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Abstract: Biochar is a potential material for making slow-releasing phosphorus (P) fertilizers for the
sake of increasing soil P-use efficiency. The adsorption of phosphorus by pineapple leaf biochar (PB)
prepared at different pyrolysis temperatures and its mechanism remain unclear. In order to study the
effect of preparation temperature on the structural characteristics of biochar from pineapple leaves
and the adsorption of phosphorus by biochar, pineapple leaves were used as raw materials to prepare
biochar by restricting oxygen supply at 300 °C, 500 °C, and 700 °C. The structural characteristics and
adsorption of phosphorus by pineapple leaf biochar at different temperatures (PB300, PB500, and
PB700) were analyzed. The results showed the following: (1) The pore structure of biochar pyrolysis at
300 °C (PB300) did not significantly change, while the surface structure of biochar pyrolysis at 700 °C
(PB700) significantly changed, the specific surface area (Spgt) increased by 26.91~37.10 times that
observed in PB300 and PB500, and the pore wall became thinner. (2) The number of functional groups
(C=0) in PB700 decreased, and the relative content of C-H/-CHO in PB500 and PB700 increased by
4.38 times that observed in PB300. (3) The adsorption of phosphorus by biochar was a multi-molecular
layer chemisorption, accompanied by single-molecular-layer physical adsorption and intramolecular
diffusion. For PB300, both the physical and chemical processes of the adsorption of PO43~ by biochar
were weakened, and the chemical process was dominated by cationic (Ca?*, Mg2+, Fe3*, and AI3*)
adsorption at 500 °C. For PB700, the physical adsorption dominated by pore size structure was the
main process, and the physicochemical adsorption at 700 °C was significantly stronger than that
observed at 300 °C and 500 °C. These results indicate that biochar prepared at 500 °C can save energy
in the preparation process and has excellent physical and chemical structure, which can be used as
the basic material for further modification and preparation of biochar phosphate fertilizer.

Keywords: pineapple leaf biochar; pyrolysis temperatures; structural characteristics; phosphorus;
adsorption

1. Introduction

Biochar is a solid substance rich in carbon obtained by cracking plant and animal
residues at high temperatures and limited oxygen [1]. Crop residues, tree residues, animal
excrement, kitchen waste, etc., can be used as raw materials for biochar preparation [2-5].
It has high chemical stability, is not easily dissolved by water or other solvents, and
there are a large number of aromatic carbon rings in the biochar structure [5,6]. Biochar
materials are mostly light black, fluffy substances containing carbon, hydrogen, oxygen,
nitrogen, and small amounts of minerals and volatile organic compounds [7]. Due to its
high carbon content, abundant surface functional groups, developed pore structure, and
large specific surface area, biochar has been widely used in soil fertilizer improvement and
phosphorus-polluted wastewater remediation [8-11], carbon sequestration and emission
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reduction [3], and environmental and medical applications [12-14], which cannot only
solve the problem of straw waste treatment, but also increase the high-value utilization of
agricultural by-products [15,16].

The pineapple (Ananas comosus L.) is one of the most essential fruits in the world and
is planted extensively in tropical and sub-tropical regions [17]. Guangdong Province is the
main production area of pineapple in China, and its planting area accounts for about 50%
of the country’s planting area. A large number of pineapple stem and leaf by-products
are produced every year [18,19]. After harvesting and processing, the large quantity of
pineapple crowns, cores, and leaves are typically disposed of in landfills or burned in open
areas. The latter results in emissions of carbon in the form of gaseous methane (CH,4) with
combustion by-products (CO, and CO), including the generation of atmospheric pollutants
(NOx) [20]. Pineapple leaf is one of the most abundantly available waste materials and
has not been studied as required. Such a huge amount of spent pineapple leaves can be an
ideal biochar precursor [21].

The type of raw material and the preparation temperature of biochar will affect its struc-
tural characteristics and element content, and thus determine its utilization efficiency [1].
Huang et al. (2014) [22] obtained biochar by the pyrolysis of corn stalks, and observed
that, when the pyrolysis temperatures were 300 °C, 500 °C, and 700 °C, respectively, the
chemical composition and structure of the prepared biochar showed significant changes;
moreover, the content of carbon increased with the rise in pyrolysis temperature, while the
content of hydrogen and oxygen decreased.

Tan et al. (2022) [23] used representative tropical agricultural wastes, such as banana
stem, pineapple leaf, litchi straw, rice straw, coconut, mushroom residue, and cassava, to
prepare biochar at different temperatures. During the pyrolysis process, the basic physico-
chemical composition of the raw materials changed significantly. Claoston et al. (2014) [24]
used empty fruit bunch and rice husk as biomass raw materials to produce biochar by
pyrolysis at different temperatures. They found that, as the pyrolysis temperature increased,
the pore wall inside of the biochar became thinner, the pore structure became larger, the
carbon content increased, aromaticity increased, and the polarity decreased. It can be seen
that the physical and chemical properties of biochar are greatly affected by the pyrolysis
temperature [25-27]. Therefore, studying the effect of the preparation temperature on the
physicochemical characteristics of pineapple leaf biochar is the basis of determining its
utilization. Because of its special structural and chemical properties, biochar has a certain
adsorption and fixation effect on ions, and the adsorption efficiency varies with different
types of ions.

In a previous study, we compared and analyzed the structural characteristics of
pineapple leaf biochar, banana stalk biochar, bagasse biochar, and coconut bran biochar
prepared at different temperatures. The results showed that the specific surface area of
banana stem biochar was larger than that of pineapple leaf biochar, while that of pineapple
leaf biochar was larger than that of bagasse biochar. However, the specific surface area
of coconut bran biochar prepared at 500 °C was greater than that of pineapple leaf and
bagasse biochar prepared at 500 °C, and the mesopores and micropores of pineapple leaf
biochar prepared at 700 °C were more abundant [5]. Tan et al., (2022) [23] studied the
preparation of pineapple leaf biochar, litchi stick biochar, and coconut shell biochar at
different temperatures, as well as banana stem biochar, rice straw biochar, cassava stem
biochar, and mushroom residue biochar. It was found that C/H and C/N increased with
the increase in temperature, C/O decreased significantly with the increase in temperature,
and the oxidation degree increased.

