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Abstract 

Pyrolysis is an effective technology for treating and utilizing biogas residue. To explore the phosphorus (P) supply 
capacity of the biochar generated from biogas residue of Eichhornia Crassipes, the P speciation of E. crassipes biogas 
residue and biomass during pyrolysis (300–700 °C) was analyzed by combining sequential chemical extraction, 31P 
nuclear magnetic resonance (NMR) and P K-edge X-ray absorption near edge structure (XANES) spectroscopy. Pyroly-
sis treatment promoted the conversion of amorphous Ca-P phases in biogas residue and biomass into crystalline 
hydroxyapatite (HAP) phase, which matched the formation of stable HCl-P pools in the biochar derived from biogas 
residue (AEBs, 22.65–82.04%) and biomass (EBs, 13.08–33.52%) in the process of pyrolysis. Moreover, the total P con-
tents in AEBs (19.43–28.92 mg  g−1) were higher than that of EBs (3.41–5.26 mg  g−1), indicating that AEBs had a great P 
reclamation potential. The P release kinetics from AEBs and EBs in water were evaluated via an incubation experiment 
for 360 h. The P release from both AEBs and EBs conformed to the pseudo-second order kinetics model (R2 > 0.93), 
but their P release behaviors were different. The P release of AEBs conformed to the diffusion-re-adsorption model, 
while that of EBs accorded with the diffusion-dissolution model. The diffusive gradients in thin-films (DGT) analysis 
showed that AEBs could significantly increase soil available P content as compared with EBs. Hence, the biochar pro-
duced from biogas residue of E. crassipes via pyrolysis has a good application potential as a P fertilizer.

Highlights 

• Pyrolysis promoted the conversion of amorphous Ca-P phases in biogas residue into crystalline HAP phase.
• The pseudo-second order kinetic model well fitted the experimental data of phosphorus release.
• Biogas residue-derived biochar greatly increased  available P content in the soil based on the DGT test.
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1 Introduction
Water eutrophication is posing threats to the water 
resources worldwide. Constructed wetland, as an effi-
cient, low-cost, and  environmentally-friendly  technol-
ogy, is widely used for the removal of nutrient elements 
from water bodies. As an important part of constructed 
wetlands, aquatic plants play an important role in the 
purification of eutrophic water. Eichhornia crassipes 
(water hyacinth) is a ubiquitous aquatic plant in the 
world. It is extensively employed to treat and purify 
various eutrophic water bodies, industrial wastewa-
ter, and domestic sewage due to its rapid reproduction 
rate, strong environmental tolerance, and high nutrient 
absorption rate (e.g., nitrogen, phosphorus, and potas-
sium) (Fazal et  al. 2015; Qin et  al. 2016; Rezania et  al. 
2015; Zhang et al. 2019). Meanwhile, E. crassipes is also 
considered a potential raw material for energy produc-
tion because of its high biomass yield (60–150 tons per 
hectare) and rich lignocellulose content (about 71.5%) 
(Guna et al. 2017; Li et al. 2021; Sindhu et al. 2017). The 
proper C:N ratio (20:1–30:1) and low lignin content 
(~ 3.5%) of E. crassipes biomass are suitable for microbial 
decomposition due to the merit of regulating nutrient 
balance in the anaerobic digestion (AD) process (Feng 

et  al. 2017; Sindhu et  al. 2017). Moreover, compared to 
other technologies such as composting, pyrolysis, and 
gasification, AD treatment is simple to operate and can 
directly dispose of raw materials with high water content. 
Hence, the most widespread energy research on E. cras-
sipes is the production of biogas via AD (Feng et al. 2017). 
However, the sustainable production of biogas relies on 
the treatment and proper utilization of biogas residue.

Biogas residue, a by-product of AD, is usually used 
directly as a fertilizer or soil amendment in agriculture 
because it contains a high content of nutrients (e.g., 
phosphorus and nitrogen) for crop growth (Möller and 
Müller 2012; Tampio et  al. 2016). Nonetheless, this dis-
posal method is currently controversial due to its nega-
tive impact on the environment, such as emissions of 
pathogens, odors, organic pollutants, and heavy metals 
(Insam et al. 2015; Nkoa 2013). Duan et al. (2012) found 
that the concentrations of As, Cd, Cu, and Zn in paddy 
soil increased by 2.6, 2.3, 3.2, and 1.8 times, respectively, 
after  being applied the biogas residue from pig manure 
for one year. This also resulted in the accumulation of As, 
Cd, Cu, and Zn in cultivated rice plants increased by 1.9, 
3.8, 2.2, and 5 times, endangering food security. Moreo-
ver, long-term storage and long-distance transportation 
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will also reduce the economy of biogas residue in agri-
cultural applications because of the limitation of the crop 
growth stage (Monlau et al. 2015b). In recent years, the 
conversion of biogas residue into biochar by pyrolysis has 
attracted extensive attention owing to its environmental 
and economic benefits, such as the elimination of patho-
gens,   the fixation of organic pollutants and heavy met-
als,  the enrichment  of nutrients, and  the production of 
valuable fuels (syngas and bio-oil) (Catenacci et al. 2022; 
Monlau et al. 2015b, 2016). Compared with biogas resi-
due, the derived biochar has a lower heavy metal toxic-
ity, more stable carbon structure, and higher nutrient 
content (Hung et  al. 2017; Monlau et  al. 2016), which 
is more beneficial to land applications. Ma et  al. (2018) 
and Hung et al. (2017) indicated that biochars produced 
from biogas residue of dairy and swine manure could 
be effectively applied to soil as biofertilizers. Opatokun 
et al. (2017) found that biochar derived from pyrolysis of 
food waste digestate had low phytotoxicity and promoted 
tomato seed germination (106–168%) when applied to 
the soil. Nevertheless, phosphorus (P), as an essential 
element for plant growth, has rarely been reported in 
the agricultural application of biogas residue-derived 
biochar.

