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Owing to the high carbon and phosphorus contents, large specific surface area and slow P release capacity
of P-rich biochar/hydrochar (CHAR), its application in aquatic (or soil) environments and positive effects on
heavy metal (HM) adsorption (or immobilization) have drawn global attention. To provide an overall picture
of P-rich CHAR, this review includes a systematic analysis of the current knowledge on the preparation
methods, characterization techniques, influencing factors and environmental applications of P-rich
CHAR reported in the last ten years. The key findings and recommendations from this review are as
follows: (1) there is still a knowledge gap concerning the regulatory mechanism of the key active
components of P-rich CHAR at the molecular level. The dominant factors influencing these active
components should be elucidated. (2) P-rich CHAR has a high capacity to immobilize most HMs (e.g.,
Cd, Cu, and Pb). However, it performs poorly with several HMs (e.g., As). Future studies should focus on
the interactions between P-rich CHAR and HMs found in soil/water. (3) To meet the long-term
requirements for plant growth, more attention should be given to improving the slow-release capacity
and utilization efficiency of available P. (4) There is a potential risk of P loss (or eutrophication) due to
rainfall and runoff, although P-rich CHAR exhibits excellent performance in terms of HM immobilization

Received 6th May 2024
Accepted 10th October 2024

DOI: 10.1039/d4ra03333g and carbon retention. Several reasonable suggestions are provided to solve these problems. In summary,
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many researchers have increasingly focused on enhancing its
properties through various modification techniques.*®

1. Introduction

As a carbon material derived from biomass, biochar/hydrochar
(CHAR) has been extensively applied in soil remediation and
wastewater treatment and as agricultural fertilizer."”® Owing to
their high carbon content and low cost, these materials have
garnered significant attention over the past decade. The
increasing number of published studies (Fig. 1(a) and (b))
underscores the rising prominence of CHAR as a research focal
point. The data presented in Fig. 1 were extracted from the
Elsevier Science Direct database, with only English language
publications included in the analysis. The search was con-
ducted using the keywords “biochar” and “hydrochar”.
However, owing to the limited number of adsorption sites and
the suboptimal adsorption performance of unmodified CHAR,
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P-rich CHAR refers to biochar or hydrochar with a high
phosphorus (P) content, typically ranging from 1% to 8%, which
is significantly higher than the P content in unmodified CHAR
(commonly less than 0.5%).® Studies have shown that the
presence of phosphorus atoms in CHAR plays a crucial role in
altering its physiochemical properties.*** Owing to its large
covalent radius, low electronegativity and specific valence elec-
tron structure, phosphorus modifies the surface functional
groups of CHAR, increasing the activity of this carbon material.
Consequently, P-rich CHAR demonstrates excellent perfor-
mance in the immobilization of heavy metals (HMs) present in
the soil, HM adsorption in aqueous solutions, and as a slow-
release phosphorus fertilizer.>” For instance, Zhao et al,**
found that K;PO,-modified biochar significantly improved the
immobilization capacity for Cu and Cd in soil. Similarly, Gao
et al.,"* reported that biochar modified with Ca(H,PO,),H,0 and
KH,PO, enhances Pb*' removal from wastewater. Recently,
biochar-based slow-release P fertilizers with high water reten-
tion and a substantial amount of Fe/Al-bound P have been
developed to increase the efficiency of P utilization in the soil.”
Additionally, most P-containing modification agents are non-
toxic and easily washed off with water, making P-rich CHAR
a reliable and environmentally friendly choice.
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Fig. 1 Number of papers about (a) biochar and (b) hydrochar published in the last ten years.