Phosphorus mainly exists in the form of phosphate anions (PO43~, HyPO,~, and
HPO,4%") in water, which is a key factor leading to water eutrophication [28]. In agricul-
tural production, a large number of pesticides and fertilizers are used in the pursuit of
yield improvement, which leads to water eutrophication [29-31]. Excessive phosphorus in
water will lead to algal blooms and anoxia, which will further affect the growth of other
aquatic organisms [32]. Water dephosphorization technology includes biological treatment
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technology using microbial action; chemical precipitation technology, forming insoluble
phosphate precipitation through chemical reaction; electrochemical treatment technology,
making phosphorus undergo redox reaction through electric current; and physical adsorp-
tion technology using specific material surface characteristics to adsorb phosphorus [33,34].
Among them, the adsorption method removes phosphorus simply and easily, has good
selectivity and a good phosphate removal effect, and the recovered phosphorus can be
reused [35,36].

Biochar has abundant active sites for phosphorus adsorption due to abundant surface
groups, a porous structure, and a high content of mineral components [37-39]. Functional
biochar performs better than unmodified biochar for environmental management, soil
remediation, and energy storage [28,40]. For example, biochar obtained from anaerobic
digestion of sugar beet tailings was found to be a promising adsorbent to recover phos-
phorus from water with a maximum adsorption capacity of 0.13 mg/g [41]. Biochar made
by pyrolysis sugarcane straw was found to have an adsorption capacity of 17.6 mg/g [15].
Rare metals are proposed to modify biochar for phosphorus adsorption. The maximum
adsorption capacity of lanthanum-modified biochar prepared from municipal sludge was
found to be 93.91 mg/g [42]. Xu et al. (2019) [43] reported the adsorption capacity to be
36.06 mg P/g using lanthanum-modified biochar.

However, the adsorption effect and process of pineapple leaf biochar prepared un-
der different temperature conditions are still unclear, which greatly limits the application
of pineapple leaf biochar in phosphorus-polluted wastewater remediation, soil fertilizer
improvement, and slow-release phosphate fertilizer. In this study, pineapple leaf biochar
was prepared at three temperatures (300 °C, 500 °C, and 700 °C), and its structural charac-
teristics and adsorption of phosphorus were analyzed. The research results can provide a
theoretical basis for carbonization utilization of pineapple leaves and provide directions for
further exploration of the resource utilization of pineapple leaves.

2. Materials and Methods
2.1. Preparation of Biochar Materials

Select the pineapple leaf material during the harvest period, rinse it with water,
air dry it naturally, and grind it through a 2 mm screen to obtain the raw material for
biochar preparation. Then, put an appropriate amount of pineapple leaf material into a
ceramic crucible; seal it with tin foil; put it into an energy-saving vacuum tube furnace
(SK3-4-10-10-10, Zhuochi, Hangzhou, China) under a 120 mL/min N, gas flow rate; heat it
up to 300 °C, 500 °C, and 700 °C, respectively, at 5 °C/min; and keep it in this state for 2 h,
until the reactor temperature cools to room temperature. Take out the biochar and grind it
through a 1 mm screen to obtain biochar for testing. Label them PB300, PB500, and PB700.

2.2. Structural Characterization of Biochar Materials in Pineapple Leaves
2.2.1. Element Composition

The elements carbon (C), nitrogen (N), hydrogen (H), oxygen (O), and sulfur (S)
were determined using an elemental analyzer (Elementar Vario UNICUBE, Elementar,
Langenselbold, Germany). The P content was determined using a sulfuric-acid-digestion
spectrophotometer (UV2700, SHIMADZU, Kyoto, Japan). Magnesium (Mg), calcium (Ca),
iron (Fe), and aluminum (Al) contents were determined using a nitric-acid-digestion,
inductively coupled, plasma mass spectrometer (ICP-MS) (Agilent Technologies 7850,
Santa Clara, CA, USA).

2.2.2. Functional Group Structure Analysis

FTIR analyses were used to analyze the functional groups on the surfaces of the
biochar. To obtain the observable spectra, the biochar samples were mixed to approxi-
mately 1.0 wt% with spectroscopic-grade KBr and ground further with an agate mortar for
dilution and homogenization. The spectra were obtained using an FTIR spectrophotome-
ter (SHIMADZU, IRTrace-100, Kyoto, Japan). The FTIR measurements were recorded in
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the range of 400-4000 cm ™!, with a resolution of 2.0. Interferograms of 1024 scans were
averaged for each spectrum.

2.2.3. Specific Surface Area Analysis

The BET surface area was determined using Nj sorption analysis at 77.3 K with a
Micromeritics ASAP-2420 system (Micromeritics Instruments, Norcross, GA, USA). Biochar
samples weighing between 0.1 and 0.3 g were vacuum-degassed at 300 °C for 2 h before
analysis. The BET surface area, pore volume, and pore size distribution of the samples
were obtained using the automated Micromeritics ASAP-2460 automated software Version
3.01 with the BET (Brunauer, Emmettand Teller) equation.

2.2.4. Scanning Electron Microscopy

The surface morphologies of the biochar samples were observed using scanning
electron microscopy (SEM) (Tescan Mira4, Brno, Czech Republic). Prior to the SEM obser-
vations, the surfaces of the samples were coated with a thin electric conductive gold film.

2.2.5. Thermogravimetric Analysis

The thermal characterization of biochar was conducted using thermogravimetric (TG)
and derivative thermogravimetric (DTG) analyses on a Discovery TGAS55 (TA Instruments,
Tokyo, Japan). Non-isothermal TG analysis was performed using a Pyris 1 TGA. The
analyses were conducted with a 20 cm® min~—! N, flow at a heating rate of 10 °C/min from
30 to 800 °C. Approximately 1.5 mg of sample was used for each experiment. The mass
loss (TG) and derivative curves (DTG) of the samples were represented as functions of
temperature to allow for pyrolysis temperature selection.

2.3. Adsorption Test
2.3.1. Adsorption Capacity

Adsorption capacity test: A total of 0.2 g of pineapple leaf biochar material was
added into the solutions containing phosphorus content of 114 mg L~! and 228 mg L1,
respectively, and the pH value was adjusted to 3 with 1 M hydrochloric acid. After sealing,
the phosphorus content in the supernatant was determined by shaking at 200 rpm at 25 °C
for 30 min, and the adsorption capacity of phosphorus by the biochar was calculated.

The adsorption capacity (Q.) of phosphorus by the biochar is calculated via the
following formula:

Qe =((C1 = Co) x V)/m )

In this equation, Q. denotes the adsorption capacity (mg g~!), C; represents the initial
concentration of PO43~ (mg L), C; signifies the consistency of PO,3~ after adsorption
(mg L,V corresponds to the volume of the solution (L), and m indicates the mass of the
adsorbent material (g).