Biochar has been proved to be applied to soil as a 
potential P source, and it can promote plant growth by 
increasing the availability of P in soil (Gao et al. 2019; Li 
et al. 2020b; Yang et al. 2021). However, the supply capac-
ity of biochar to soil phosphorus is related to the con-
tent and form of P in biochar, which mainly depends on 
the type of raw materials and pyrolysis conditions (e.g., 
heating rate, temperature, and residence time) (Adhikari 
et al. 2019; Chen et al. 2022; Yang et al. 2021). Generally 
speaking, the P content in biochar derived from sewage 
sludge (25.2–49.2  mg  g−1) and manure (12.5–77.0  mg 
 g−1) is much higher than that from agricultural wastes 
(1.6–11.6  mg  g−1) (Yang et  al. 2021). Compared with 
other pyrolysis parameters, temperature plays a deci-
sive role in the P speciation in biochar, as the transfor-
mation of P-containing compounds is highly dependent 
on pyrolysis temperature (Adhikari et al. 2019). A higher 
pyrolysis temperature could reduce the availability of P in 
biochar due to the conversion of labile P to stable P pool 
(Xu et  al. 2016). Although some studies have explored 
the speciation of P in biogas residue during AD (Li et al. 
2020a; Möller and Müller 2012; Tuszynska et  al. 2021), 
the specific form of P in biogas residue-derived biochar 
is not clear. In addition, the release characteristics of P 
from biochar will affect the availability and mobility of P, 
which in turn affect soil P supply, water quality, and over-
all nutrient management (Liang et  al. 2014; Yang et  al. 
2021). Understanding the P release behavior of biochar 
can optimize the P supply capacity of soil and minimize 

the risk of P leaching loss. Considering that P is predomi-
nantly deposited in biogas residue during AD (Möller 
and Müller 2012; Tuszynska et al. 2021) and will be con-
centrated into biochar during pyrolysis (Cui et  al. 2019; 
Xu et al. 2016), the biochar prepared from biogas residue 
of E. crassipes has the potential to be applied to soil as 
a P supplement. Hence, it is necessary to systematically 
analyze the transformation and release of P in biogas res-
idue-derived biochar from E. crassipes.

In this study, biochars were produced from biogas resi-
due and biomass of E. crassipes by pyrolysis at different 
temperatures (300–700  °C). The main purposes of this 
work were to (1) investigate the transformation of P spe-
ciation during pyrolysis of biogas residue and biomass 
using sequential chemical extraction, 31P NMR, and P 
K-edge XANES spectroscopy,  (2) explore the release 
behavior and mechanism of P from biochar in water, 
and (3) analyze the P availability of biochar in the soil by 
employing the diffusive gradients in the thin-film (DGT) 
technique.

2  Materials and methods
2.1  Biochar preparation and characterization
E. crassipes (EC) was obtained from a constructed wet-
land in Tianjin, China. The harvested EC was air-dried 
for a week, and dried in an oven at 80 °C for 24 h. Dry EC 
(220 g), inoculum, and water were mixed in a 5 L anaero-
bic digester at a solid–liquid–liquid ratio of 1:10:10, and 
then put into a 37 °C thermostatic water tank for anaer-
obic digestion. The biogas residue of E. crassipes (AEC) 
was collected from the anaerobic digester after the anaer-
obic digestion of dry biomass. The detailed AD process 
was described in the Additional file 1: Text S1. Biogas res-
idue and biomass were crushed into powder (< 0.2 mm) 
before pyrolysis. The powdered sample in a quartz boat 
was placed into the center of the horizontal tubular fur-
nace (SKGL-1200C, Jvjing), then heated to the target 
temperature (300, 500, and 700 °C) under  N2 atmosphere 
at a heating rate of 10  °C  min−1 and held for 2  h. After 
cooling to room temperature, the biochar was collected 
and weighed. Biochars derived from AEC and EC were 
referred to as AEBs and EBs, respectively. In addition, the 
biochar produced at the target temperature was named 
as feedstock abbreviation-pyrolysis temperature, e.g., 
biochar produced from AEC/EC at 500  °C (AEB500/
EB500).

Based on the IBI Biochar Testing Guidelines, the ash 
content of biochar was measured by heating in a Muf-
fle furnace under 750 °C for 5 h, and pH was determined 
using a pH meter (PHS-3  C, Lei-ci) with a fixed mass/
volume ratio of 1:20 for biochar to deionized water. 
The mineral composition of biochar was analyzed by 
an X’Pert Pro diffractometer (D/MAX-2500, XRD) at 
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40 kV and 40 mA over the range  of 5–70° with Cu-Kα 
radiation.