However, to date, there has been no comprehensive review
on the production, characterization and environmental appli-
cation of P-rich CHAR. Over the past ten years, extensive
research has been conducted worldwide on P-rich CHAR,
providing a valuable foundation for a review that offers a deeper
understanding of its preparation and potential use in environ-
mental remediation. Although P-rich CHAR demonstrates
significant promise in environmental applications,
potential risks must be considered. For instance, to achieve
optimal HM immobilization in soils, the applied content of P-
rich CHAR typically exceeds 3%, which can lead to the loss of
available P.'*'%1%2* Apnother limitation is that, even with the
addition of P-rich CHAR, the slow release rate of P available in
the soil often surpasses the plant uptake rate.”® These draw-
backs restrict the broader application of P-rich CHAR.
Furthermore, the mechanisms underlying the preparation of P-
rich CHAR and the regulation of the key active components,
such as P/O-containing functional groups, and the Fe/Al/Ca-
bound P content require further investigation. To address
these knowledge gaps, future research directions and guidance
for devising solutions are needed.

So far, most reviews have focused predominantly on general
information on CHAR, with only a few offering a comprehensive
overview of P-rich CHAR. In light of this, the overall goal of this
systematic review is to provide a comprehensive perspective on
P-rich CHAR, with valuable insights into the potential of P-rich
CHAR as an environmental remediation agent. The specific
objectives of this review are: (1) to elucidate the synthetic
methods and the factors influencing the preparation of P-rich
CHAR, (2) to present the fundamental properties and charac-
terization techniques of P-rich CHAR, (3) summarize their
environmental applications, (4) assess the potential environ-
mental risks posed by P-rich CHAR, and (5) provide recom-
mendations for their future utilization.

several

2. Methodology

This review was conducted in accordance with the standards set
by the Preferred Reporting Items for Systematic Review and
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Meta-Analysis Statement.?® Literature searches for this review
were performed from 2013 to 2023 via the Web of Science and
Google Scholar. The following four keywords were used for the
literature search: P-rich biochar, P-modified biochar, P-rich
hydrochar, and P-modified hydrochar. The retrieved articles
were meticulously evaluated, and only peer-reviewed studies
pertinent to the preparation, characterization and environ-
mental application of P-rich CHAR were selected. Finally, from
the 81 retrieved publications, a total of 41 publications were
selected (Table S1t). The eligibility criteria for the inclusion of
articles were as follows: (1) production: preparation (or
synthesis) of P-rich CHAR; (2) characterization: properties and
associated testing methods of P-rich CHAR; and (3) environ-
mental application: HM immobilization in the soil, carbon
retention, release of available P, and HM adsorption in water.
Articles were excluded based on the following criteria: (1)
production: preparation (or synthesis) of CHAR; (2) character-
ization: properties and corresponding testing methods of
CHAR; (3) environmental application: supercapacitor and CO,
adsorption.

3. Preparation of P-rich CHAR

P-rich CHAR materials produced by various methods exhibit
distinct physicochemical properties. Fig. 2 summarizes three
widely employed techniques, namely co-pyrolysis, pyrolysis
impregnation and hydrothermal carbonization (HTC). The P-
rich carbon materials generated via co-pyrolysis or pyrolysis
impregnation are commonly referred to as P-rich biochar,
whereas those produced through the HTC method are desig-
nated as P-rich hydrochar.””

3.1 Co-pyrolysis method

The co-pyrolysis method involves the pyrolysis of a mixture of
biomass feedstock and P-containing compounds (i.e. K3PO,,
KH,PO,) at temperatures ranging from 450 °C to 700 °C under
anaerobic conditions.”® Depending on the residence time, co-
pyrolysis can be classified into three categories: fast, interme-
diate, and slow pyrolysis.> Fast pyrolysis involves introducing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Preparation methods, feedstock classification, characterization techniques and factors influencing the preparation of P-rich CHAR.

a mixture of feedstock and P-containing compounds into the
reaction vessel at the designated temperature, and the reaction
time is typically several seconds. This method is frequently
employed to produce bio-0il.** In contrast, intermediate and
slow pyrolysis involve longer residence times, ranging from
several minutes to a few hours. Compared with fast pyrolysis,
slow pyrolysis is generally preferred because of its higher yield
and increased carbon content.*