2.3.2. Adsorption Kinetic Research

The evaluation of adsorption kinetics was conducted using pseudo-second-order,
pseudo-first-order, and intra-particle diffusion models, as depicted in Equations (2)—(4).
Pseudo-first-order, nonlinear equation:

Qi = Qe x (1-e7M) @)

In these equations, Q; represents the adsorption quantity at a certain time (mg g~ 1),
Q. denotes the equilibrium adsorption capacity (mg g~ !), t denotes the adsorption time
(min), and k; indicates the pseudo-first-order adsorption rate constant (min~1).
Pseudo-second-order, nonlinear equation:

0 = Qkat
1+ ngzt
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In this equation, k» (g m g~! min~!) represents the pseudo-second-order rate constant.
Intra-particle diffusion:
Qi =kt 4 C (4)

In this equation, k, represents the rate constant relevant to the intra-particle diffusion
model (mg g~! min~!/2). The constant C is associated with the thickness of the boundary
layer (mg g 1), and a higher value of C implies a more pronounced influence on the limiting
boundary layer.

2.3.3. Adsorption Isotherm Research

This study established a range of phosphorus concentrations at 10, 20, 50, 100, 200, 500,
and 1000 mg L1, and subjected the adsorption samples to a 30 min agitation at 25 °C. The
adsorption isotherm was subsequently analyzed, depending on the Langmuir, Freundlich,
and Temkin models, as denoted by Equations (5)-(7).

Langmuir:

_ QuKiCe
T 14K 1.Ce

In this equation, K is defined as the Langmuir adsorption isotherm constant
(L mg~1), Qs represents the utmost monolayer adsorption capacity (mg g~ 1), Q. (mg g™ 1)
signifies the equilibrium adsorption capacity, and C, indicates the equilibrium phosphorus
concentration (mg L.

Freundlich adsorption isotherm:

Qe (5)

Qe = KpCM/" (6)

In the given equation, Kr denotes the Freundlich adsorption capacity (mg g~!). The
Freundlich equation constant, 1/n (dimensionless), also referred to as the Freundlich
adsorption intensity, signifies the reaction intensity between phosphorus and the adsorbent,
which varies with the non-uniformity of the adsorbent. A value of 1/# is within the range
of 0 and 1. A value within the range of 0.1 to 0.5 implies a higher adsorption intensity,
suggesting favorable adsorption conditions.

In the context of the Temkin model, the indirect mutual effects among the adsorbates
lead to a linear decline in the enthalpy of adsorption as a function of surface coverage. Con-
sequently, the enthalpy of adsorption reduces linearly with the quantity of adsorbed species.

E:Eln

Q=5

(KrCe) )

In this equation, b represents a constant associated with the enthalpy of adsorption
(Jmol™1), b <4.2 k] mol~!. The equilibrium constant, denoted as K (L mg’l), signifies the
maximum binding energy in the context of material analysis and detection.

2.4. Comprehensive Evaluation of Biochar Properties

Principal component analysis was used to select 19 indicators, including mineral
element content, a functional group, SggT, SMicro, SMecror VTots VMicror VMecror DTot, and
Qm. After the standardization of each index, principal component analysis was carried
out. Two principal components were extracted, according to the principle that the cumu-
lative variance contribution rate was greater than 80%. The principal component scores
and comprehensive scores were calculated and sorted to comprehensively evaluate the
biochar properties.

2.5. Data Processing

Microsoft Excel 2021 was used for data analysis and processing, and Origin2021 was
used for mapping. Multiple comparisons were made with the ANOVA LSD method using
SPSS23.0 (p < 0.05).
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3. Results
3.1. Basic Properties of Pineapple Leaf Biochar

As shown in Figure 1, the weight loss process of pineapple leaf combustion is divided
into three stages; moreover, when the temperature reaches 100 °C, the weight loss of biochar
is about 20%. This stage mainly involves the loss of water, and the highest temperature
point for weight loss is the trough point of 90 °C. At 100~600 °C, the weight of the biochar
continues to decrease, and the weight loss rate at this stage is the highest at 450 °C, mainly
due to the pyrolysis and volatilization of hemicellulose, cellulose, and some lignin. At
600~800 °C, we observe mainly the pyrolysis weight loss of lignin with a high stable form,
and 730 °C is the temperature point of the rapid decomposition of lignin. Compared with
PB300 at 400~800 °C, the weight loss of PB500 and PB700 is relatively slow, indicating that
the biochar prepared at a high temperature is more stable.

—— /----PB300—— /----PB500—— /---PB700
100 . - 0.00

1
o
N
o
Deriv. weight (%/°C)

40

. 045
20| ~—90°C

1 " 1 " 1 " 1 " 1 -0.50
0 200 400 600 800
Temperature (°C)

Figure 1. Derivative thermogravimetric analysis curves of PAL biochar (PB).

The preparation temperature of biochar determines the content of the elements in it,
as shown in Table 1. The carbon (C) content increases with the increase in temperature. The
reason for this is that the carbonization of organic matter is incomplete at low temperatures,
and the organic matter is gradually carbonized at high temperatures. The carbon content
of biochar increased from 58.85% (PB300) to 60.12% (PB700). The contents of hydrogen
(H), oxygen (O), nitrogen (N), and sulfur (S) decreased gradually with the increase in the
biochar preparation temperature. This is mainly because substances decompose at high
temperatures, more chemical bonds break, and H, O, N, and S release volatilization. With
the gradual increase in biochar preparation temperature, the mineral elements phosphorus
(P), magnesium (Mg), calcium (Ca), iron (Fe), and aluminum (Al) are enriched, and their
contents also showed an increasing trend. The total content of the tested elements showed
the opposite trend, indicating that the higher the temperature of biochar preparation, the
greater the element volatilization.

