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Abstract: Pig, cow, and sheep manure (PM, CM, and SM) are inevitable byproducts of agricultural
economic development. Converting them into high add-on value biochar (PMB, CMB, and SMB)
via pyrolysis is an efficient resource utilization measure. Phosphorus (P) speciation analyses help
ensure the practical feasibility of the P reclamation of animal manure and their derived biochar and a
reduction in environmental risk. This study conducted a modified extraction procedure to separate
five inorganic P (IP) (soluble and loosely bound IP, aluminum-bound IP, Fe-bound IP, oxide-occluded
IP, and Ca-bound IP) and organic P (OP) speciations, and combined X-ray diffraction (XRD) to
investigate the major phosphate compound in the derived biochar after pyrolysis. Results revealed
that more than 92% of P is concentrated in the derived biochar during pyrolysis processes carried
out at 200–800 ◦C. The percentages of soluble and loosely bound IP, aluminum-bound IP, and OP
in manure decreased significantly due to their transformation into more stable P fractions such
as Ca-bound IP (79.01% in PMB, 800 ◦C) after pyrolysis. The Olsen-P percentages had a distinct
reduction at 650 ◦C, indicating that pyrolysis at 650 ◦C was the optimal condition for the reduction in
Olsen-P in manure.

Keywords: phosphorus; speciation; derived biochar; XRD; pyrolysis; manure

1. Introduction

In China, economic stimulation and population explosion imply a large demand for
animal products. As a consequence, a quantity of livestock manure is generated annually [1].
Many harmful substances existed in livestock manure due to unhealthy feeding patterns,
including heavy metals, antibiotics, pathogens, and so on [2]. Meanwhile, livestock manure
is a biomass resource containing abundant phosphorus (P), nitrogen, potassium, and
organic matter, and it is also frequently considered as a soil fertilizer [3]. The release of
undisposed and incompletely processed manure can cause widespread environmental
pollution, including water eutrophication and hypoxia [4], the breeding of mosquitoes as
well as resource waste [5]. Dealing with manure is of great significance.

P is a necessary element and a non-renewable resource in agroecological systems [6].
The extraction of excessive rock phosphate, which is expected to be exhausted within
70–140 years, would create a tremendous burden on the future sustainable use of P [7].
The reuse and recovery of other P forms would relieve the pressure of P circulation. The total
P loss into the environment has increased in China [8], and the main reason for this is the
release of undisposed and incompletely processed manure into water bodies [9]. The P
release rate in livestock manure as a fertilizer is rapid (the release rate of the total content
can reach up to 25%), exceeding soil retention capacity and plant needs [7,10]. Therefore,
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there is increased interest in obtaining efficient P recycling from animal manure by means
of treatment technologies.

Recently, numerous technologies have been developed for the treatment of livestock
manure in order to efficiently recycle P, and these technologies include pyrolysis [7,11–13],
composting [5,9], freeze–thaw cycles [14], electrocoagulation [15], and so on. Pyrolysis
is commonly used for maximizing biochar production. Biochar plays an important role
in environmental remediation [16,17], and it has been reported that the biochar derived
from municipal sewage sludge, rice straw, and distiller grains contains more stable P after
carbonization for recycling processes [18,19]. The mobility and bio-availability of P in
an ecological environment are closely related to its speciation; therefore, it is extremely
necessary to study the P speciation characterization of biochar. Chu et al. [20] studied
pyrogenic and modified carbon properties via pyrolysis and the phosphoric-acid-assisted
pyrolysis of lignocellulose at 200 ◦C to 500 ◦C. It was observed that the soluble P concentra-
tion decreased with an increase in temperature during phosphoric-acid-assisted pyrolysis.
Adhikari et al. [7] found that the available P transformed into a less available pool after
the pyrolysis of biosolids at 400 ◦C to 600 ◦C. Li et al. [21] explored P speciation in sewage
sludge and its biochar using a solution and 28 solid-state P nuclear magnetic resonance
and X-ray diffraction (XRD) instances; the results revealed that inorganic orthophosphates
are the predominant molecular configurations after pyrolysis. Similar results were found
by Zhu et al. [22] who disposed of sewage sludge by carrying out pyrolysis. However, re-
search studies on P speciation transformation during the pyrolysis of manure have seldom
been reported.

Pig manure, cow manure, and sheep manure are typical livestock manure and biomass
resources. This study disposed of these three manure types by carrying out pyrolysis.
The purposes of this study are as follows: (1) quantify the total P content to estimate the
mass balance of P after pyrolysis; (2) characterize P speciation in these three raw materials
and their derived biochar systematically to clarify the mechanism of P transformation
and migration; (3) determine the main phosphates characteristics via XRD to analyze
stable p crystalline substances in biochar after pyrolysis. From the perspective of sustain-
able development, this study contributes to the recycling of P and biomass resources in
ecological environments.

