovalent (K+/Na+) phosphates, while the right panel depicts divalent (Mg2+/Ca2+) phosphates; 

conditions corresponding to H3PO4 and ammonium phosphates are included in both maps for comparison. 

Approximate P species (ortho-, pyro-, and polyphosphate) are indicated in their respective map locations. Color 

mapping represents the P release kinetics, ranging from very high/rapid (blue) to very low/slow (red). Orange 

arrows illustrate the influence of biomass feedstock (i.e., high Ca2+ content) on P speciation and release. 

 

 

 

 

Table 1. Summary of selected studies on the co-pyrolysis of biomass with phosphoric acid (H3PO4). 

Values after the double slash (//) for yield, total P and biochar pH represent the corresponding values for the 

unmodified biochar. 

Jo
ur

na
l P

re
-p

ro
of



42 

 

Biomass Additiv

e 

Modificatio

n 

conditions 

P:biomas

s ratio (g 

P/g 

biomass) 

Pyrolysis 

condition
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Yield 

(wt%

) 

Total P 

(mg P/g 

biomass

)  

Biocha

r pH (-

) 

Applicatio

n 

Referenc

e 

Lignocellulosic biomasses 

Wheat 

straw 

H3PO4 Immersion 

in solution 

(24h), 

drying (air) 

0.272 500 °C, 

1h 

(stepwise 

heating)  

57 // 

32 

125 // 1 1.5 // 

7.8 

Carbon 

stability 

[9] 

Peanut 

shells 

H3PO4 Wet mixing 

(60 °C, 2h), 

drying (65 

°C, 24 h) 

0.269 500 °C, 

2h 

- - - Adsorptio

n 

[65] 

Coffee 

husk 

H3PO4 Wet 

mixing, 

resting 

(16h), 

drying (60 

°C) 

0.158 500 °C, 

2h 

65 // 

33 

146 // 3 2.0 // 

11.5 

Fertilizer, 

carbon 

stability 

[60] 

Sugarcan

e leaves 

H3PO4 Soaking in 

solution 

(3h), drying 

(105 °C, 2 

h) 

0.083 600 °C, 

2h 

23 // 

23 

34 // 7 2.2 // 

10.0 

Fertilizer [64] 
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Animal wastes and biosolids 

Poultry 

litter 

H3PO4 Wet 

mixing, 

resting 

(16h), 

drying (60 

°C) 

0.158 500 °C, 

2h 

60 // 

39 

206 // 

24 

2.0 // 

11.1 

Fertilizer, 

carbon 

stability 

[60, 63] 

Poultry 

manure 

H3PO4 Acid 

addition 

0.011 300 °C, 

2h 

- 43 // 19 8.6 // 

9.4 

Fertilizer [62] 

 

 

Table 2. Summary of selected studies on the co-pyrolysis of biomass with ammonium phosphates. 

Values after the double slash (//) for yield, total P and biochar pH represent the corresponding values for the 

unmodified biochar. 
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(wt
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Total P 

(mg 

P/g 

biomas

s) 

Bioch

ar pH 

(-) 

Applicatio
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Referen

ce 

Lignocellulosic biomasses 

Peanut 

shells 

NH4H2PO4 Wet 

mixing (60 

°C, 2h), 

drying (65 

°C, 24 h) 

0.316 500 °C, 

2h 

- - - Adsorption [65] 
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Corn 

stalk 

NH4H2PO4 Wet 

mixing 

(1h), 

resting 

(24h), 

drying 

(105 °C, 

8h) 

0.067 300-700 

°C, 1h 

65-

45 // 

45-

32 

83-119 

// 5-8 

2.4-

2.5 // 

7.5-

10.2 

Fertilizer, 

carbon 

stability 

[69] 

Maize 

straw 

NH4H2PO4 Dry 

mixing 

0.024 250-650 

°C 

- - - Bioenergy [70] 

Pine 

wood 

NH4H2PO4 Dry 

mixing (10 

min) 

0.016 550 °C, 

0.67h 

27 // 

19 

- - Fundament

al research 

[40] 

Rice 

straw 

NH4H2PO4 Dry 

mixing 

(1h) 

0.016 350-650 

°C, 1h 

47-

35 // 

44-

32 

- - Bioenergy [67] 

Wheat 

straw 

NH4H2PO4 Dry 

mixing (10 

min) 

0.016 550 °C, 

0.67h 

28 // 

26 

- - Fundament

al research 

[40] 