C/H reflects the aromaticity of the biochar. With a higher (O+N)/C value, the po-
larity of the biochar is strong. As can be seen from Table 1, C/H increased from 14.06 to
30.05 with the increase in preparation temperature, mainly because high temperatures
gradually decompose and volatilize unstable compounds containing hydrogen in the ma-
terial, resulting in an increase in the relative carbon content of the biochar. Therefore, the
pineapple leaf biochar prepared at a high temperature has strong aromatics. With the
increase in pyrolysis temperature, the (O+N)/C ratio decreased from 0.36 (PB300) to 0.26
(PB500, PB700), indicating that the oxygen and nitrogen contents of the pineapple leaf
biochar decreased, its polarity decreased, and its hydrophobicity increased. In general, the
pineapple leaf biochar prepared at high temperatures has a higher carbon content, a lower
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polarity, stronger aromatics, and better hydrophobicity. There was a significant negative
correlation between C/O and cation exchange capacity, and the C/O ratio increased with
the increase in preparation temperature, indicating that the cation adsorption capacity of
the pineapple leaf biochar prepared at high temperatures (500 °C and 700 °C) was lower
than that prepared at 300 °C. The preparation temperature gradually increased from 300 °C
to 500 °C, and the raw materials of the biochar underwent a violent pyrolysis process,
resulting in a significant decrease in the (O+N)/C of the biochar and a significant increase
in H/C and O/C. The pyrolysis of the biochar gradually increased from 500 °C to 700 °C,

and the change in element content was relatively small.

Table 1. Chemical characteristics of biochar at different pyrolysis temperatures.

PB300 PB500 PB700
H (%) 416 +0.02 a 2.78 £ 0.01b 2.00 £ 0.01 ¢
O (%) 19.80 = 0.08 a 1533 £0.11b 15.00 & 0.46 b
C (%) 58.49 + 0.36 b 61.38 = 0.61 a 60.10 = 0.11 a
N (%) 1.10 £ 0.01a 0.92 +0.01b 0.60 £ 0.01 ¢
C/H 14.06 22.08 30.05
C/0 2.95 4.06 3.87
(O+N)/C 0.36 0.26 0.26
P (%) 0.22 +0.01b 0.25 £ 0.01 a 0.26 +0.01 a
S (%) 0.32 £ 0.07a 0.27 £ 0.01b 0.24 £ 0.01 ¢
Mg (%) 0.39 £ 0.01 ¢ 0.45 + 0.02 b 0.57 & 0.02 a
Ca (%) 0.65 + 0.01b 0.71 +0.03b 0.88 +0.04 2
Fe (%) 0.35+0.01b 0.36 £ 0.01 b 0.43 £ 0.01 a
Al (%) 0.31+0.01c 0.37 £ 0.01 fb 0.54 £ 0.01 a
Total (%) 85.79 +0.15a 82.82 £ 0.23 b 80.62 £ 0.21 ¢

Note: Data are means =+ standard error, n = 3; different lowercase letters indicate a significant difference (p < 0.05)
among treatments.

3.2. Surface Functional Groups of Pineapple Leaf Biochar

The changes in the relative content of the functional group structure of the PB material
with temperature are shown in Table 2 (the FTIR spectra was shown in Figure S1), and the
types and quantities of functional groups change greatly with temperature. The number of
functional groups in the biochar prepared at 700 °C decreased significantly. The absorption
peak at 1057 cm ! is the characteristic peak of C-O-C vibration, and this functional group
has the strongest vibration in the biochar prepared at 500 °C. The obvious change in
absorption peak at 1160~1057 cm ™! indicates that cellulose, hemicellulose, and some lignin
decompose obviously during the pyrolysis process above 500 °C. The absorption peak
observed at 1301 cm ! is the characteristic peak of C-H/-CHj, and the functional group
also increased significantly as the preparation temperature increased from 300 °C to 500 °C.
The organic structural components containing C=0 functional groups decomposed with
the increase in temperature. In addition, C-H vibration at 2856 cm ™! and H-O vibration
at 3400 cm~! can also be obviously observed in the biochar prepared at 300 °C. With the
increase in preparation temperature, the H-O functional groups gradually decomposed.
In particular, the H-O functional groups of PB700 decreased significantly. This is mainly
because substances decompose more violently at higher temperatures.

Table 2. Relative content of functional groups of PB at different pyrolysis temperatures.

C-0-C C-H/-CH3; Cc=0 C-H/-CHO H-O
Biochar (1057 cm~1)  (1301cm™1) (1613 cm~1) (2856 cm~1) (3400 cm—1)
Relative Abundances of Functional Groups (%)
PB700 42.34(0.70) 8.97(0.15) / 48.69(0.84) /
PB500 11.96(0.07) 25.90(0.15) 9.92(0.08) 52.21(0.22) /
PB300 24.1(0.07) 27.32(0.25) 31.31(0.18) 11.51(0.30) 5.76(0.20)
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The infrared characteristic peaks were integrated, and the results are shown in
Table 2. With the increase in temperature, the functional groups gradually decomposed
and volatilized. In the biochar prepared at 300 °C, the number of C=C functional groups
(1613 cm~1) with 31.31% was the highest, followed by C-H/-CHj (27.32%), while the num-
ber of H-O (5.76%) was the lowest. When biochar was prepared at 500 °C and 700 °C,
the H-O functional group completely decomposed. For PB500, the order of the functional
groups’ relative content is as follows: C-H/-CHO (52.21%) > C-H/-CHj3 (25.90%) > C-O-C
(11.96%) > C=0 (9.92%). In PB700, the functional groups were mainly C-H/-CHO (48.69%)
and C-O-C (42.34%).

3.3. Pore Structure of Pineapple Leaf Biochar

Figure 2 shows the morphological and structural characteristics of pineapple leaf
biochar prepared at different temperatures. It can be seen from the figure that there are
obvious differences in the pore size of the biochar prepared at different temperatures. The
biochar prepared at 300 °C (Figure 2a) showed a certain pore structure, but still retained the
structural characteristics of the raw material, and the pore wall did not change significantly.
A greater pore diameter can be observed in the pore wall of the biochar prepared at 500 °C
(Figure 2b), indicating that, at this temperature, the chemical bonds in the pineapple leaves
are broken, substances volatilize, and new pore structures are formed. The pore wall of
the biochar prepared at 300 °C and 500 °C is harder and smoother and is more determined
by the nature of the raw materials. However, at the preparation temperature of 700 °C,
the surface structure of the biochar material (Figure 2c) changes significantly, and the pore
wall became thinner, looser, and lighter, mainly because more substances decompose and
volatilize at the higher temperature, and the biochar is restructured.

Figure 2. SEM images of surface pore size structure of biochar ((a) PB300; (b) PB500; (c) PB700).