2. Materials and Methods
2.1. Sample Collection

Pig manure (PM) was collected from a massive industrial pig farm on the outskirts
of Changsha City, Hunan Province, resulting in high P concentrations of PM. Primarily
finishing pigs, little partly sows and piglings were raised on the farm. Cow manure (CM)
was gathered from a small farm in Ningxiang City, and sheep manure (SM) was gathered
from farmers in Ningxiang City, Hunan Province. The sheep were raised using scatter-feed
methods without adding animal feed additives.

Fresh PM, CM, and SM were desiccated in a furnace at 60 ◦C for 3 days. The desiccated
samples were mechanically ground in a grinding ball mill and sieved via a 0.18 mm mesh.
The elemental compositions of the three types of manure were determined via an elemental
analyzer (Vario EL III, German). Proximate analysis was carried out on solid biofuels
(GB/T28731-2012) via a muffle furnace. The results of elemental, proximate, and fiber
analyses of the manure are shown in Table 1.
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Table 1. Properties of pig manure (PM), cattle manure (CM), and sheep manure (SM).

Properties Pig Manure Cattle Manure Sheep Manure

Elemental analysis a (wt %)
C 33.51 ± 0.44 37.96 ± 0.20 38.74 ± 0.27
H 5.72 ± 0.04 5.65 ± 0.05 5.24 ± 0.07
O 57.48 ± 0.42 54.14 ± 0.17 53.65 ± 0.28
N 3.06 ± 0.07 2.17 ± 0.06 2.31 ± 0.06
S 0.23 ± 0.02 0.08 ± 0.01 0.06 ± 0.01
P 2.08 ± 0.09 1.37 ± 0.04 0.80 ± 0.03
Proximate analysis b (wt %)
Moisture 6.61 ± 0.05 7.49 ± 0.08 6.34 ± 0.10
Ash 32.43 ± 0.25 22.63 ± 0.19 27.39 ± 0.20
Volatile matter 54.52 ± 0.28 54.95 ± 0.43 55.48 ± 0.36
Fixed carbon 6.44 ± 0.14 14.93 ± 0.18 10.79 ± 0.11
Fiber analysis a (wt %)
Hemicelluloses 20.23 ± 0.11 21.51 ± 0.14 16.87 ± 0.05
Cellulose 8.03 ± 0.04 18.05 ± 0.11 11.57 ± 0.08
Lignin 9.09 ± 0.06 14.48 ± 0.07 21.88 ± 0.18

a Dry matter basis. b As received. Date was reported as mean value ± standard deviation.

2.2. Preparation of Biochar Samples

The pyrolysis reactor is a horizontal and lab-scale tubular furnace (SK-G08123K,
China). The reactor contains a gas supply, an electrical heater, a programmable temperature
controller, and a tubular unit. Pyrolysis chars were produced by the pyrolysis of PM, CM,
and SM, heating these samples in an oxygen-limited atmosphere at 200, 350, 500, 650, and
800 ◦C.

In each pyrolysis operation, pulverized PM, CM, and SM (10 g) were packed into
ceramic crucibles. The manure was heated up to the final reaction temperatures at a rate
of 10 ◦C/min; pure nitrogen flow at 200 mL/min as the carrier gas was used during
pyrolysis operations. The produced pyrolysis biochar of PM, CM, and SM at 200, 350, 500,
650, and 800 ◦C were labeled PMB (PMB200, PMB350, PMB500, PMB650, and PMB800),
CMB (CMB200, CMB350, CMB500, CMB650, and CMB800) and SMB (SMB200, SMB350,
SMB500, SMB650, and SMB800) according to their samples and carbonization temperature.
The obtained biochar was naturally cooled to room temperature in a desiccator, ground
using a ceramic mortar and pestle, and sieved with 100 meshes (150 µm). The ground
samples were stored in plastic bags in a desiccator before being transported to the laboratory
for the determination of P.

2.3. Separation of Different P Fractionations

The total P (TP) and inorganic P (IP) concentrations were analyzed via the ignition
approach [23]. TP content was analyzed by igniting 1.0 g of manure or biochar at 550 ◦C
for 1 h, and then extractions using 25 mL of 0.5 mol L−1 sulfuric acid were carried out
for 2 h. IP concentration was determined using the same extraction routine. The two
liquid–solid phases were sieved, and centrifugation was carried out at 4000 rpm for 20 min.
Next, the supernatant was sieved via a 0.45 µm filter. TP and IP concentrations were
determined using the molybdenum blue approach [24]. The organic P (OP) concentration
was determined as the difference between TP and IP. Then, the IP fractions in manure
and biochar were separated into soluble and loosely bound IP (SL-IP), aluminum-bound
IP (Al-IP), Fe-bound IP (Fe-IP), oxide-occluded IP (O-IP), and Ca-bound IP (Ca-IP) using
agrochemical soil analysis methods, and the specific experimental process was carried out
as follows.