3.2 Pyrolysis impregnation method

The pyrolysis impregnation method involves the initial prepa-
ration of pyrolytic products, which are subsequently combined
with P-containing compounds. Wang et al.,** and Ng et al.,*
produced peanut shell biochar at 500 °C and immersed it in
a 10 g L™ " K3PO, solution to enhance P loading on the biochar
surface at room temperature. In comparison, the specific
surface area (SSA) of the P-rich biochar generated via the co-
pyrolysis method is larger, resulting in a greater number of P-
containing functional groups on its surface. Furthermore,
a more diverse array of P compositions can be observed. These P
compositions are typically categorized into dissolved and
exchangeable P, Fe/Al-bound P, Ca-bound P and residual P.

3.3 Hydrothermal carbonization (HTC) method

HTC refers to the carbonization of a two-phase mixture
comprising a P-containing solution and fresh feedstock,
without the need for drying pretreatment.*® The mixture is
placed in a reactor, and the temperature and (or) pressure are
subsequently elevated. Daer et al.,** demonstrated HTC by
combining corn straw and phosphorus rock in a reactor,
producing P-rich hydrochar at a temperature of 220 °C with
a residence time of 240 min. This energy-saving method oper-
ates in the temperature range of 120 °C to 250 °C, indicating
that the reaction conditions of HTC are milder than those of co-
pyrolysis. However, two significant drawbacks hinder the wide
acceptance of the HTC method: the need for high pressure and
the generation of wastewater during the process. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

wastewater produced is often contaminated with toxic pollut-
ants and therefore requires treatment to comply with environ-
mental requirements.>

4. Primary factors influencing the
preparation of P-rich CHAR
4.1 Temperature

The preparation of P-rich biochar can be divided into three
stages on the basis of comparative thermo-gravimetric and
differential thermal analyses of pristine and P-rich biochar.**>*
In the first stage (25-200 °C), an initial mass reduction occurs
likely due to the evaporation of moisture and the release of
a small amount of volatiles. During this phase, the internal pore
structure of P-rich biochar undergoes realignment as a result of
moisture evaporation and the chemical bonds break. In the
second stage (200-500 °C), a significant mass loss is observed
because of the polymerization of organic compounds, such as
hemicellulose and cellulose. The third stage (=500 °C) involves
the degradation of organic matter with stronger chemical
bonds, leading to gradual weight reduction. The elemental
compositions (i.e. C, O, H, N, and P) of the P-rich samples vary
with changes in the pyrolysis temperature. Studies indicate that
as the temperature increases, the P and C contents initially rise
and then decrease. Generally, the H/C ratio serves as an indi-
cator of the degree of carbonization; a decrease in the H/C ratio
corresponds with increased aromaticity.* Similarly, lower (O +
N)/C and O/C ratios reflect reduced polarity and greater oxygen
removal. These two ratios reflect the stability of the P-rich bio-
char.’ P-rich biochar obtained at relatively high pyrolysis
temperatures predominantly contains aromatic compounds
and has reduced polarity.*® Moreover, the surface area and
concentration of the P-containing functional groups increase
with increasing pyrolysis temperatures. Thus, the physical and
chemical adsorption capacities of the P-rich biochars improve,
enabling the adsorption of most pollutants. Nevertheless,
Zhang et al.,* found that an excessively high pyrolysis temper-
ature results in the collapse of the tunnel structures in P-rich

RSC Adv, 2024, 14, 33649-33665 | 33651
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biochar. The specific surface area of the P-rich biochar
decreases, and the pollutant adsorption capacity decreases.
Similarly, Peng et al.,** reported that a relatively high pyrolysis
temperature reduces the diversity of functional groups, conse-
quently diminishing the adsorption of pollutants on the P-rich
biochar.