2.2  P K‑edge XANES analysis
This work was carried out with the support of 4B7A 
beamline at Beijing Synchrotron Radiation Facility. Our 
previous studies had shown that aquatic plants such 
as Canna indica, Hydrocotyle verticillate, and Penni-
setum purpureum Schum contain organophosphates 
(monoester-P), soluble orthophosphate, and Ca-P (Cui 
et  al. 2019, 2020). In addition, considering that soluble 
phosphate would combine with metal cations (e.g. Fe, 
Al, Mg) and precipitate into biogas residue in the pro-
cess of AD (Möller and Müller 2012), the following com-
pounds  were selected as reference compounds: phytic 
acid (sodium salt, PhyAC),  K2HPO4,  K3PO4,  FePO4, 
 AlPO4,  MgHPO4,  CaHPO4, Ca(H2PO4)2,  Ca3(PO4)2, 
hydroxyapatite  (Ca5(PO4)3·OH, HAP) and octacalcium 
phosphate  (Ca8H2PO4·6.5H2O, OCP).

Brush phosphorous standards and biochar samples 
(both in powder form)   were evenly on the conductive 
adhesive, and then remove the excess powder to obtain a 
uniform film. The XANES data were obtained in fluores-
cence mode using a silicon drift detector. XANES spec-
tra were collected at 2140–2200 eV. The Athena software 
was used to analyze XANES data (Ravel and Newville 
2005). All spectra were normalized after energy calibra-
tion. Linear combination fitting (LCF) of XANES spectra 
was performed in the range of − 12 to + 48 eV relative to 
the edge energy  (E0 = 2151.8 eV). All combinations of ref-
erence compounds were used to match each sample. To 
more accurately detect P species in biochar samples, ref-
erence spectra with negative or zero fitting weight were 
eliminated one by one after the initial fitting, and then 
repeated the fitting until all reference spectra were posi-
tive (Borges et al. 2022). Finally, the combination with the 
lowest R-factor was selected.

2.3  31P NMR spectroscopy
The 31P NMR spectroscopy was used to analyze P spe-
ciation in biochar, and detailed operations had been 
described in our previous study (Cui et al. 2019). In short, 
P was extracted from the samples by a mixture of 0.25 M 
NaOH and 0.05  M EDTA, and the freeze-dried extract 
supernatant was redissolved in  D2O and 1  M NaOH 
before 31P NMR analysis via 400 NMR spectrometer. 
The 31P NMR spectra of EDTA−NaOH were analyzed by 
MestReNova software.

2.4  Phosphorus chemical extraction
The P in the samples was extracted  using an improved 
sequential extraction method (Xu et  al. 2016). In brief, 
0.2 g of the sample was successively extracted by 30 mL of 

deionized water, 0.5 M  NaHCO3, 0.1 M NaOH, and 1 M 
HCl solution, and shaken in a incubator at 25 °C for 16 h. 
The forms of P in each filtered solution after extracting 
separation were denoted as  H2O-P,  NaHCO3-P, NaOH-P, 
and HCl-P, respectively. Total phosphorus  (Pt) content in 
biochar and P in sequentially extracted residues (Res-P) 
were measured by the ascorbic acid method after using 
 H2O2-H2SO4 digestion. Inorganic P  (Pi) in biochar was 
analyzed after 1 M HCl extraction for 16 h, and organic 
P  (Po) was calculated by the difference between  Pt and  Pi. 
All samples were repeated three times. The P concentra-
tion in the solution was determined by the ascorbic acid 
method (ESS method 310.1) with a UV−Vis spectropho-
tometer (UV-6000PC, METASH).

2.5  P release from biochar in water
In order to evaluate the P stability of biochar, the release 
behavior of P from various biochars was determined 
by batch extraction experiments. The biochar sam-
ples (0.1 g) and deionized water were added to a 15 mL 
centrifuge tubes at a solid–liquid ratio of 1:100, shaken 
well, and then shocked in a 25  °C constant temperature 
oscillator at a speed of 150 rpm for 1, 3, 6, 10, 18, 24, 48, 
72, 120, 240, and 360 h, respectively. After reaching the 
target time, the samples were taken out and promptly 
filtered with a 0.45 μm filter membrane. The concentra-
tion of P in the filtrate was measured by the ascorbic acid 
method. Each sample was repeated three times. The P 
release kinetics were assessed using five kinetics models 
(pseudo-first order, pseudo-second order, Elovich, power 
function, and parabolic diffusion), the equations of which 
were described in detail by Wu et al. (2021).

2.6  DGT measurement
In comparison with the traditional sequential extraction, 
the DGT method, as an in-situ sampling technique, can 
better predict the P availability in soil (Menezes-Blackburn 
et al. 2016; Ren et al. 2020; Six et al. 2012). The piston-type 
DGT device was applied in this study to measure the P 
availability of biochar in the soil. The soil used in the DGT 
experiment was collected from a farm on the outskirts of 
Tianjin, China. The pH, P content, and maximum water 
holding capacity of soil were 7.81, 1.28  mg  g−1, and 43%, 
respectively. 0.3  g biochar and 10  g soil were added to a 
100 mL beaker, mixed well, and wetted to 80% of the soil’s 
maximum water-holding capacity. After being incubated 
in a 25  °C incubator for 2 d, the mixed sample was filled 
in the lumen of the DGT device, then transferred to a half-
open sealed bag containing a small amount of deionized 
water and incubated again for 2 d. After cleaning the DGT 
surface with deionized water, the fixed film in the adhesive 
layer was taken out and extracted in a centrifuge tube con-
taining 10 mL of 1 M NaOH for 2 d. The P concentration 
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in the extract solution was measured by the ascorbic acid 
method after removing the fixed film. The P concentration 
determined by DGT technique  (CDGT-P) was calculated 
according to the following formula:

where M is the accumulation amount (µg) of the analyte 
amassed onto the binding layer; Ce is the concentration 
of the extract; Ve and Vg are the volume of the fixed film 
and the extraction agent, respectively; fe is the extraction 
rate of P on the fixed film; ∆g is the thickness of diffusion 
layer (cm); D is the diffusion coefficient of the target in 
the diffusion layer  (cm2  s−1); A is the exposure area (3.14 
 cm2); t is the placement time (s) of the DGT device.