Sugarca

ne 

leaves 

(NH4)2HPO

4 

Soaking in 

solution 

(3h), 

drying 

0.083 600 °C, 

2h 

42 // 

23 

82 // 7 2.0 // 

10.0 

Fertilizer [64] 
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(105 °C, 2 

h) 

Peanut 

shells 

Ammonium 

polyphosph

ate 

Wet 

mixing (60 

°C, 2h), 

drying (65 

°C, 24 h) 

0.316 500 °C, 

2h 

- - - Adsorption [65] 

Animal wastes and biosolids 

Poultry 

litter 

NH4H2PO4 Dry 

mixing, 

moistening

, resting 

(16h), 

drying (60 

°C) 

0.135 500 °C, 

2h 

- 139 // 

24 

2.8 // 

11.1 

Fertilizer [63] 

 

 

Table 3. Summary of selected studies on the co-pyrolysis of biomass with ammonium phosphates. 

Values after the double slash (//) for yield, total P and biochar pH represent the corresponding values for the 

unmodified biochar. 
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Peanut 

shell 

KH2PO

4 

Dry mixing 0.025-

0.098 

750 °C, 

1h 

37-

48 // 

32 

- - Carbon 

stability 

[73] 

Corn 

stalk 

KH2PO

4 

Wet mixing 

(1h), 

resting 

(24h), 

drying (105 

°C, 8h) 

0.057 300-700 

°C, 1h 

62-

43 // 

45-

32 

73-107 

// 5-8 

6.6-7.8 

// 7.5-

10.2 

Fertilizer, 

carbon 

stability 

[69] 

Apple 

tree 

branche

s 

KH2PO

4 

Wet mixing 

(RT, 24h), 

dried (60 

°C) 

0.050 500 °C, 

2h 

50 // 

31 

43 // 3 9.2 // 

9.0 

Adsorptio

n 

[75] 

Corn 

stalk 

K2HPO

4 

Wet mixing 

(50 °C, 6h) 

0.089 550 C, 

2h 

- - - Soil 

remediatio

n 

[78] 

Apple 

tree 

branche

s 

K2HPO

4 

Wet mixing 

(RT, 24h), 

drying (60 

°C) 

0.050 500 °C, 

2h 

40 // 

31 

42 // 3 9.5 // 

9.0 

Adsorptio

n 

[75] 

Rice 

husk 

K3PO4 Wet mixing 

(RT, 24 h), 

drying (65 

°C) 

0.349 500 °C, 

2h 

61 // 

55 

62 // 16 11.0 // 

8.3 

Soil 

remediatio

n 

[12] 
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Cotton 

stalk 

K3PO4 Wet mixing 

(45 min), 

drying (80 

°C) 

0.029-

0.117 

700 W, 

0.25 h 

(MW)a  

35-

52 // 

27 

15-28 // 

- 

- Fertilizer [79] 

Apple 

tree 

branche

s 

K3PO4 Wet mixing 

(RT, 24h), 

drying (60 

°C) 

0.050 500 °C, 

2h 

40 // 

31 

82 // 3 10.0 // 

9.0 

Adsorptio

n 

[75] 

Bambo

o 

K3PO4 Wet mixing 

(80 °C, 6 h) 

0.037 350-950 

°C, 1h 

- - 8.6-7.5 

// 7.5-

6.9 

Adsorptio

n, carbon 

stability 

[74] 

Cornco

b 

K3PO4 Wet mixing 

(80 °C, 6 

h), drying 

(105 °C, 36 

h) 

0.037 350-950 

°C, 0.5h 

(MW)a 

64-

56 // 

49-

35 

- - Carbon 

stability 

[76] 

Cotton 

straw 

K3PO4 Wet mixing 

(45 min), 

drying 

(vacuum, 

90 °C) 

0.016 700 W, 

0.25h 

(MW)a 

46 // 

21 

- 3.1 // 

8.0 

Fertilizer [95] 

Animal wastes and biosolids 
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Sewage 

sludge 

K3PO4 Wet mixing 

(24 h), 

drying (60 

°C) 

2.478 300-500 

°C, 3h 

64-

50 // 

59-

44 

75-97 // 

54-71 

10.7-

11.1 // 

7.2-7.5 

Fertilizer [77] 

a MW: Microwave pyrolysis. 

 

Table 4. Summary of selected studies on the co-pyrolysis of biomass with magnesium phosphates. 

Values after the double slash (//) for yield, total P and biochar pH represent the corresponding values for the 

unmodified biochar. 