According to the N adsorption and desorption curve of biochar material shown in
Figure 3a—d, it can be observed that the N, adsorption and desorption curve of biochar
material conforms to the characteristics of the IV isothermal adsorption curve. The ad-
sorption capacities of the biochar prepared at 300 °C and 500 °C are similar, as shown
in Figure 3a,b, but the adsorption capacity of the biochar prepared at 700 °C increases
significantly (Figure 3c), mainly because the specific surface area of biochar prepared at
high temperatures is larger. In addition, the adsorption and desorption curve of the biochar
prepared at 700 °C was not closed, and the desorption curve gradually approached the
Y axis, indicating that there were slit-structure pores in the biochar prepared at this tem-
perature. It can be seen that the pore size of the biochar prepared at a high temperature
not only increased, but also diversified in pore morphology. It can be seen from Figure 3d
that the pore structures of the biochar prepared at different temperatures mainly consist of
micropores and mesoporous below 50 nm. The pore structure of the biochar prepared at
700 °C and 500 °C is mainly distributed in the range of 0~5 nm, and the pore structure of
the biochar prepared at 300 °C is mainly distributed in about 15 nm.
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Figure 3. Nitrogen physisorb isotherm (a—c) and pore size distribution (d) of biochar.

The pore structure characteristics of the biochar materials prepared at different tem-
peratures are shown in Table 3. With the increase in preparation temperature, the specific
surface area of the biochar materials showed an increasing trend. When the preparation
temperature reached 700 °C, the specific surface area of the obtained biochar increased
significantly, compared with the biochar prepared at 300 °C and 500 °C, and the specific
surface area increased by about 37.10 times and 26.91 times, respectively. This further
shows that more pore structures are formed by decomposition and volatilization at high
temperatures. The pore volume also increased with the increase in preparation temperature.
At high temperatures, the micropore area and volume of biochar are larger than the meso-
porous area and volume. With the increase in preparation temperature, the pore diameter
decreased from 7.01 nm to 1.80 nm, indicating that the newly formed pore structure mainly
comprises small micropores.

Table 3. Pore structure characteristics of biochar materials prepared at different temperatures.

SBET SMicro SMeso Vot VMicro VMeso Dot

m2g—1 ccg1 nm

PB300 7.53 1.14 0.66 0.0040 0.0005 0.0035 7.01
PB500 10.38 3.25 0.05 0.0050 0.0014 0.0036 5.21
PB700 279.37 181.61 33.06 0.0988 0.0703 0.0285 1.80

Notes: Spgr: Langmuir surface area; Sypicro: micropore surface area; Speso: mesopore surface area; Vroy: total pore
volume; Viicro: micropore pore volume; Vieso: mesopore pore volume; Dy adsorption average pore diameter
(4V/A by BET).

3.4. Analysis of Phosphorus Adsorption Capacity of Pineapple Leaf Biochar Material

The adsorption capacity of biochar of phosphate is shown in Figure 4. With the in-
crease in preparation temperature, the adsorption capacity of phosphorus by the biochar
increased gradually, and the adsorption capacity of phosphorus was stronger in the high-
concentration phosphorus solution. In the potassium dihydrogen phosphate solution with
a phosphorus content of 114 mg L™}, the adsorption capacity of the biochar prepared at
500 °C was 1.41 times higher than that prepared at 300 °C, and the adsorption capacity
of the biochar prepared at 700 °C was 1.22 times higher than that prepared at 500 °C
and 1.71 times higher than that prepared at 300 °C. In the solution of potassium dihy-
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drogen phosphate containing 228 mg L~! of phosphorus, the adsorption capacity of the
biochar was affected by its preparation temperature. When the biochar was prepared at
300 °C and 500 °C, their adsorption capacity of phosphorus was similar, and there was
no significant difference. However, when the preparation temperature of the biochar was
increased to 700 °C, its adsorption capacity of phosphorus significantly enhanced, reaching
7.45 mg g~ !, which is about 1.21 times that of the adsorption capacity of the biochar pre-
pared at 300 °C and 500 °C, indicating that high temperature treatment can improve the
adsorption performance of biochar. It can be seen that the pineapple leaf biochar prepared
at high temperatures has a stronger adsorption capacity of phosphorus.

84 ™™ PB300 PB500™ PB700 a

Quantity Adsorbed of phosphorus (mg/g)

c
2_
1_
c b a

] a
ol D D

1 1 1
C2.28 Cl14 Cl14 C228

Phosphorus concentrarion (mg/L)

Figure 4. Adsorption capacity of phosphorus by biochar materials (n = 3, different lowercase letters
indicate a significant difference (p < 0.05) among treatments.).

3.5. Kinetic Model Analysis of Adsorption of Phosphorus by Biochar of Pineapple Leaves

As shown in Figure 5, the phosphorus adsorption of PB700, PB500, and PB300 biochar
is divided into two stages: fast and slow. The adsorption equilibrium was reached at 90 min,
and the adsorption saturation was PB700 > PB500 > PB300. Fast adsorption rapidly occupies
the site due to the high phosphate concentration, while slow adsorption slows down due
to the decreasing concentration and site saturation until adsorption and desorption are
in equilibrium.

In order to further explore the mechanism of adsorption of phosphorus by biochar
from pineapple leaves, an intra-particle diffusion model was analyzed (Figure 5c). In the
initial stage, the active sites on the biochar surface are occupied rapidly, mainly by ion
surface diffusion. Then, when the second stage begins, the adsorption site on the surface
of the biochar is saturated, and phosphorus begins to slowly enter the internal region of
the biochar and be captured by the internal adsorption site. The adsorption rate at this
stage is slow, mainly because it is closely related to the pore structure and pore size of
the biochar (mainly for mesoporous diffusion). In the third stage, the adsorption sites on
the biochar are basically occupied, the adsorption rate is slower, and the main stage is
micropore diffusion. On the surface of PB700, the medium pores and micropores increased,
and the adsorption process mainly comprised micropore filling.

The in-particle diffusion model fits into a straight line without passing through the
origin, indicating that in-particle diffusion is not the only rate-limiting factor when the
biochar adsorbs phosphate.

The pseudo-first-order kinetic model, pseudo-second-order kinetic model, and intra-
particle diffusion model parameters were obtained. It was found that the R? values of
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PB300 and PB700 were higher and more consistent with the pseudo-first-order kinetic
model, indicating that the adsorption of phosphorus by the biochar was closely related to
the adsorption site, while PB500 was more consistent with the pseudo-second-order kinetic

model (Table 4).
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Figure 5. Fitting curves of the kinetic model of adsorption phosphorus by three biochar types
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Table 4. Fitting parameters of adsorption phosphorus kinetic models for three biochar types.