In contrast, the temperature required for the preparation of
P-rich hydrochar is relatively mild. The mechanism primarily
involves the thermochemical conversion of the biomass feed-
stock under subcritical water conditions. During this process,
the biomass undergoes a series of complex chemical reactions,
including dehydration, decarboxylation and polycondensation
reactions.” Generally, in a specific temperature range, a higher
preparation temperature results in increased surface area,
greater abundance of surface functional groups, and a greater
degree of carbonization in the resultant P-rich hydrochar.**
Studies have confirmed the presence of numerous functional
groups, such as hydroxyl [-OH (3450 cm™")], carboxyl [-COOH
(1701 ecm™")], methylene [-CH, (2920 cm™')], and P-containing
groups [P=0 or P-O-C (1220 cm™")] on the surface of P-rich
hydrochars. The Fourier transform infrared (FT-IR) spectra of
H;PO,-modified hydrochar derived from cauliflower leaves and
banana peels prepared at different temperatures are shown in
Fig. 3. In the given range of hydrothermal temperatures, the
concentration of the O-containing and P-containing functional
groups increases with rising temperature, probably because the
catalytic chemical degradation reaction is controlled by the
number of protons.** Additionally, the formation of these
functional groups is enhanced by phosphate radicals.
However, at higher temperatures (i.e. 240 °C), the number of
functional groups decreases significantly because of excessive
dehydration induced by proton activity at elevated tempera-
tures.* Furthermore, higher preparation temperatures typically
lead to an increase in the inorganic elemental content (i.e. Ca,
K, P) and minerals of P-rich hydrochar as a result of the vola-
tilization of more organic compounds.*®

In summary, the heating temperature plays a critical role in
determining the surface pore structure, surface functional
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groups, and elemental content of P-rich CHAR. Maintaining the
optimal temperature during the preparation process is essential
for achieving P-rich CHAR with unique physical and chemical
properties. These fundamental characteristics directly influence
its effectiveness in environmental applications.

4.2 Feedstock

As presented in Table S1,} the feedstock sources of P-rich bio-
char are diverse and primarily consist of low-cost organic waste,
including agricultural waste (i.e. corn straw, cotton straw, and
wheat straw), garden waste (i.e. deadwood and rotten leaves),
municipal waste (i.e. sludge), and animal waste.”” These mate-
rials are rich in essential nutrients (i.e. C and N), as well as
cellulose, hemicelluloses, and lignin, which make them highly
suitable for the preparation of P-rich biochar. Fig. 2 illustrates
the classification of biomass feedstocks. Based on initial
moisture content, the raw materials can be categorized into dry
and wet biomass types. According to the growing conditions,
the feedstock is derived primarily from either aquatic biomass
or terrestrial biomass.*® In addition, according to the source, the
feedstock can be classified into plant, manure, and residual.*® P-
rich biochar can be prepared from a wide range of carbonaceous
materials, such as plant leaves, wood, manure, agricultural
residuals, and food waste. Studies have shown that P-rich bio-
chars derived from different feedstock sources present signifi-
cant variation in their structural and functional properties.*
Given that lignin tends to form P-rich biochar more readily
during carbonization, biomasses with higher cellulose content,
such as plant matter, typically yield greater quantities of P-rich
biochar than materials with lower cellulose content.*

The feedstock sources of P-rich hydrochar are similarly
diverse (Table S2t). Fig. 4 depicts a Van Krevelen diagram
plotted based on data from Table S27 illustrating the H/C and
O/C atomic ratios. It visually demonstrates the enhanced
properties of the P-rich hydrochars compared to the original
raw biomass. The moisture content in the feedstock plays
a significant role in determining the preparation conditions of
P-rich CHAR. Fast pyrolysis always requires dry biomass, as
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Fig. 3 FT-IR spectra of H3PO4-modified hydrochar derived from (a) cauliflower leaves and (b) banana peels at different hydrothermal
temperatures.*® Note: The modified hydrochars prepared from cauliflower leaves and banana peels are labeled CLH and BPH, respectively. CLH
and BPH prepared at 120 °C, 160 °C, 200 °C and 240 °C are marked as CLH120, BPH120, CLH160, BPH160, CLH200, BPH200, CLH240, and
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PRCSH: phosphate-rock-modified corn straw hydrochar).