Biomass Additives  Modificati

on 

conditions 

P:bioma

ss ratio 

(g P/g 

biomass) 

Pyrolysi

s 

conditio

ns 

Yiel

d 

(wt%

) 

Total P 

(mg 

P/g 

biomas

s) 

Bioch

ar pH 

(-) 

Applicati

on 

Referen

ce 

Lignocellulosic biomasses 

Coffee 

husk 

H3PO4 + 

MgO  

Wet 

mixing, 

resting 

(16h), 

drying (60 

°C); 

Mg:P = 1.0 

0.158 500 °C, 

2h 

64 // 

33 

177 // 3 5.9 // 

11.5 

Fertilizer, 

carbon 

stability 

[60] 

Cotton 

stalk 

K3PO4 + 

MgO 

Wet 

mixing (45 

min), 

0.117 700 W, 

0.25h 

(MW)a  

49-

53 // 

27 

23-27 // 

- 

- Fertilizer [79] 

Jo
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na
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re
-p
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drying (80 

°C); Mg:P 

= 0.25-0.5 

Spent 

green tea 

leaves 

H3PO4 + 

MgO 

Dry 

mixing 

with MgO, 

soaking in 

H3PO4 

solution, 

drying; 

Mg:P = 1.0 

0.083 300-700 

°C, 3h 

56-

36 // 

52-

29 

103-

120 // 

7-11 

- Fertilizer [81] 

Sugarca

ne filter 

cake 

H3PO4 + 

MgO 

Dry 

mixing 

with MgO, 

soaking in 

H3PO4 

solution, 

drying; 

Mg:P = 1.0 

0.083 600 °C, 

3h 

60 // 

64 

74 // 12 7.7 Fertilizer [31] 

Sugarca

ne filter 

cake 

H3PO4 + 

MgO 

Dry 

mixing 

with MgO, 

soaking in 

H3PO4 

0.083 600 °C, 

3h 

60-

65 // 

- 

53-86 // 

- 

- Fertilizer [80] 

Jo
ur

na
l P

re
-p

ro
of



50 

 

solution, 

drying; 

Mg:P = 

0.5-2.0 

Sugarca

ne 

leaves 

H3PO4 + 

MgO 

Dry 

mixing 

with MgO, 

soaking in 

H3PO4 

solution 

(3h), 

drying (60 

°C, 

overnight); 

Mg:P = 

0.5-2.0 

0.083 600 °C, 

2h 

38-

45 // 

28 

107-

129 // 1  

4.1-

10.0 // 

10.0 

Adsorptio

n 

[11] 

Sugarca

ne 

leaves 

H3PO4 + 

MgO 

Dry 

mixing 

with MgO, 

soaking in 

H3PO4 

solution 

(3h), 

drying 

(105 °C, 2 

0.083 600 °C, 

2h 

21 // 

23 

81 // 7 7.3 // 

10.0 

Fertilizer [64] 

Jo
ur
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l P

re
-p

ro
of
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h); Mg:P = 

1.0 

Sugarca

ne 

leaves 

(NH4)2HP

O4 + MgO 

Dry 

mixing 

with MgO, 

soaking in 

(NH4)2HP

O4 solution 

(3h), 

drying 

(105 °C, 2 

h); Mg:P = 

1.0 

0.083 600 °C, 

2h 

33 // 

23 

77 // 7 3.6 // 

10.0 

Fertilizer [64] 

Wheat 

straw 

KH2PO4 + 

MgCl2 

Wet 

mixing 

(24h), 

drying (80 

°C); Mg:P 

= 1.0 

0.310 600 °C, 

2h 

- - - Adsorptio

n 

[82] 

Animal wastes and biosolids 

Poultry 

litter 

H3PO4 + 

MgO 

Wet 

mixing, 

resting 

(16h), 

0.158 500 °C, 

2h 

61 // 

39 

162 // 

24 

6.1 // 

11.1 

Fertilizer, 

carbon 

stability 

[60, 63] 
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re
-p
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drying (60 

°C); Mg:P 

= 1.0 

Poultry 

litter 

NH4H2PO4 

+ MgO 

Dry 

mixing, 

moistening

, resting 

(16h), 

drying (60 

°C); Mg:P 

= 1.0 

0.135 500 °C, 

2h 

- 135 // 

24 

6.9 // 

11.1 

Fertilizer [63] 

Poultry 

litter 

Ca(H2PO4)

2 + MgO 

Dry 

mixing, 

moistening

, resting 

(16h), 

drying (60 

°C); Mg:P 

= 1.0 

0.132 500 °C, 

2h 

- 124 // 

24 

9.1 // 

11.1 

Fertilizer [63] 

a MW: Microwave pyrolysis. 