Step 1: SL-IP. Samples (1.0 g) were imported into 100 mL centrifugal tubes containing
50 mL of 1.0 mol L−1 ammonium chloride and shaken for 30 min at 25 ◦C. The two liquid–
solid phases were sieved, and centrifugal separation was carried out at 3500 rpm for 8 min.
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Then, the supernatant was filtered via a 0.45 µm membrane filter. The residual solid was
retained for follow-up extractions.

Step 2: Al-IP. During this step, a 50 mL volume of 0.5 mol L−1 ammonium fluoride
(pH = 8.2) was added to the residual solid obtained from step 1 in a centrifugal tube, which
was shaken for 1 h at 25 ◦C. The extraction procedure described above was followed.

Step 3: Fe-IP. During this step, a 50 mL volume of 0.1 mol L−1 sodium hydroxide was
added to the residue obtained from step 2. The mixed solid–liquid was shaken for 2 h,
stood for 1 h, and then shaken for 2 h at 25 ◦C. The two liquid–solid phases were separated
via centrifugal separation at 4500 rpm for 10 min. Then, the supernatant was sieved via
a 0.45 µm filter. Moreover, 1.5 mL of concentrated sulfuric acid (98%) was added to the
solution. The residual solid was retained for follow-up extractions.

Step 4: O-IP. The residue from step 3 was shaken at 90 ◦C in a water bath for 15 min
with 40 mL of 0.3 mol L−1 Na3C6H5O7 and 1.0 g of sodium hydrosulfite. Subsequently,
10 mL of 0.5 mol L−1 sodium hydroxide was added, and the compound was stirred again
at 90 ◦C in a water bath for 10 min. Finally, the extract was obtained after following the
procedure described in step 3.

Step 5: Ca-IP. The residue from the fourth step was shaken at 25 ◦C for 1 h with 50 mL
of 0.25 mol L−1 H2SO4.

The supernatant liquids obtained from steps 1, 2, 3, 4, and 5 were all then sieved via a
0.45 µm filter. All experiments were carried out in quadruplicate.

2.4. Olsen-P

The Olsen-P (available soil P) content can be indicated via the availability of P (espe-
cially IP, although it contains a small quantity of OP) in calcareous soils; it was measured
by applying the molybdenum blue method after extraction by NaHCO3 (0.5 mol L−1,
pH = 8.5) [25].

2.5. P Determination

TP and various IP concentrations were tested with a UV-visible spectrophotometer at
a specific wavelength (880 nm). The main mineral phases of raw materials and the derived
biochar were measured via XRD. Then, XRD analyses were carried out via a D8 ADVANCE
powder X-ray diffractometer using MDI Jade 6.0 software.

2.6. Residual Rate

The residual rate is defined as the ratio of the total quantity of P in biochar to that
in manure. According to the yields of PMB, CMB, and SMB during the pyrolysis process
and TP in manure and biochar, the value of residual rates can be calculated using the
following formula:

Residual rate (%) =
TPB × Y

TPM
× 100

where TPB represents the total concentration of P in biochar (mg kg−1); Y is the yield of
biochar in the pyrolysis experiment; TPM represents the total concentration of P in material
(mg kg−1).

2.7. Statistical Analysis

The consequences were evaluated statistically using SPPS 19.0 software. All results
were tested for normal distribution (Shapiro–Wilk’s test) and homogeneity of variance
(Levene’s test). After performing one-way ANOVA, Tukey’s tests (p < 0.05) were carried
out to spot significant differences among materials and the derived biochars within the
same material. Simultaneously, the consequences were obtained as mean value ± standard
deviation (SD) (n = 4) in this research study.
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3. Results and Discussion
3.1. Mass Balance of P

The total contents of P in manure and biochar are listed in Table 2. The concentrations
of P in manure samples are reflected in the following order: SM < CM < PM. The con-
centration range of the examined manure ranged from 7.96 mg g−1 (SM) to 20.76 mg g−1

(PM). In this study, the P total content of PM and CM was similar to previously reported
values, and studies found that the average total content of P ranged from 15.80 mg/g to
18.2 mg/g [26] separately in PM and 5.8 to 9.1 mg/g [27] in SM. Inorganic phosphates
(for example, dicalcium phosphate and monocalcium phosphate) have been generally used
in cow and pig diets as complementary P sources to compensate for the low bioavailability
of P in fodder [28]. They may be responsible for the high P concentrations of PM and CM.
The sheep were raised using scatter-feed methods without adding animal feed additives,
resulting in low P concentrations of SM.