(1)M =
Ce Ve + Vg

fe
,

(2)CDGT =
M∆g

DAt
,

2.7  Statistical analysis
The P release kinetics parameters of five different kinetic 
models were obtained using Origin 2017 software, and 
the best-fit model was determined by comparing the cor-
relation coefficients (R2) of different models. SPSS 26.0 
software was used for statistical analysis of the data. The 
correlation between chemical extracted P and DGT-P 
was determined by the Pearson test at P < 0.05.

3  Results and discussion
3.1  Characterization of biochar
The general properties of the biochars derived from 
biogas residue and biomass of E. crassipes are shown in 
Fig.  1. As the pyrolysis temperature raised, the yield of 
both AEBs and EBs decreased, while ash content and pH 
increased (Fig.  1a). This is mainly due to the decompo-
sition of biopolymer (e.g., cellulose, hemicellulose, and 
lignin) and the accumulation of inorganic components 
during pyrolysis (Cui et  al. 2019). In comparison with 

Fig. 1 General properties of the biochars derived from biogas residue (AEBs) and biomass (EBs) of E. crassipes at different temperatures. (a) Yield, ash 
content, and pH, (b) phosphorus content and recovery rate of  Pt, and (c, d) X-ray diffraction patterns
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EBs, AEBs had higher yields (47.33–68.96%) and ash con-
tents (40.51–58.12%) besides the lower pH (8.94–11.5) 
at the same temperature. The  Pt recovery rate in AEBs 
and EBs was 92.90-94.89% and 88.43–94.43%, respec-
tively (Fig.  1b), which was consistent with the previ-
ous studies (Cui et al. 2019; Huang et al. 2018; Xu et al. 
2016), suggesting that the P enrichment degree in the 
derived biochar from pyrolysis was very high. It is note-
worthy that the  Pt content in AEBs (19.43–28.92  mg 
 g−1) was one order of magnitude higher than that in 
EBs (3.41–5.26 mg  g−1) and the biochar produced from 
grass (0.59–4.73 mg  g−1) (Yang et al. 2021), pecan shells 
(0.55−0.22  mg  g−1) (Uchimiya et  al. 2015), and wheat 
straw (1.79−3.00 mg  g−1) (Xu et al. 2016), implying that 
the biogas residue-derived biochar had a great P reclama-
tion potential than biomass-derived biochar. Moreover, 
 Pi occupied the dominant position in the biogas residue 
and AEBs (80.58% and 88.17–94.60%). The biogas resi-
due and AEBs had obvious crystal structures of iron 
hydroxyl-phosphates  (Fe5(PO4)4(OH)3·2H2O) and silicoa-
luminophosphate-20 (SAPO-20) as compared with bio-
mass and EBs (Fig. 1c, d). This difference might be related 
to the degradation of organophosphorus and the miner-
alization of soluble phosphate in biomass during the AD 
process (Li et al. 2020a; Möller and Müller 2012), which 
also meant that biogas residue-derived biochar was more 
conducive to the formation of phosphate mineral crystal 
phase than biomass-derived biochar.

3.2  P speciation changes during pyrolysis
3.2.1  P K‑Edge XANES spectroscopy
Figures 2 and 3 show the LCF of P K-edge XANES spec-
tra and the relative abundance of different phosphates, 
respectively. The R factors of all samples were lower than 
0.008 (Additional file 1: Table S1), which indicated good 
fitting results. The results of LCF showed that the phos-
phates in biogas residue were mainly  CaHPO4 (46.0%), 
Ca(H2PO4)2 (29.3%), and  FePO4 (17.6%), while the phos-
phates in biomass were mainly Ca(H2PO4)2 (68.8%), 
 K3PO4 (17.5%) and PhyAC (13.7%). This difference also 
confirmed that organic phosphate (PhyAC) and soluble 
phosphate  (K3PO4) in biomass would be converted into 
P-containing minerals (mainly Fe-/Ca-P) during AD. 
Additionally, considering Fe-P and Al-P occupied the 
dominant position in the phosphate of sludge (Huang 
and Tang 2016; Shi et al. 2021), the formation of  FePO4 
and  AlPO3 (2.8%) in biogas residue of E. crassipes may be 
partly caused by the residue of fine sludge particles from 
the inoculant (Additional file 1: Text S1).