 

 

Table 5. Summary of selected studies on the co-pyrolysis of biomass with calcium phosphates. Values 

after the double slash (//) for yield, total P and biochar pH represent the corresponding values for the 

unmodified biochar. 
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Biomass Additive Modificati

on 

conditions 

P:bioma

ss ratio 

(g P/g 

biomass

) 

Pyrolysi

s 

conditio

ns 

Yiel

d 

(%) 

Total P 

(mg 

P/g 

biomas

s) 

Bioch

ar pH 

(-) 

Applicatio

n 

Referen

ce 

Lignocellulosic biomasses 

Wheat 

straw 

Ca(H2PO4

)2 

Immersion 

in slurry 

(24h), 

drying 

(air) 

0.106 500 C, 

1h 

(stepwis

e 

heating)  

47 // 

32 

68 // 1 3.9 // 

7.8 

Carbon 

stability 

[9] 

Corn stalk Ca(H2PO4

)2 

Mixing in 

solution 

(1h), 

resting 

(24h), 

drying 

(105 °C, 

8h) 

0.066 300-700 

°C, 1h 

63-

45 // 

45-

32 

85-119 

// 5-8 

3.6-

4.0 // 

7.5-

10.2 

Fertilizer, 

carbon 

stability 

[69] 

Sawdust Ca(H2PO4

)2 

Dry 

mixing 

0.066 500 °C, 

2h 

- 48 // 1 5.1 // 

9.6 

Fertilizer, 

carbon 

stability, 

soil 

[20] 
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l P

re
-p
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remediatio

n 

Switchgra

ss 

Ca(H2PO4

)2 

Dry 

mixing 

0.066 500 °C, 

2h 

- 58 // 2 5.0 // 

8.6 

Fertilizer, 

carbon 

stability, 

soil 

remediatio

n 

[20] 

Rice 

straw 

Ca(H2PO4

)2 

Wet 

mixing 

(2h), 

drying 

(105 °C, 

24h) 

0.053 500 °C, 

2h 

- - 7.0 // 

10.5 

Adsorption [84] 

Rice 

straw 

Ca(H2PO4

)2 

Dry 

mixing 

0.053 500 °C, 

1h 

(stepwis

e 

heating) 

42 // 

36 

- 4.3 // 

8.6 

Carbon 

stability 

[114] 

Maize 

straw 

Ca(H2PO4

)2 

Dry 

mixing 

0.024 250-650 

°C, - 

- - - Bioenergy [70] 

Pine 

wood 

Ca(H2PO4

)2 

Dry 

mixing (10 

min) 

0.016 550 °C, 

0.67h 

28 // 

19 

- - Fundament

al research 

[40] 
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Wheat 

straw 

Ca(H2PO4

)2 

Dry 

mixing (10 

min) 

0.016 550 °C, 

0.67h 

28 // 

26 

- - Fundament

al research 

[40] 

Sugarcane 

filter cake 

H3PO4 + 

CaO 

Dry 

mixing 

with CaO, 

soaking in 

H3PO4 

solution, 

drying; 

Ca:P = 1.0 

0.083 600 °C, 

3h 

68 // 

64 

73 // 12 7.0 // 

8.1 

Fertilizer [31] 

Animal wastes and biosolids 

Poultry 

litter 

Ca(H2PO4

)2 

Dry 

mixing, 

moistened, 

resting 

(16h), 

drying (60 

°C) 

0.132 500 °C, 

2h 

- 118 // 

24 

4.6 // 

11.1 

Fertilizer [63] 
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Table 6. Overview of current limitations and future research needs for phosphate-modified biochar 

fertilizers. 

 

Category Current limitations Future research needs 

1. Advanced 

characterization 

Lacking detail on P transformations 

within biochar matrix, especially 

amorphous phases containing condensed 

phosphates 

Employ advanced spectroscopic 

techniques (e.g., XANES, NMR) to 

track amorphous P speciation 

 

2. Agronomic 

efficiency 

Limited feedstock variety tested 

Efficacy limited to lab/pot trials  

Limited knowledge on interactions 

between condensed phosphates and 

biochar 

 

Conduct field trials in real-world 

conditions 

Assess overall nutrient performance 

(e.g., N, P, K) 

Evaluate polyphosphate/biochar 

composites as slow release systems in 

plant trials 

3. Scale-up and 

economics 

Significant engineering challenges for 

scale-up synthesis 

High cost variability 

Optimize synthesis for energy 

efficiency 

Conduct comparative cost analysis 

(pure chemicals vs. waste-derived P 

sources) 

Perform life cycle assessment (LCA) 
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