Kinetic Models Parameters PALB300 PALB500 PALB700
ki (min~1) 0.02096 0.03031 0.04338
Pseudo-first-order Q. (mgg™1) 0.28502 0.55703 0.94381
R? 0.97744 0.96735 0.97051
ky (min~1) 0.03049 0.04891 0.07622
Pseudo-second-order Q. (mg g_l) 0.43905 0.67943 1.01491
R2 0.97007 0.98866 0.93894
ky1 (mg g~! min—1/2) 0.04231 0.06115 0.11968
Cy (mgg™1) —0.1032 —0.00479 —0.00537
R? 0.95309 0.97462 0.7633
k> (mg g~ ! min~1/2) 0.01826 0.03653 0.04504
Intra-particle diffusion Cy (mg gfl) 0.06712 0.1644 0.48096
R? 0.90826 0.99801 0.70592
ks (mg g~ ! min~1/2) 0.01464 0.0234 0.02813
C3 (mgg™1) 0.10244 0.28506 0.63384
R? 0.82341 0.86745 0.94045




Agronomy 2024, 14, 2923

12 of 21

3.6. Isothermal Model Analysis of Adsorption Phosphorus by Pineapple Leaf Biochar

The Langmuir model, Freundlich model, and Temkin model were used to fit the
adsorption of phosphorus by three kinds of biochar. The results are shown in Figure 6, and
the relevant parameters are shown in Table 5.

8 m PB300 ® PB500 4 PB700 @) 8- m PB300 e PB500 PB700 ()

Qe(mg/g)
Qe(mg/g)
S

Freundlich Langmuir

0 < 1 1 1 1

1 1 1 1 1 OE 1 1 1 1 1 1 1 1 1
0 20 40 60 8 100 120 140 160 180 0 20 40 60 8 100 120 140 160 180
Ce(mg/L) Ce(mg/L)
8 m PB300 e PB500 PB700 )
7+
[ ]
6 [ ]

Qe(mg/g)

0 | Temkin

L L L L
0 20 40 60 80 100 120 140 160 180
Ce(mg/L)

Figure 6. Fitting curves of phosphorus adsorption isotherm models for three biochar types
((a) Freundlich, (b) Langmuir, (c) Temkin).

Table 5. Fitting curve parameters of adsorption phosphorus isotherm models for three biochar types.

Isotherm

Models Parameters PB300 PB500 PB700
Kp (mgg™1) 0.08096 0.1301 0.14698

Freundlich 1/n 0.83298 0.75967 0.78006
R? 0.9719 0.99629 0.99526
Qu (mgg™) 11.86624 17.84988 23.41387

Langmuir Kr (Lmg™1) 0.00428 0.00326 0.00302
R? 0.96536 0.98863 0.98996

b (J mol™ 1) 75.9999 70.38249 53.9583

Temkin K7 (Lmg™ 1) 0.30714 0.32394 0.36328
R? 0.76422 0.80649 0.79397

As shown in Figure 6, in the range of adsorption equilibrium mass concentration
of 5~200 mg L~!, the adsorption capacity of the three kinds of biochar for phosphorus
in solutions increases with the increase in concentration, showing the characteristics of
chemisorption. In the initial stage, with the increase in phosphorus concentration, the
amount of phosphorus in the solution per unit volume increases, which increases the
interaction chance between phosphorus and the adsorption site on the surface of the biochar,
resulting in a rapid increase in adsorption capacity. However, when the concentration of
phosphorus continues to rise to a certain level, the available adsorption sites on the surface
of the biochar are gradually saturated with phosphorus, resulting in a slowing down of
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the adsorption process. Finally, the system reaches a dynamic equilibrium state, in which
the adsorption capacity of the biochar to phosphate reaches the maximum and does not
change significantly with the change in external phosphate concentration.

The correlation coefficients (R?) of the Langmuir model and the Freundlich model
were 0.96536, 0.98863, and 0.98996; and 0.9719, 0.99629, and 0.99526, respectively. However,
the correlation coefficient R? of the Langmuir model was smaller than that of the Freundlich
model. The results of the two models diverged slightly for PB700, which could be attributed
to the additional complexity in chemical interactions at high temperatures. The adsorption
of phosphorus by pineapple leaf biochar is more suitably described by the Freundlich
isothermal model, which indicates that the adsorption of phosphorus by pineapple leaf
biochar is mainly multi-layer adsorption, and its uneven and developed pore structure
contributes to the formation of multi-layer adsorption of phosphorus on its surface. In the
Freundlich model, when 1/# is between 0 and 1, the adsorption reaction occurs easily. It
can be seen from Table 5 that the 1/# of the three biochar types was 0.83298, 0.75967 and
0.78006, respectively, indicating that the adsorption process of phosphorus by the three
biochar types occurred easily. Kr was less than 1 (for PB300, PB500, and PB700, Kr was 0.08,
0.13, and 0.15, respectively), indicating that the adsorption of phosphorus by the biochar at
different temperatures mainly comprised multi-molecular layer chemisorption.

3.7. Principal Component Analysis and Correlation Analysis

Principal component analysis and the comprehensive evaluation of the biochar prop-
erties were carried out for each factor (Table 6 and Figure 7). The results indicate that the
first principal component explained 74.5% of the total variability, and the second principal
component explained 13.0% of the total variability. In the first principal component, PB700
was significantly different from PB300 and PB500, and the positive contribution factors
of the first principal component were mainly pore structure characteristics (Sper, Vrot,
etal.), Ca%", Mg2+, Fe?*, and AI®* content, and C-H/-CHO and C-O functional groups. The
comprehensive scores of various biochar properties were PB700 > PB500 > PB300 (Table 6).

Table 6. Comprehensive evaluation of the biochar properties.