water evaporation can hinder the rise in temperature. In
contrast, slow pyrolysis is more tolerant of moisture. Wet
biomass feedstocks, such as algae and sludge, are suitable for
the preparation of P-rich hydrochar through HTC.?* Moreover,
in the production of P-rich hydrochar, an additional separation
step is often necessary to isolate the hydrochar from the final
solid-liquid mixture.*

Moreover, both preparation and feedstock costs are also
critical factors. From an economic standpoint, P-rich CHAR can
be more efficiently synthesized using feedstocks that are already
rich in P. Researchers often employ the index of the cost/benefit
ratio to measure the sustainability and economic effectiveness
of this biotechnology.®* For example, because algae are easy to
acquire and rich in phosphorus, they are widely used as cost-
effective material for P-rich CHAR production, particularly,
when they are harvested from eutrophic water bodies. The P-
rich CHAR derived from algae has been shown to improve soil
properties and immobilize HMs in the soil more effectively and
at a lower cost compared to biochar produced from other
biomass feedstocks.*>*

4.3 Modifying agents

Phosphate and phosphate minerals (ie. KH,PO,;, K;3POy,,
Ca(H,PO,), and P fertilizer) are commonly utilized in the
production of P-rich biochar. The available form of P signifi-
cantly influences the mechanisms underlying pollutant removal
by P-rich biochar. Wang et al.,** investigated the different P
forms present in P-modified biochar derived from apple tree
branches combined with KH,PO,, K,HPO,-3H,O, and
K;PO,-3H,0, respectively. Orthophosphates (24.8%), pyro-
phosphates (73.7%), and metaphosphates (1.49%) were detec-
ted in the KH,PO,modified biochar (BC-1). In contrast,
orthophosphates (47.4%) and pyrophosphates (52.6%) were
observed in the K,HPO,-3H,0-modified biochar (BC-2). More

© 2024 The Author(s). Published by the Royal Society of Chemistry
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orthophosphate (86.2%) and less pyrophosphate (13.8%) were
found in the K;PO,-3H,0O-modified biochar (BC-3). The
maximum adsorption capacity for Cd** followed the order BC-3
> BC-2 > BC-1. These results indicate that orthophosphate
promotes Cd** adsorption through the formation of Cd-P
precipitates.

P-Containing additives can uniformly infiltrate cellulose and
lignin. Under high temperatures, water vapor is produced by
a catalytic dehydration reaction between cellulose/lignin and P-
containing additives. Subsequently, many pores are created.>*’
Therefore, infiltration of P-containing additives into the
internal pores and channels of biochar, along with effective
dispersion, is typically observed. After washing, the developed
pore structure can be visualized. However, certain P-containing
additives, such as (NH,4);PO,, may lead to the collapse of the
pore structure of P-rich biochar. This deterioration is attributed
to the release of ammonia gas during pyrolysis, which can
adversely affect the formation of micropore and mesopore
structures.

For the modification of P-rich hydrochar, phosphoric acid
(H;PO,) and soluble phosphates are commonly employed.
H;PO, is a typical modifying agent. Zhou et al.,* found that
when the concentration of H;PO, is greater than 30 wt% during
HTC, the decomposition of hemicelluloses and cellulose over-
laps, leading to a high yield of P-rich hydrochar. The multi-
functional roles of H;PO, are as follows: (1) H;PO, facilitates the
dehydration of biomass and reduces the temperature required
for biomass decomposition during carbonization; (2) H;PO,
enhances carbon retention in the biomass; (3) H;PO, intro-
duces P-containing substances and groups into the hydrochar,
which is conducive to immobilizing HMs in the soil and
providing nutrients; and (4) H3PO, reduces the temperature
required for decomposition of biomass fibrocytes.>>