Table 2. Contents of phosphorus in dried manure and biochar and the residual rate of phosphorus
in biochar.

Temperature Pig Manure Cow Manure Sheep Manure
Contents (mg g−1) Ratios (%) Contents (mg g−1) Ratios (%) Contents (mg g−1) Ratios (%)

Material 20.76 ± 0.87 d 13.72 ± 0.44 d 7.96 ± 0.33 d

Biochar 200 23.34 ± 0.39 c 98.44 15.58 ± 0.61 c 97.54 8.88 ± 0.54 d 96.94
Biochar 350 37.48 ± 0.52 b 98.71 26.49 ± 0.56 b 98.26 13.89 ± 0.38 c 97.92
Biochar 500 43.12 ± 0.94 a 97.20 29.41 ± 0.73 b 96.02 15.97 ± 0.64 b 97.67
Biochar 650 44.81 ± 0.85 a 97.35 32.26 ± 0.97 a 97.26 17.42 ± 0.52 a 94.76
Biochar 800 44.54 ± 1.02 a 92.14 32.48 ± 0.69 a 94.90 17.91 ± 0.81 a 92.46

Each trial was carried out in quadruplicate. Date was reported as mean value ± SD. Different lowercase letters
indicate significance (p < 0.05, Tukey’s test) among materials and the derived biochar within the same material.

As shown in Table 2, the contents of P increased in the biochar, with the exception
of PMB800 due to increasing pyrolysis temperatures. It was easily observed that the
total P content more than doubled in the derived biochar when the pyrolysis temperature
exceeded 500 ◦C. This is due to high pyrolysis temperatures, causing the decomposition
and volatilization of organic matter in manure. The residual rate of P in the biochar can be
a great indicator for studying the transformation behavior of P during pyrolysis. Contrary
to the total content of P, as pyrolysis temperatures increased, the residual ratio of P slightly
decreased. It was shown that within a pyrolysis temperature range of 200–800 ◦C, more
than 92% of P in the biochar was retained, indicating that most P remained in the biochar.
Many phosphorous compounds possessed high melting points, and these include the
melting points of Na3PO4, Ca10(PO4)6(OH)2, and Ca3(PO4)2, which exceeded 1545 ◦C,
1650 ◦C, and 1670 ◦C, respectively; this may be account for the high residual rate of P [29].

3.2. P Speciation

It is well known that TP cannot supply information on the nature of P chemical
forms; thus, P fractionation should be presented in research studies for it can provide a
method for investigating the bioavailability, solubility, and interconversion of P fractions.
The bioavailability of P fractions reflects the following sequence: SL-IP > Al-IP > Fe-IP >
O-IP > Ca-IP; this is consistent with the order of inorganic P dissolvability and in accordance
with the inorganic P fractionation scheme [25]. From Table 3, the recovery rates of P ranged
from 91.89% to 106.54%, showing that the emendatory sequential extraction method applied
to surveying the speciation concentrations of P in raw materials and derived biochar was
exact and reliable.
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Table 3. Total concentration and speciation of phosphorus (mg g−1).

Biochar SL-IP Al-IP Fe-IP O-IP Ca-IP OP Total Recovery (%)

PM 5.88 ± 0.21 b 7.40 ± 0.31 a 0.45 ± 0.07 d 0.74 ± 0.05 f 0.16 ± 0.05 e 6.25 ± 0.32 b 20.76 ± 0.87 d 100.53
PM 200 5.72 ± 0.17 b 6.68 ± 0.18 b 0.32 ± 0.03 d 1.74 ± 0.04 e 0.37 ± 0.03 e 7.17 ± 0.33 a 23.34 ± 0.39 c 94.26
PM 350 7.68 ± 0.37 a 4.17 ± 0.23 d 1.93 ± 0.10 b 3.99 ± 0.18 d 14.04 ± 0.44 d 2.99 ± 0.26 c 37.48 ± 0.52 b 92.83
PM 500 3.41 ± 0.19 c 5.10 ± 0.38 c 2.62 ± 0.19 a 8.79 ± 0.25 a 19.60 ± 0.61 c 1.56 ± 0.11 d 43.12 ± 0.94 a 95.26
PM 650 1.40 ± 0.15 d 1.79 ± 0.17 e 0.73 ± 0.11 c 6.58 ± 0.32 b 32.09 ± 0.59 b 1.44 ± 0.12 d 44.81 ± 0.85 a 98.27
PM 800 0.92 ± 0.11 d 1.70 ± 0.11 e 0.74 ± 0.09 c 4.84 ± 0.18 c 35.85 ± 0.81 a 1.30 ± 0.11 d 44.54 ± 1.02 a 101.83