Biochar PC1 PC2 Overall Score Rank

PB300 —3.61 1.38 -2.12

PB300 —4.11 1.77 -2.11 3
PB300 —-3.23 1.05 —-2.35

PB500 —-1.14 —2.02 -3.13

PB500 —-1.39 —1.87 -3.22 2
PB500 —0.83 —2.20 —3.06

PB700 4.98 0.60 6.72

PB700 5.04 0.61 7.16 1
PB700 431 0.66 7.62

According to the correlation heat map analysis shown in Figure 8, when the phospho-
rus content was 114 mg L~! and 228 mg L}, the adsorption of phosphate by the biochar
was mainly positively correlated with the Ca%t, Mgzﬂ and AI3* cation contents in the
biochar, the specific surface area, and pore volume of the biochar material. There was a
significant negative correlation with functional groups CH/-CHj3, C=0, and H-O and pore
diameter. It can be seen that the adsorption of phosphate by the pineapple leaf biochar
prepared at 300 °C and 500 °C was mainly chemical adsorption and functional adsorption,
respectivley, while the adsorption of phosphate by the pineapple leaf biochar prepared at
700 °C had not only pore structure contribution, but also cationic Ca?*, Mg?*, and AI**.
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4. Discussion
4.1. Effect of Preparation Temperature on Biochar Content in Pineapple Leaves

With the increase in biochar preparation temperature, the carbon (C) content gradually
increased, mainly because the carbonization of organic matter was incomplete at low
temperatures, and the carbonization of organic matter increased more thoroughly with the
increase in temperature [5,44]. The content of hydrogen (H), oxygen (O), nitrogen (N), and
sulfur (S) gradually decreased, mainly because more chemical bonds are broken at high
temperatures, releasing more volatile substances. During the preparation of biochar, with
the increase in reaction temperature, mineral elements, such as phosphorus (P), magnesium
(Mg), calcium (Ca), iron (Fe), and aluminum (Al), originally present in the raw material, will
gradually accumulate. This is because the high temperature promotes the decomposition of
organic matter in the raw material, making it easier for these elements to be released from
the complex organic structure and then be enriched in the remaining solid matter [45-47].
Compared with pineapple leaf, the magnesium in the pineapple leaf biochar was further
enriched [48]. Calcium and magnesium were also employed to improve the phosphorus
adsorption of the biochar [49]. For example, calcium-rich crab shell biochar increased
phosphorus removal from 26% to over 90% [50].

However, although the content of a single element increased, because more elements
were volatilized at high temperatures, the total content of these elements actually decreased
with the increase in the preparation temperature. The N/C ratio of the biochar decreased
with the increase in pyrolysis temperature, which is consistent with the research results
of Claoston et al. (2014) [24] and Pariyar et al. (2020) [51]. In this experiment, when the
pyrolysis temperature was 500 °C, the C content of the biochar from pineapple leaves was
significantly higher than that observed at 300 °C; in addition, the C content was basically
unchanged after the pyrolysis temperature exceeded 500 °C, mainly because the hemicel-
lulose, cellulose, and lignin in the raw materials are mainly decomposed at 200~500 °C,
and the pyrolysis temperature was higher than 500 °C. Hemicellulose, cellulose, and lignin
decomposed, wherein cellulose and lignin degraded into difficult-to-degrade aromatic
structures [52]. The pH of the biochar increased with increasing temperatures, because the
acidic substances formed during pyrolysis gradually volatilized at high temperatures, re-
sulting in reduced acidity and increased pH. Secondly, the pyrolysis temperature increased,
and the precipitation of Ca?*, Mg?*, K*, and other base ions was also an important reason
for the increase in pH [26].

4.2. Effect of Preparation Temperature on the Surface Structure of Biochar of Pineapple Leaves

The physical and chemical properties of biochar are affected by the pyrolysis tem-
perature and raw materials [1]. The pore size structure of biochar prepared at different
temperatures is significantly different. As the pyrolysis temperature increases, the specific
surface area and pore volume of biochar increase significantly [52]. The structural character-
istics of the raw materials of the biochar prepared at 300 °C were still maintained, and the
pore size structure did not change significantly. The biochar prepared at 500 °C had more
pore structures than the biochar prepared at 300 °C. As the pyrolysis temperature increases,
more volatile components in the raw material are removed, creating more space, resulting
in significant changes in the surface structure of the biochar; in addition, its specific surface
area increases, the pore wall becomes thinner and looser, and the overall mass becomes
lower. With the increase in preparation temperature, the specific surface area and porosity
of the biochar increase with the increase in temperature [53]. As the temperature increases,
the pore structure in the material becomes simpler, the porosity decreases, and, therefore,
the surface area per unit volume increases. The isotherms of PB700 did not close, due to
the capillary condensation phenomenon that occurs at low pressure, as some micropores
and minor mesopores exit [1,54].

The number of functional groups in the biochar prepared at 700 °C decreased sig-
nificantly. The absorption peak observed at 1301 cm~! was the characteristic peak of
C-H/-CH3;, and the functional group also increased significantly as the preparation tem-
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perature increased from 300 °C to 500 °C, indicating that a high pyrolysis temperature
was conducive to increased C-H/CHO functional groups. For PB700, C=O and H-O disap-
peared, which indicated that, at high temperatures, more functional groups decompose,
and C-H/CHO was a relatively stable functional group. The organic structural components
containing C-O-C and C-H/CHO functional groups were decomposed, and the functional
group structure was fractured and destroyed [55].

4.3. Adsorption Mechanism of Phosphorus by Pineapple Leaf Biochar

The adsorption of phosphorus by biochar involves a variety of mechanisms. Biochar
has various adsorption mechanisms for phosphorus, including ion exchange and ligand
exchange [28,56]. The abundant functional groups on the surface of the biochar can pro-
duce hydrogen bonds, complexation, and other chemisorption effects on the phosphate
radical group [57].

We classified the quantifiable indices in this paper into the following categories: ele-
ment composition, pore structure, and functional group composition. Principal component
analysis (PCA) and heat map analysis were used to cluster the various indicators and
describe the correlations between them (Figures 7 and 8). Positively correlated variables
were grouped together, while negatively correlated variables were positioned on opposite
sides of the plot origin. C-O, C-H/-CHO functional groups, Ca, Mg, Fe, Al, and Sggr,
and pore volume formed one cluster and played a major role in Q. This indicated that
the content of the mineral elements and the pore structure of the biochar determined the
adsorption capacity of phosphorus by the biochar [16,41,50]. Shin et al. (2020) [16] prepared
Mg-loaded biochar from ground coffee waste. After studying its adsorption properties for
phosphorus, they found that its adsorption mechanism for phosphorus mainly included
functional group action and complex precipitation. Xu et al. (2022) [43] used canna to
prepare biochar at different temperatures, studied the phosphorus adsorption process of
the canna biochar, and found that the phosphorus adsorption process of biochar at 700 °C
included surface adsorption, intra-particle diffusion, and external liquid film diffusion.
Calcium-rich crab shell biochar increased phosphorus removal from 26% to over 90% [50].
The results of phosphorus adsorption from different studies are listed in Table 6. Surface
area, surface electrostatic attraction, and cation (the precipitation process) were the main
factors controlling phosphorus adsorption. However, the relative content of C=0O, H-O,
and C-H/-CHj3; functional groups decreased gradually with the decomposition of the sub-
stances. This phenomenon leads to the formation of new products or void structures [5],
which indirectly affects the adsorption capacity of biochar for phosphorus. There was a
significant positive correlation between Ca, Mg, Fe, Al, Sgg, pore volume, and adsorption
capacity (R? > 0.71%). The results are similar to those outlined in other studies [15,58—60].
These results have indicated that pore structure and cation content of PB were the main
factors impacting adsorption capacity.