In addition, the addition of P-containing additives during
HTC often results in an increase in the number of P-containing
and O-containing functional groups. These groups remain fixed
on the surface and internal pore walls of P-rich hydrochar
through catalytic dehydration and cross-linking reactions.'>*
Consequently, the size of most pores is reduced, leading to
a transformation from mesopores to micropores. The Van
Krevelen diagram (Fig. 4), which illustrates the H/C and O/C
atomic ratios, further elucidates the role of P-containing addi-
tives in the HTC process. Both the O/C and H/C ratios of P-rich
hydrochars tend to shift downward and to the left, reflecting an
enhancement in aromatization during HTC. These findings
suggest that P-containing additives facilitate deoxygenation and
dehydrogenation reactions during HTC.

5. Characterization techniques for P-
rich CHAR

Fig. 2 also presents the techniques used for P-rich CHAR char-
acterization. The pH value of P-rich CHARs can be identified by
a pH meter after stirring the slurry, in which the ratio of P-rich
CHAR to water is 1:2.5 or 1:10 (w/v).>>*® Most P-rich biochars
prepared via co-pyrolysis are weakly alkaline (approximately 7-
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10) likely due to the formation of mineral substances, such as
carbonates.”” However, P-rich hydrochar produced via HTC is
acidic even without the addition of acid additives. The reason is
the acceleration of dehydration and degradation of poly-
saccharides in water during the HTC process. Moreover, many
acidic functional groups and low molecular acids are formed
and remain attached to the surface of the P-rich hydrochar.*

Because of the importance of pH, the identification of the
point of zero charge (pHp,) of P-rich CHAR is also important.
Two methods are usually used to measure this index of P-rich
CHAR: (1) the zeta potential of the P-rich CHAR is detected at
different pH values. The measured data are fitted linearly to
identify the pH at which the zeta potential is zero;*® (2) the P-
rich CHAR is added to NaCl solutions at different pH values
and allowed to react for some time. The difference between the
pH values of the initial and final solutions represents the
PH,,..*® Most P-rich CHARs are negatively charged, and the
surface charge and pHp,. are often changed by P compound
modifications.*®'®*° Chen et al.®® prepared a P-rich biochar from
chicken feathers via phosphoric acid impregnation combined
with the co-pyrolysis method. The pH,,. of the H;PO,-modified
biochar was 3.53, which is lower than that (5.53) of the pristine
biochar. Because of this, the cadmium and lead adsorption
capacity of the Hz;PO,-modified biochar was improved. Ge
et al.,* found similar results by preparing a P-rich hydrochar
derived from cauliflower leaves via H;PO, impregnation
combined with the HTC method. This wide range of pHp,.
values can be explained by the use of different raw materials and
preparation methods, and consequently, the distinct physico-
chemical properties of P-rich CHAR.

They are primarily composed of C, H, O, P and N. The range
of C content is usually 38-80%. Most of the organic matter in P-
rich CHAR includes alkyl and aromatic compounds.* Besides,
the P content in P-rich CHAR is much greater than that in
pristine CHAR.®? Other nutrients, such as Si, Na and Mg, are
often detected in P-rich CHAR.” The elemental content can be
identified using an elemental analyzer. The elemental compo-
sition also differs from the raw materials from which the P-rich
CHARs are prepared. In addition, the preparation conditions
(i.e. temperature, P-containing additive, etc.) of P-rich CHAR
also affect the elemental content.®