CM 7.92 ± 0.12 a 2.68 ± 0.17 c 0.40 ± 0.08 d 0.21 ± 0.04 e 0.02 ± 0.01 d 2.19 ± 0.11 b 13.72 ± 0.44 d 97.82
CM 200 8.32 ± 0.21 a 2.73 ± 0.15 c 0.70 ± 0.05 d 0.38 ± 0.05 e 0.06 ± 0.02 d 2.35 ± 0.15 ab 15.58 ± 0.61 c 93.35
CM 350 5.80 ± 0.23 b 4.85 ± 0.29 b 2.88 ± 0.24 c 4.97 ± 0.26 c 3.51 ± 0.29 c 2.59 ± 0.22 a 26.49 ± 0.56 b 92.83
CM 500 5.44 ± 0.27 b 6.72 ± 0.16 a 4.19 ± 0.36 b 5.96 ± 0.15 b 4.08 ± 0.18 c 1.05 ± 0.15 c 29.41 ± 0.73 b 93.28
CM 650 3.90 ± 0.14 c 6.51 ± 0.43 a 5.60 ± 0.39 a 7.00 ± 0.27 a 6.32 ± 0.40 b 0.98 ± 0.15 c 32.26 ± 0.97 a 93.93
CM 800 3.90 ± 0.14 c 5.17 ± 0.23 b 4.99 ± 0.40 a 1.74 ± 0.20 d 13.47 ± 0.46 a 0.58 ± 0.12 d 32.48 ± 0.69 a 91.89

SM 3.65 ± 0.14 a 1.03 ± 0.12 c 0.01 ± 0.01 c 0.80 ± 0.09 d 0.04 ± 0.01 e 2.72 ± 0.09 b 7.96 ± 0.33 d 103.54
SM 200 3.85 ± 0.13 a 0.98 ± 0.07 c 0.07 ± 0.03 c 1.44 ± 0.13 c 0.13 ± 0.02 e 2.99 ± 0.11 a 8.88 ± 0.54 d 106.54
SM 350 3.28 ± 0.19 b 3.01 ± 0.17 b 1.47 ± 0.11 a 2.41 ± 0.14 b 2.19 ± 0.14 d 1.15 ± 0.08 c 13.89 ± 0.38 c 97.30
SM 500 2.95 ± 0.26 b 4.62 ± 0.24 a 1.20 ± 0.13 b 3.23 ± 0.20 a 3.30 ± 0.21 c 0.92 ± 0.06 d 15.97 ± 0.64 b 101.58
SM 650 0.94 ± 0.10 c 1.19 ± 0.05 c 0.20 ± 0.03 c 3.21 ± 0.24 a 9.93 ± 0.18 b 0.85 ± 0.12 d 17.42 ± 0.52 a 93.72
SM 800 0.61 ± 0.09 c 1.32 ± 0.07 c 0.16 ± 0.05 c 2.46 ± 0.14 b 11.64 ± 0.28 a 0.84 ± 0.05 d 17.91 ± 0.81 a 95.02

Recovery = (SL-IP + AL-IP + Fe-IP + O-IP + Ca-IP + OP)/Total × 100. Date was reported as mean value ± SD.
Different lowercase letters indicate a significant (p < 0.05, Tukey’s test) among material and its derived biochars
within the same material.

3.2.1. SL-IP

The concentrations and percentages of SL-IP in the manure and biochar were deter-
mined, and the results are shown in Table 3 and Figure 1A. As the TP concentrations in
manure and their derived biochar are not the same, the quantities of SL-IP were normal-
ized to the percentages of SL-IP in different samples. The high percentages of SL-IP in
PM (28.09%), CM (59.2%), and SM (43.49%) were notable (Figure 1A). SL-IP represents a
highly bioavailable P fraction [30,31]. Monocalcium phosphate (Ca(H2PO4)2), as a type
of SL-IP, is a water-soluble phosphate (solubility is 139.5 g L−1) [32], and it is readily
dissolved in soil liquids and highly effective in crop uptake [33]. Therefore, monocal-
cium phosphate is known as a high-quality fertilizer and has normally been used in cow
and pig diets; it is responsible for the high percentages of SL-IP in manure. The form
of water-soluble P in livestock manure may be more propitious for leaching processes
that occur in fields and surface water; it can generate more poisonous impacts [34].
Meanwhile, the results also showed that an intense reduction happened in the SL-IP
fractions after the transformation of manure into biochar via pyrolysis. With increasing
pyrolysis temperatures, the percentages of SL-IP in all biochar types decreased, and
a decrease occurred with respect to the concentrations of SL-IP in the biochar with
the exception of PM 350, CM 200, and SM 200. Similar results could be reported by
Qian and Jiang [35]. The pyrolysis treatment of manure substantially reduced SL-IP,
which implied that pyrolysis could stabilize P in biochar, and the risk of potential P loss
is reduced.