The pineapple leaf biochar prepared at 700 °C had a large specific surface area, rich
pore structure, and abundant surface functions, which provide the structural and functional
basis for its adsorption of phosphate [18,61]. Visible peaks at 3400, 2856, 1613, 1301, and
1057 cm~! indicated that a large number of original organic residues was present. The
peak at 3400 cm~! ascribed to -OH group and C=O group (1613 cm~!) decreased (or
disappeared) at higher temperatures, which indicated that the functional groups did not
play a key role in the phosphorus adsorption process. The change in adsorption capacity
was mainly due to the change in cation and specific surface area (Table 7).
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Table 7. Adsorption performance of phosphorus by biochar-based adsorbents.

Factors Controlling

Biochar Adsorption Capacity (mg/g) Phosphorus Adsorption References
Poultry manure biochar with MgCl, 163.6~250.8 CEC (cations) [15]
. Relatively high surface area
Sugar beet tailings 0.133 (336 m?2 g 1) [41,58]
Magnetic orange peel biochar 0.219~1.24 Iron oxides
. Highest BET surface areas
Mg-modified 129.79 (1440 m2 g~1) and [59]
biochar
pore volumes
Calcium-rich biochar 147.06 Ir}creas'.e in the [60]
Pprecipitation process
Surface of metal (hydr)oxides,
. ion exchange, and surface
Rice straw 61.57 precipitation through Lewis (621
acid-base interactions
Surface electrostatic attraction
and precipitation with
Sugarcane harvest residue 121.25 impregnated MgO and [63]
surface inner-sphere
complexation with Fe oxide
High cation (Ca?t, Mg2+, Fe3+, .
PB300/PB500 11.86~17.84 and AIP*) content This work
Large specific surface area
2 ,—1 :
PB700 2341 (279.37m” g= ) and high This work

cation (Ca%*, Mg2+, Fed™,
and AI?*) content

The C/H of the biochar prepared at the three temperatures was higher, which indicates
that the degree of aromatization of the biochar was higher, more organic carbon was
retained during the pyrolysis process of the biochar, and more adsorption sites were
available, which is conducive to the adsorption of phosphate [43].

The process of the adsorption of phosphorus by PB was affected by both physical
adsorption and chemisorption mechanisms (Figure 9). With the increase in temperature,
the pore structure increases gradually, mineral elements accumulate, and the adsorption
degree of phosphorus increases gradually [61]. This phenomenon shows that the adsorp-
tion mechanism of phosphorus by biochar prepared at high temperatures is mainly the
contribution of pore size structure and the role of cation. The results of related studies
also show that the adsorption capacity of Ca®*- and Mg?* (MgO)-modified biochar of
phosphate was greatly improved [15,64,65]. It can be seen that Ca?* and Mg?* (MgO) have
a strong adsorption effect on phosphorus. The precipitation adsorption of such cations may
hinder the internal diffusion of phosphate and affect the adsorption rate, resulting in the
in-particle diffusion model not passing through the origin. According to the correlation co-
efficients (R?) of the pseudo-first-order kinetic model and the pseudo-second-order kinetic
model, the different types of PB have different adsorption effects on phosphate. Specifically,
the R? values of the PB300 and PB500 biochar in the pseudo-second-order kinetic model
were higher than those observed in the pseudo-first-order kinetic model, which indicates
that they are more inclined to chemisorption [66]. In contrast, PB700 had a higher R?
value under the pseudo-first-order kinetic model, which means that it mainly relies on
physical adsorption.

The adsorption of phosphorus by biochar is more consistent with the Freundlich
model, which can describe the adsorption process more accurately than the Langmuir
model, indicating that the adsorption of phosphorus by PB is mainly multi-molecular
layer, while the adsorption of a single molecular layer plays an auxiliary role [66,67]. The
intramolecular diffusion model refers to the transfer process of an adsorbent from a liquid
phase to a solid phase, and the adsorption rate is mainly controlled by the diffusion of
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molecules inside of the adsorbent, which helps to better reveal the diffusion mechanism of
the adsorbent inside of the adsorbent [43]. In summary, the adsorption of phosphorus by PB
prepared at different temperatures involves multiple layers and is affected by many factors.
Multi-molecular-layer chemisorption is the main one, while the single-molecular-layer
physical adsorption plays an auxiliary role, and, at the same time, it is accompanied by
intra-granular diffusion.

Multimolecular layer adsorption — Intra-particle diffusion

300°C 500°C 700°C

i\ R
- Physical adsorption .

Chemical adsorption

Figure 9. Adsorption process and mechanism of phosphorus by PB prepared at different temperatures
(Note: The main form of phosphorus in solution with pH = 3 is HPO, ™ in this study).

5. Conclusions

With the increase in pyrolysis temperature, the carbon content of pineapple leaf biochar
increased, while the nitrogen, hydrogen, and oxygen contents decreased correspondingly,
and the mineral element content gradually increased. The aromatics of the biochar in-
creased, while its hydrophilic and polar properties decreased. The pore structure of the
biochar prepared at 300 °C and 500 °C was not developed, and the pore wall was thicker.
When the pyrolysis temperature was increased to 700 °C, the pore structure of the biochar
increased. Compared with the surface area of the biochar prepared at 300 °C and 500 °C,
the specific surface area of the biochar prepared at 700 °C increased 65.05 and 119.26 times,
respectively, and the increase was mainly due to the increase in micropore specific surface
area. The preparation of the pineapple leaf biochar at 700 °C enhanced its ability to adsorb
phosphorus, due to its large specific surface area and high cation (Ca?, Mg2+, Fe3*, and
A13*) content, and the process of the adsorption of phosphorus by the biochar was mainly
multi-molecular-layer chemisorption, supplemented by single-molecular-layer physical
adsorption, and accompanied by intramolecular diffusion. In follow-up research, it is
necessary to continue to study the adsorption of phosphorus by Mg-, Ca-, and Fe-modified
biochar, which may have exciting results.
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