The surface functional groups of P-rich CHAR critically
influence its soil remediation and pollutant adsorption
capacity. Therefore, further investigation of the adsorption and
remediation mechanisms of these groups will help improve the
surface functionalization of P-rich CHAR. FT-IR spectroscopy
and X-ray photoelectron spectroscopy (XPS) are usually used. As
a qualitative analysis method, FT-IR has been widely used to
study the surface functional groups of P-rich CHAR. According
to the literature, the typical functional groups found in P-rich
CHAR are as follows: -OH (around 3400 cm™ '), -CH,-
(2920 cm ™), -COOH (1720 cm ™), C=0 (1600 cm ™ '), P=0/P-
0-C (1220 em™ "), and P-O-P/P*-0" (1070 cm™").*** Therefore,
on the basis of the changes in these peaks, the functional
groups on the P-rich CHAR found before and after modifica-
tions can be determined. In addition, FT-IR can reveal the
mechanism of adsorption in solutions and the extent of soil
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remediation after the application of the P-rich CHAR.*
Furthermore, the peaks of P-containing functional groups, such
as P=0/P-0-C (1220 cm ™ '), PO (1080 cm ™ '), and P-O-P/P"-O"
(1070 cm™"), indirectly verify the successful preparation of P-
rich CHAR.*"** Most of these functional groups are attributed
to the fixation of enormous amounts of P on the surface of the P-
rich CHAR. However, excessively high temperatures promote
the hydrophobicity of P-rich CHAR, leading to a rapid decrease
in the number of polar functional groups.** The elements
present on the surface of P-rich CHAR and their valence states
can be measured before and after modification by XPS. Because
different elements have different values of binding energy for
the same inner shell electron, the photoelectron peak of the
given inner shell electron shifts according to the molecules in
which the element is located. For instance, in K;PO,-modified
wood biochar and rice husk biochar ],** high peak energies of P
2p at133.5 = 0.1 eV and 134.5 £ 0.1 €V were observed compared
with the pristine biochar, respectively. These newly formed
peaks indicate the appearance of P-O and P=O functional
groups after K;PO, modification. A similar conclusion was
drawn from the O 1s peaks. In addition, the peak of Si-O-P
(245.5 eV) was also observed, suggesting that the binding of P
compounds to the modified material was partly due to the high
content of Si.** XPS has become a powerful tool for further
analyzing the electronic structure and chain structure based on
the formation of new peaks and peak shifts. However, the
characterization methods discussed above only qualitatively
analyze the functional groups. They cannot be applied for
quantitative evaluation. Boehm titration is a quantification
method that can overcome this drawback; a series of reactions
between P-rich CHAR and certain reagents (i.e. NaOH, NaHCOj3,
HCl) of known volume and concentration can quantify the
corresponding functional groups based on the amount of acid
or alkali consumed. Although the accuracy of this method is
affected by many operational conditions (i.e. titration temper-
ature, titration speed, etc.), -COOH, C=0, -OH and other basic
functional groups can be quantified.®>*® To better understand
the changes in the surface functional groups of P-rich CHAR,
a combined qualitative and quantitative analysis is urgently
needed.

With pores of various sizes, the microstructure of P-rich
CHAR is complex. The SSA of P-rich CHAR can be in the wide
range of 5-1500 m* g~ '.%*! Some studies have shown that the
porosity and SSA of P-rich CHAR are dominated mainly by the
heating temperature.®”*®* Owing to the water molecules
preserved in the pores of P-rich CHAR, the SSA of P-rich CHAR
increases with increasing heating temperature. For example,
the SSA of H3;PO,-modified biochar derived from pine sawdust
improved with increasing co-pyrolysis temperatures. The SSA of
the modified biochar was two orders of magnitude greater than
that of the pristine biochar prepared at 350 °C. The SSA of the
modified biochar was 4-5 times greater than that of the pristine
biochar prepared at 500 °C and 650 °C.** A large SSA suggests
greater adsorption sites on the surface of P-rich CHAR. A surface
area analyzer can be used to measure the SSA of the P-rich
CHAR via the Brunauer-Emmett-Teller (BET) method. The
determination of SSA by the gas adsorption method is based on
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the adsorption characteristics of the gas (usually N,) on the
solid surface. Under a certain pressure, the surface of the test
sample (adsorbent) presents reversible physical adsorption of
the gas molecule (adsorbent) at ultralow temperatures and a gas
adsorption equilibrium is reached. By measuring the equilib-
rium adsorption amount, the SSA of P-rich CHAR can be
calculated via a theoretical model.