The form of P in biogas residue was basically 
unchanged at 300 °C, but the PhyAC and  K3PO4 in bio-
mass disappeared completely at the same tempera-
ture. Meanwhile, a high proportion of  CaHPO4 (68.4%) 

occurred in the EB300, which meant that phytate and 
soluble P in E. crassipes biomass would be transformed 
into amorphous Ca-P at low temperature. Uchimiya et al. 
(2014, 2015) found that phytates in manure and plant 
would be transformed into orthophosphate via thermal 
decomposition during low-temperature pyrolysis (below 
350  °C), which was consistent with the transforma-
tion of phosphorus form in E. crassipes biomass. As the 
pyrolysis temperature increased from 300 to 700 °C, the 
relative abundance of  CaHPO4 and Ca(H2PO4)2 in AEBs 
decreased from 40.5% and 26.8–14.4% and 0, respec-
tively, while the relative abundance of HAP increased 
from 0 to 61.7%. Similar changes of Ca-P species were 
also found in EBs and the derived biochar from animal 
manures (Huang et  al. 2018), suggesting that the amor-
phous Ca-P phases would transform into crystalline Ca 
phosphate phases at high temperatures. In addition, 
compared with EBs, AEBs contained  FePO4 (9.3−24.4%) 
and  MgHPO4 (8.3−14.6%) besides Ca-P. The relative 
abundance of  FePO4 in AEBs decreased from 24.4 to 
9.3%, which was consistent with the variation trend of 
Fe-P during sludge pyrolysis (Huang and Tang 2016; Zhu 
et  al. 2022). Zhu et  al. (2022) pointed out that the Fe-P 
in sludge would be converted into Ca-P during pyrolysis 
due to its reaction with CaO. Notably, no CaO crystals 
converted from whewellite  (CaC2O4·H2O) were found in 
the XRD pattern of AEBs as compared with EBs (Fig. 1c, 
d), which indicated that the reaction between  FePO4 and 
CaO also occurred in the pyrolysis process of biogas resi-
due. Moreover, the low abundance of  MgHPO4 (4.3%) in 
biogas residue increased to 8.3% (300 °C), 17.2% (500 °C), 
and 14.6% (700  °C) during pyrolysis. Considering that 
struvite would be formed in the process of AD (Wagner 
and Karthikeyan 2022), this result may be related to the 
decomposition of struvite during pyrolysis.

3.2.2  Liquid 31P NMR spectroscopy
The recovery rates of  Pt in biogas residue and biomass 
of E. crassipes extracted by the EDTA-NaOH method 
were 79.91% and 63.00%, respectively (Additional file  1: 
Table  S3). As the pyrolysis temperature raised, the  Pt 
extraction efficiencies in AEBs and EBs declined, which 
was consistent with the 31P analysis results of pyrolysis-
derived biochar from other biological wastes (Cui et  al. 
2019; Xu et  al. 2016). Based on the analysis results of 
XANES (Fig. 3), the low  Pt extraction efficiencies in bio-
char produced at high temperatures were due to the for-
mation of HAP dissolved only in HCl (Huang and Tang 
2016).

The 31P NMR spectra (Fig.  4) show  that only 
orthophosphate (ortho-P, ~ 5.83 ppm) was detected in 
biogas residue, while monoester-P (~ 4.28 ppm, 34.36%) 
was observed in biomass besides ortho-P (65.64%). This 
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result further confirmed that organic P in biomass would 
degrade in the AD process. The species of P detected in 
AEBs was the same as that in biogas residue. In compari-
son with AEBs, pyrophosphate (pyro-P, ~ −4.4 ppm) was 
observed in the lower temperature derived biochar from 
biomass (EB300). Uchimiya and Hiradate (2014) pointed 
out that pyro-P in the low temperature derived biochar 
was related to polymerization and dehydration of ortho-
P, and pyrophosphate would be further converted into 
orthophosphate at high temperature, which was consist-
ent with the 31P NMR spectra results of EBs (Fig.  4b). 
Moreover, considering that biochar could stabilize pyro-
P by hydrogen bonding and bridging cations (Uchimiya 

et  al. 2015), the absence of pyro-P formation in AEBs 
might be due to the destruction of surface functional 
groups in biomass during AD, thus limiting the conver-
sion of ortho-P in biogas residue.

The results of P K-edge XANES and 31P NMR analy-
sis basically expounded the P speciation and transfor-
mation of biogas residue and biomass during pyrolysis. 
P in biogas residue was mainly insoluble ortho-P (Fe-/
Ca-P) due to the degradation of organic P (PhyAC and 
monoester-P) and the mineralization and precipitation 
of soluble ortho-P  (K3PO4) in biomass during AD. The 
phosphate in biogas residue was relatively stable at low 
temperature (300  °C), while PhyAC and monoester-P 

Fig. 2 Linear combination fittings of P XANES spectra of E. crassipes biogas residue, biomass, and the derived biochars
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in biomass would be decomposed and converted into 
ortho-P and pyro-P (dehydration). With the increase of 
pyrolysis temperature, the amorphous Ca-P in biogas 
residue and biomass would transform into crystalline 
HAP phase. Compared with EBs, stable Fe-P and Mg-P 
phases were also observed in AEBs besides Ca-P.