Sustainability 2023, 15, 9215 7 of 14Sustainability 2023, 14, x FOR PEER REVIEW  7  of  14 
 

   
(A)  (B) 

(C)  (D) 

   
(E)  (F) 

Figure 1. Speciation percentages of P in manure and the derived biochar. Bars with different lower-

case letters indicate a significant difference (p < 0.05, Tukey’s test) between materials and the derived 

biochar within the same material. Error bar represents a standard deviation (n = 4). Percentages of 

(A) SL-IP, (B) Al-IP, (C) Fe-IP, (D) O-IP, (E) Ca-IP and (F) OP speciations in manure and the derived 

biochar. 

3.2.2. AL-IP 

Al-IP and SL-IP are both highly bioavailable P fractions [36]. The percentages of Al-

IP are shown in Figure 1B. The figure reveals that the percentage of Al-IP in PM (35.38%) 

was markedly higher than those in CM (20.04%) and SM (12.29%). At the same time, Fig-

ure 1B shows that the percentages of Al-IP in PMB decreased with an increase in pyrolysis 

temperatures,  indicating  the Al-IP  in PM may be stabilized  in more steady P  fractions 

during the process of the pyrolysis of PM. In other words, the increase in the weight of 

Al-IP was lower than the loss in the weight of Al-IP during the pyrolysis of PM. Moreover, 
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the derived biochar within the same material. Error bar represents a standard deviation (n = 4).
Percentages of (A) SL-IP, (B) Al-IP, (C) Fe-IP, (D) O-IP, (E) Ca-IP and (F) OP speciations in manure
and the derived biochar.

3.2.2. AL-IP

Al-IP and SL-IP are both highly bioavailable P fractions [36]. The percentages of Al-IP
are shown in Figure 1B. The figure reveals that the percentage of Al-IP in PM (35.38%)
was markedly higher than those in CM (20.04%) and SM (12.29%). At the same time,
Figure 1B shows that the percentages of Al-IP in PMB decreased with an increase in
pyrolysis temperatures, indicating the Al-IP in PM may be stabilized in more steady P
fractions during the process of the pyrolysis of PM. In other words, the increase in the
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weight of Al-IP was lower than the loss in the weight of Al-IP during the pyrolysis of PM.
Moreover, in CMB and SMB, an increase (200 ◦C to 500 ◦C) and then a decrease (500 ◦C
to 800 ◦C) were detected in Al-IP’s percentage, which suggested that SL-IP and OP were
possibly transformed into Al-IP after the pyrolysis (temperatures beyond 500 ◦C) of CM
and SM. In addition, the Al-IP fractions of the biochar (650 ◦C and 800 ◦C) were eventually
lower than the tractions in their material, which demonstrated that charring organic waste
decreased the quantity of the mobilizable P pool.

3.2.3. Fe-IP

The Fe-IP fraction was usually accepted in reductive conditions, where Fe3+ was
readily reduced to Fe2+, causing a release of Fe-IP [37]. Fe-IP was mobilizable in lake
sediments, and it was responsible for an increase in eutrophication [38]. The results of the
pyrolysis process that changed the percentages of Fe-IP are shown in Figure 1C. Compared
to PM, the percentages of Fe-IP in PMB increased from 1.48% to 6.38% at 200–500 ◦C,
and then they drastically decreased from 6.38% to 1.64% at 500–650 ◦C. Similar trends
were observed in CMB and SMB, but the peak percentages of Fe-IP in CMB was CMB650
and that in SMB was SMB350. After the highest percentage was reached, there was an
obvious drop off in Fe-IP content at the next temperature increment, especially in PMB and
SMB. These results may be attributed to the observation that orthophosphates in the three
manure types experienced dehydration or were polymerized at relatively low pyrolysis
reaction temperatures; in contrast, this chemical progress was restrained at relatively
high temperatures because of the formation of more stable phosphate crystals between
various phosphate and metal ions, such as calcium phosphate crystal [35]. The peaks of the
percentages of Fe-IP in the three manure types appeared at different reaction temperatures,
and this observation may be related to the properties and heavy metal contents of manure.