3.3  Sequential extraction of P and its correlation 
to chemical speciation

Figure 5 and Additional file 1: Table S5 show the distri-
bution and the content of different P pools in E. cras-
sipes biogas residue, biomass, and the derived biochars. 
P in biogas residue was mainly extracted by  NaHCO3 
(20.84%), NaOH (47.85%), and HCl (13.24%), but P in 
biomass was mainly extracted by  H2O (36.59%) and 

 NaHCO3 (36.59%). This difference also suggested that 
water-soluble P and labile-P  (NaHCO3-P) in biomass 
would be converted into NaOH-P (Fe/Al-associated P) 
and stable HCl-P pool (e.g., insoluble Ca-P minerals) dur-
ing AD, which was consistent with the results of XANES 
analysis. As the pyrolysis temperature raised from 300 
to 700  °C, the proportion of  NaHCO3-P and NaOH-
P in AEBs declined from 18.70% and 52.17%  to  5.09% 
and 2.38%, respectively, while the HCl-P percentage in 
AEBs increased from 22.65 to 82.04%. Similar results 
were found in EBs and the derived biochar from other 
biowastes (e.g., sewage sludge, wheat straw) (Qian and 
Jiang 2014; Xu et al. 2016), implying that  NaHCO3-P and 
NaOH-P would be translated into stable HCl-P pools at 
high temperature. This result is consistent with the trans-
formation of amorphous Ca-P phases and  FePO4 during 
pyrolysis and the formation of crystalline Ca phosphate 
phases (HAP) at high temperature, as revealed in XANES 
analysis (Fig. 3). Notably, compared with AEBs, EBs had 
a high fraction of Res-P (38.48–46.23%) in addition to 
the high HCl-P proportion (33.52–44.07%) at medium/
high temperatures (500 and 700 °C). Although the stabil-
ity of Res-P, as a P pool firmly embedded in mineral and 
organic structures (Xu et al. 2016; Zhang et al. 2008),  was 
higher than that of HCl-P pool, the higher HCl-P content 
in the biogas residue-derived biochars at middle/high 
temperatures (500 and 700  °C) favored the further rec-
lamation of P from biochar via wet chemical techniques 
(Huang et al. 2017).

In general, the results of sequential extraction were 
consistent with the P speciation obtained by P K-edge 
XANES. However, the results of sequential extraction 
and XANES cannot be completely equated. For example, 

Fig. 3 Relative abundances of different P species in E. crassipes 
biogas residue, biomass, and the derived biochars, as quantified 
by LCF of their P XANES spectra

Fig. 4 31P liquid NMR spectra of the biochars derived from (a) biogas residue and (b) biomass of E. Crassipes 
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the proportion of NaOH-P in biogas residue and AEB300 
(47.85% and 52.17%) was much higher than the total 
relative abundance of Fe-P and Al-P  (FePO4 and  AlPO4) 
identified by XANES (20.4% and 24.4%). We observed 
that the biogas residue and AEB300 contained obvi-
ous iron hydroxyl-phosphates  (Fe5(PO4)4(OH)3·2H2O) 
crystals based on XRD analysis (Fig.  1c), but it was not 
identified in XANES analysis. This result indicated that 
the absence of reference compounds in XANES analysis 
could affect the integrity of P species. In addition, P pools 
from chemical extraction were operationally defined and 
the P species in each extraction solution are only roughly 
classified (Huang et  al. 2018). Huang et  al. explored the 
correlation between sequential extraction and chemical 

morphology of P in sludge and animal manures (Huang 
et al. 2018; Huang and Tang 2016), and also pointed out 
that the P species identified by XANES could be qualita-
tively correlated with the sequentially extracted P forms, 
but should be cautious in quantitative aspects.

3.4  Release of P in biochars
As depicted in Fig.  6, significant differences were 
observed on the P release behaviors between biogas resi-
due/AEBs and biomass/EBs. The P release content from 
biogas residue increased rapidly to 0.23  mg  g−1 within 
10 h, then slowly raised to 0.38 mg  g−1 within 10–360 h. 
In comparison with biogas residue, the P release con-
tent from biomass reached the maximum (0.70 mg  g−1) 
within 3 h, accounting for 36.86% of its  Pt content, which 
also indicated that AD treatment could reduce the risk of 
P leaching loss in biomass. For AEBs/EBs, the P release 
content from the higher temperature derived biochar 
(AEB700/EB700) was the lowest due to the formation 
of incompatible crystalline Ca-P phase (Fig. 3). Notably, 
AEB500 in the biogas residue-derived biochar had the 
largest P release content, which was consistent with the 
extraction result of  H2O-P in Additional file 1: Table S5. 
This might be because the P adsorbed on the minerals in 
biogas residue was released during moderate tempera-
ture pyrolysis (Möller and Müller 2012) and refixed at 
high temperature. In contrast, the P release content of 
EB300 was the maximum in the biomass-derived biochar 
due to the transition from soluble-P to stable-P pools. 
The P release content from AEBs raised rapidly within 
18 h and showed a downward trend after 18 h, suggesting 
that the P released into the water would be re-adsorbed 
by the biogas residue-derived biochar after a long time. 
Sun et  al. (2018) studied the P dissolution from the 

Fig. 5 Distribution of different P pools by sequential extraction of E. 
crassipes biogas residue, biomass, and the derived biochars

Fig. 6 P release and pseudo-second order kinetics model fitting curves of the biochars derived from (a) biogas residue and (b) biomass of E. 
crassipes 
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manure- and plant-derived biochar under various water 
conditions, and also demonstrated that released P into 
the water could be re-adsorbed on the active sites of bio-
char surface in the biochar-water system. Compared with 
AEB300 and AEB700, the decreasing trend of P release 
in AEB500 was not large after 18 h, which indicated that 
the moderate temperature derived biochar of biogas resi-
due had a low P adsorption capacity. This might be due to 
the destruction of the active sites on the AEB500 surface 
and the underdeveloped pore structure (Sun et al. 2018; 
Yang et al. 2021). It was noted that the P release content 
of EBs continued to increase, but the P release rate grad-
ually slowed down with the increase of time, which was 
very consistent with the P release behavior from manure-
derived biochar (Liang et  al. 2014), implying that the P 
release from the biomass-derived biochar conformed to 
the diffusion-dissolution model.