3.2.4. O-IP

O-IP is considered a stable P speciation in soils and sediments, and it does not easily
change and exhibits low bioavailability [14]. Compared to the changing trend of Fe-IP’s
percentage in biochar after pyrolysis with an increase in temperature, a similar result
appeared in O-IP. From Figure 1D, in comparison with raw materials, it was revealed that
the percentages of O-IP in PMB and SMB increased by 17.9% and 10.36% at 200–500 ◦C and
then decreased by 10.75% and 5.38% at 500–800 ◦C, respectively. The percentages of O-IP in
CMB also peaked at 23.14% at 650 ◦C. All above observations indicated that it was beneficial
to move available P toward O-IP when pyrolysis temperatures increased beyond 650 ◦C.

3.2.5. Ca-IP

Ca-IP was a relatively non-bioavailable, inert, and stable P fraction. There may be
substantial phosphate-solubilizing bacteria that can transform insoluble phosphate into
bioavailable forms (SL-IP and Al-IP) [36]. As shown in Table 3 and Figure 1E, it was
observed that the concentrations and percentages of Ca-IP increased with an increase in
heating treatment temperatures in all biochar types. The percentages of Ca-IP significantly
elevated from 0.77% to 79.01%, from 0.18% to 45.22%, and from 0.43% to 68.54% in PMB,
CMB, and SMB, respectively, after the three manure types were heated at 800 ◦C. This
experimental result might be explained by the transformation of soluble amorphous Ca
phosphate, Al-IP, and Fe-IP into insoluble Ca-IP. Furthermore, compared to other pyrolysis
temperatures, it was observed that the concentrations and percentages of Ca-IP had an
obvious increase at 650 ◦C, demonstrating that the reaction temperature was an important
factor for the effectiveness of the pyrolysis of animal manure. These consequences are in
line with Huang et al.’s research study [39], which explained that a large portion of P in
organic solid waste existed as phosphate species, probably in the form of mineral adsorbed
species, phosphate minerals, and/or metal complexes; these species can experience phase
transformations during oxygen-deficient heating processes: for example, the crystallization
of amorphous phases and dewatering of hydrated phosphate minerals. Bruun et al. [40] also
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verified that the pyrolysis of digested solids shows an obvious crystallization of calcium
phosphate phases at temperatures beyond 600 ◦C.

3.2.6. OP

The percentages of OP highly decreased at 350 ◦C and then were kept invariable at
higher temperatures (Figure 1F). These percentages of OP were 30.08%, 15.97%, and 34.22%
in PM, CM, and SM, respectively; then, the percentages significantly decreased to 2.92%
in PM800, 1.78% in CM800, and 4.66% in SM800 due to P transformations. The findings
are in line with those originating from a previous research study, which showed that
pyrolysis operations at 350 ◦C highly reduced the OP fraction by >61% in broiler litter and
< 2% in cottonseed hull, observed in their biochar [41]. Xu et al. explained that pyrolysis
could convert OP (NaHCO3-OP and NaOH-OP) into IP or other forms of stable organic P.
The rapid decline in ortho-monoesters during pyrolysis revealed that OP in the mixture
of wheat straw, maize straw, and peanut husk can decompose with ease at relatively low
temperatures (>200 ◦C) and can be readily converted into IP (the two major constituent
parts of the P pool: ortho-P and pyro-P) during pyrolysis [42]. Similar findings were also
reported in a previous study that demonstrated the rapid decomposition of OP during
pyrolysis [35]. The main forms of P in the three livestock manure types are SL-IP, Al-IP, and
OP, accounting for 92.92% to 94.08% of the total P content. PM is the highest, and SM is the
lowest. Then, the Olsen-P content was measured next.

3.3. Olsen-P

Olsen-P content is a reliable soil fertility indicator, and it is also a major factor that
affects crop yields and that can be immediately absorbed by plants and microorganisms
in soil [43]. It includes the vast majority of IP and a small part of OP, such as phosphate,
phospholipids, DNA, and so on. The concentrations and rates of Olsen-P in PM, CM, SM,
and the derived biochar are revealed in Table 4, respectively. The results show that the
concentration of Olsen-P in SM (3.95 mg g−1) is lower than in PM (5.73 mg g−1), but the
rate of Olsen-P relative to the total P in SM (49.67%) is higher than in PM (27.62%). Among
them, Olsen-P content in CM was the highest. It is worth noting that the rates of Olsen-P
relative to the total P in CMB decreased from 57.78% to 18.46% at 200–350 ◦C and then
increased inconceivably from 23.9% to 38.05% at 650–800 ◦C, whereas those in PMB and
SMB gradually reduced with an increase in pyrolysis temperature and decreased slowly
when the pyrolysis temperature ranged between 650 and 800 ◦C (PMB, 3.4%–3.1%; SMB,
12.36%–9.65%). As mentioned above, the pyrolysis temperature at 650 ◦C was the preferred
condition for the reduction in Olsen-P. From a different perspective, the derived biochar
(PMB, CMB, and SMB) exhibited extensive pore structures, high cation exchange capacities,
and high phosphate anion adsorbability, and these properties help improve soil fertility
and the continuous release of Olsen-P if the derived biochar is applied to soil systems [44].