The P release kinetics parameters and correlation coef-
ficients (R2) of five different kinetic models are shown in 
Table 1. Compared with the other four kinetics models, 
the pseudo-second order kinetics model was more suit-
able for the kinetics fitting of P release from the derived 
biochars, and the R2 of all samples was greater than 0.93 
(except EB700). The same fit results were also found in 
the biochar derived from dairy manure (Liang et  al. 
2014), rice husks (Qian et  al. 2013), switchgrass, and 
pine tree sawdust (Zhao et al. 2016), indicating that the 
pseudo-second order kinetic model could well describe 
the P release behavior from the pyrolysis-derived bio-
char. In addition, the pseudo-second order kinetic model 

implied that the P release from biochar is a chemical pro-
cess, including external film diffusion, adsorption, and 
internal particle diffusion (Cui et al. 2022). It is notewor-
thy that AEBs and EBs had different signs of P release rate 
constant (k2), and their fitting curves from pseudo-sec-
ond order kinetics model (Fig. 6) also had significant dif-
ferences. The k2 was greater than 0 in the previous studies 
of P release kinetics (Liang et al. 2014; Qian et al. 2013), 
suggesting that P release was a comprehensive process of 
diffusion and dissolution, which fully accorded with the P 
release behavior from EBs. Although there was no report 
that k2 was less than 0 in the current study, it had been 
confirmed that biochar could re-absorb the released P 
into the water via its surface active sites (Sun et al. 2018). 
Combined with P release behavior from AEBs and fit-
ting curve from pseudo-second order kinetics model, it 
can be considered that when k2 < 0, P release is a com-
prehensive process of diffusion and re-adsorption. As for 
the EB700, all kinetics models did not fit the description 
of its P release kinetics (R2 < 0.47) due to the extremely 
low P release content (0.01–0.03 mg  g−1). Moreover, the 
R2 fitted by the pseudo-first order model to the P release 
kinetics from AEB500 was 0.9815, indicating that the 
biogas residue-derived biochar at medium temperature 
(500  °C) had a very strong P desorption capacity in the 
short term (Suwanree et al. 2022).

3.5  DGT analysis
The available P can promote the growth and develop-
ment of plants, and thus increase its yield. Figure  7 

Table 1 Correlation coefficients (R2) and relevant parameters of desorption kinetics models for P release

Elovich fitting parameter A equal to 1/β × ln(αβ), B equal to ln(1/β)

Equation Sample

AEC AEB300 AEB500 AEB700 EC EB300 EB500 EB700

Pseudo-first order
ln(qe − qt) = lnqe − k1 × t

R2 0.7007 0.4568 0.9815 0.3701 0.4569 0.8004 0..9052 0.1272

k1 0.0829 233.07 0.3946 62,856 451.33 0.0725 1.311 68,350.27

qe 0.2787 0.2919 0.9689 0.1427 0.4476 1.8375 0.1519 0.0132

Pseudo-second order
t
qt

=
1

k2×q2e
+

t
qe

R2 0.9517 0.996 0.9979 0.9575 0.9308 0.9957 0.9994 0.4687

k2 0.0856  −2.0041  −0.4928 −5.205 0.8959 0.0328 1.4634 1.7993

qe 0.4009 0.2014 0.919 0.0823 0.3823 2.1977 0.1751 0.0134

Elovich
qt =

1

β
× lnαβ + ln 1

β
× lnt

R2 0.8287 0.715 0.5628 0.7113 0.3491 0.9562 0.9790 0.0190

A 0.0303 0.4347 0.6042 0.226 0.6004 0.4191 0.1155 0.0163

B 0.0538 −0.0442 0.0833 −0.0258 −0.0473 0.2890 0.0101 −0.0007

Power function
qt = a× tb

R2 0.8587 0.7408 0.5246 0.6726 0.3064 0.9834 0.9775 0.0785

a 0.0623 0.4568 0.5554 0.8709 0.5857 0.5904 0.1174 0.0159

b 0.3182 −0.1538 0.1281 −0.2007 −0.0983 0.2318 0.0693  −0.1015

Parabolic diffusion (PD)
qt = A+ R × t0.5

R2 0.8419 0.6055 0.2172 0.6666 0.2079 0.9048 0.8570 0.0028

A 0.0828 0.3829 0.7576 0.1986 0.5293 0.7238 0.1269 0.0146

R 0.0171 −0.0128 0.0163 −0.0078 −0.0115 0.0884 0.0030 −0.0001
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illustrates the concentration of plant-available P in soil 
measured by the DGT technique after mixing with E. 
crassipes biogas residue, biomass, and the derived bio-
chars. Compared with the control soil (103.19  µg  L−1), 
the DGT-P concentration  (CDGT-P) of the mixed samples 
was significantly improved (128.08-480.59  µg  L−1), sug-
gesting that the addition of biogas residue, biomass, and 
the derived biochars would raise the available P content 
in soil. This was consistent with the meta-analysis result 
of available P content in soil with biochar addition (Gao 
et al. 2019). Li et al. (2016) reported that the application 
of chemical fertilizers increased the soil available P con-
centration by 2.1–4.8 times, which was consistent with 
the effect of biochar addition on soil available P in our 
study (1.24–4.66 times), implying that the application of 
biochar could reduce the reliance on chemical fertilizers 
by improving soil fertility.

The  CDGT-P of the biogas residue-soil mixture 
(338.98  µg  L−1) was higher than that of the biomass-
soil mixture (188.34  µg  L−1), implying that AD treat-
ment was beneficial to enhancing the P bioavailability 
of biomass. Insam et  al. (2015) reviewed the fertility of 
biogas residue from manure, and also found that AD 
treatment improved the availability of P in manure. The 
higher DTG-P concentration of the soil-AEBs/EBs mix-
tures was achieved at lower pyrolysis temperatures, indi-
cating that the low temperature derived biochar would 
more efficiently improve the P availability in soil. This 
result was consistent with the trend of potential plant-
available P  (NaHCO3-P and NaOH-P) content in biochar 
(Additional file  1: Table  S5), so the correlation between 
DGT-P and  NaHCO3-P/NaOH-P was analyzed.  CDTG−P 
was highly related with the content of  NaHCO3-P 
(r = 0.936, P < 0.01), NaOH-P (r = 0.848, P < 0.01), and 

 NaHCO3-P + NaOH-P (r = 0.907, P < 0.01), indicating 
that it was reliable to use the  NaHCO3-P and NaOH-
P to evaluate the P bioavailability in biochar. The good 
correlation between DGT-P and  NaHCO3-P/NaOH-
P (r = 0.57/0.65, P < 0.01) was also found in the previ-
ous study of soil available P (Menezes-Blackburn et  al. 
2016), which was consistent with our correlation analysis 
results. Nevertheless, it was noted that the trend of the 
correlation coefficients between DGT-P and  NaHCO3-P/
NaOH-P were different from the previous study, sug-
gesting that DGT-P in soil with biochar addition cannot 
be determined simply by the content of  NaHCO3-P and 
NaOH-P in biochar. The P supply ability of biochar to 
soil depended not only on the content and form of P in 
biochar, but also on the interaction between biochar and 
soil, which was affected by soil properties such as pH, 
cation concentration, phosphatase activity, and micro-
bial community (Gao et  al. 2019; Ghodszad et  al. 2021; 
Jin et al. 2016; Yang et al. 2021).  CDTG−P in the soil added 
with AEB300/AEB500 (480.59/462.51 µg  L−1) was signifi-
cantly higher than that in soil mixed with biogas residue 
(338.98 µg  L−1) and EB300/EB500 (233.53/155.20 µg  L−1), 
indicating that the biogas residue-derived biochar at 
low/medium temperatures (300 and 500 °C) had a better 
potential application as a P fertilizer as compared with 
biogas residue and the biomass-derived biochar.

4  Conclusions
The reclamation of P from biomass waste has drawn 
increasing attention due to the shortage of terrestrial P 
resource worldwide. Converting wetland plant used for 
eutrophic water purification into biochar and apply-
ing it to soil could be a promising scheme to achieve 
the recovery and reuse of P from eutrophic water. Con-
sidering that sequential anaerobic digestion-pyrolysis 
(AD-pyrolysis) has a higher energy recovery rate and 
economy feasibility than the single pyrolysis (Monlau 
et  al. 2015a; Wang et  al. 2022), the P speciation during 
pyrolysis of biogas residue from E. crassipes was investi-
gated in the present study, which is of great importance 
to the target application of recovered P. Our results 
indicated that P in biogas residue was mainly insoluble 
ortho-P (Ca-/Fe-P), and the amorphous Ca-P in biogas 
residue would transform into crystalline HAP phase 
during pyrolysis. In addition, the relative abundance of 
Fe-P and Mg-P in the biogas residue-derived biochar 
also changed with the increase of pyrolysis temperature. 
The DGT results demonstrated that the available P con-
centration in soil added with the biogas residue-derived 
biochar was higher than that in soil supplemented with 
biogas residue, biomass, and the biomass-derived bio-
char. Therefore, pyrolysis of biogas residue from wetland 
plant produced alternative P-enriched biochar fertilizers 

Fig. 7 DGT-P concentration in soil and its mixture with E. crassipes 
biogas residue, biomass, and the derived biochars
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with elevated P efficiency as compared with biogas resi-
due, raw wetland plant biomass, and the biomass-derived 
biochar. Although AD-pyrolysis has a good potential to 
recover P from E. crassipes and achieve the environmen-
tally-friendly  utilization of biomass waste, the emission 
of pollutants and the disposal of biogas slurry during the 
AD-pyrolysis process should be concerned. Moreover, 
the cost of storage and transportation from biogas resi-
due and the economic feasibility of AD-pyrolysis scheme 
should be further evaluated prior to the industrial-scale 
application. Furthermore, the P transformation in other 
P-enriched bio-wastes (e.g., animal manure) during AD-
pyrolysis can be further explored for optimizing the tech-
nical parameters of biochar preparation. Meanwhile, in 
addition to the species and content of P in the biochar, 
the P supply ability of biochar to soil was affected by soil 
properties, phosphatase activity, plant types, microbial 
community, and climatic conditions. Hence, future stud-
ies are also needed to determine the behavior of inherent 
P in biochar under various agricultural application condi-
tions and optimize the application strategy.
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