Table 4. Olsen-P content in manure and biochar.

Manure Biochar 200 Biochar 350 Biochar 500 Biochar 650 Biochar 800

PM 5.73 ± 0.25 a 4.94 ± 0.12 b 4.45 ± 0.23 c 5.02 ± 0.14 b 1.53 ± 0.13 d 1.38 ± 0.12 d

CM 7.93 ± 0.14 b 6.52 ± 0.24 c 4.89 ± 0.31 e 5.75 ± 0.10 d 7.71 ± 0.19 b 12.36 ± 0.37 a

SM 3.95 ± 0.14 b 3.43 ± 0.11 c 5.16 ± 0.13 a 5.03 ± 0.10 a 2.15 ± 0.11 d 1.73 ± 0.09 e

Proportion (%) Manure Biochar 200 Biochar 350 Biochar 500 Biochar 650 Biochar 800

PM 27.62 ± 1.83 a 21.19 ± 0.87 b 11.87 ± 0.78 c 11.64 ± 0.39 c 3.40 ± 0.23 d 3.10 ± 0.22 d

CM 57.78 ± 1.06 a 41.84 ± 0.98 b 18.46 ± 1.29 e 19.54 ± 0.59 e 23.90 ± 1.32 d 38.05 ± 1.56 c

SM 49.67 ± 1.42 a 38.67 ± 1.10 b 37.16 ± 1.70 b 31.49 ± 0.83 c 12.36 ± 0.98 d 9.65 ± 0.65 e

Date was reported as mean value ± SD. Different lowercase letters indicate significance (p < 0.05, Tukey’s test)
among materials and the derived biochar within the same material.
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3.4. XRD of Raw Materials and the Derived Biochar of Olsen-P

The main phosphate compositions in PM, CM, SM, and their derived biochar were
detected via XRD, and they are shown via characteristic XRD peaks in Figure 2. In this
study, AlPO4, K3Al2(PO4)3, and Al2(PO4)(OH)3 were the dominant phosphates in PM,
CM, and SM, while stable phosphate crystals, such as calcium phosphate (Ca-P) and
lead phosphate (Pb-P), were primarily observed in the derived biochar, indicating that
pyrolysis was effective in the stabilization of P [45]. Additionally, Ca8Pb2(PO4)6(OH)2
first appeared in CM650 and even SM800, whereas it was observed as early as in PM350
after pyrolysis; these results may be associated with the composition of raw materials [46].
Furthermore, the number of stable phosphate crystal species in the derived biochars
increased with an increase in pyrolysis temperature. For example, there was only one type
of Ca-P in CM200, but two types existed in CM350; then, three types existed in CM500 and
CM650. The immobilization of P in the pyrolysis process is related to the pH, temperature,
and concentration of Ca and P during the process [9], and pyrolysis temperatures need to
exceed 500 ◦C preferably for the fixation of P of manure.
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the derived biochar, and (c) sheep manure and the derived biochar.

4. Conclusions

A comprehensive exploration of P forms in PM, CM, and SM and their derived
biochar can contribute to an improved evaluation of the quantity of P, which would
be helpful for crop growth and water eutrophication reduction. In this study, total P
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content analysis revealed that high P concentrations existed in three types of manure, and
more than 92% of P was concentrated in the derived biochar during pyrolysis processes
carried out at 200–800 ◦C. The P speciation analysis also showed that SL-IP, Al-IP, and OP
transformed into more stable P fractions such as Ca-IP and O-IP after pyrolysis; in particular,
the percentages of Ca-IP in PMB800 reached 79.01%. XRD also demonstrated that calcium
phosphate (Ca-P) and lead phosphate (Pb-P) were primarily observed in the derived
biochar after pyrolysis processes, and more species of stable phosphate crystals were
observed in the derived biochar. The Olsen-P percentages decreased after pyrolysis at
temperatures of 200–800 ◦C and were distinctly reduced from 500 ◦C to 650 ◦C, indicating
that pyrolysis at 650 ◦C was the optimal condition for the reduction in Olsen-P content in
manure. In summary, pyrolysis is an effective treatment method for P immobilization in
PM, CM, and SM, and this study lays the foundation for the assessment of P recyclability
in animal manure.
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