Most P-rich CHAR materials have well-developed pores and
smooth surface structures. The bonding P-containing
compounds and groups are distributed on the surface and in
the pores of the CHAR. Due to the high magnification ratio,
scanning electron microscopy (SEM) can be used to directly
observe the sample surface and its structures.”* SEM equipped
with energy-dispersive X-ray spectroscopy (EDS) can be used to
observe the microstructure and semiquantitatively analyze the
elements present in the material.”* Zhou et al.,** used SEM to
scan banana peel hydrochar before and after H;PO, modifica-
tion and reported that the pristine hydrochar displayed an
irregular morphology, rough surfaces, and a dark brown color.
Importantly, a much smaller and darker color product was
found after H;PO, modification. These results indicate that
H;PO, could enhance the catalytic transformation of feedstock,
leading to a high degree of carbonization. In addition, trans-
mission electron microscopy (TEM) can be used to observe the
microstructure of the P-rich CHAR. Because the magnification
of TEM is much greater than that of SEM, TEM can be used to
investigate the ultramicrostructure of P-rich CHAR. In TEM
analysis, an accelerated and concentrated electron beam is
projected onto a very thin sample. The electrons collide with the
atoms in the sample and change direction, resulting in angle
scattering. The scattering angle is closely related to the density
and thickness of the sample. Therefore, light and dark images
can be formed. Moreover, X-ray diffraction (XRD) has been used
to analyze the forms of C and P present in P-rich CHAR by
measuring the angle and intensity of the X-ray diffraction
beams after preparation. Generally, carbon crystallites include
graphitized and non-graphitized carbon, and the diffraction
peaks of these two categories are narrow and broad,
respectively.>”®

Notably, the characterization and analysis of P-rich CHAR
mainly depend on spectral techniques. Although these tech-
niques are conducive to analyzing the total functional group
content of P-rich CHAR, they cannot elucidate the molecular
structure of dissolved organic carbon (DOC) at different
molecular weight levels. Large amounts of DOC, if present in P-
rich CHAR entering the environmental system, are bound to
participate in the environmental geochemical processes, which
can cause certain adverse environmental effects.” Therefore,
enough attention should be given to managing the DOC.
However, there is little research on the structural composition
of DOC at the molecular level. As an emerging separation
technology, flow field-flow fractionation (F|FFF) can quickly and
gently perform continuous particle size classification of
samples.” Combined with fluorescence spectroscopy and other
technologies, the structure and composition of DOC after
classification should be further explored. Therefore, the spec-
tral properties of DOC at different molecular weights can be
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obtained. In addition, the emerging high-resolution mass
spectrometry methods, especially Fourier transform ion cyclo-
tron resonance mass spectrometry (FT-ICR-MS), can be used to
accurately determine the molecular formulas of the thousands
of molecules in DOC solutions.”

These characteristic techniques can also be used to explore
the mechanism after the application of P-rich CHAR.” Gao
et al.,”® prepared a P-rich biochar by co-pyrolyzing KH,PO,/
Ca(H,PO,), and rape straw. After modification, the peaks of
KPO; were seen in the KH,PO,-modified biochar spectrum, and
the peaks of Ca,P,0, appeared in the Ca(H,PO,),-modified
biochar spectrum. These two P-rich biochars were used to
remediate HM(Pb, Cd, and Cu)-contaminated soils. After soil
incubation, these two P-rich biochars were separated from the
sample, and their XRD patterns revealed a new peak attributed
to SiO,. The results suggested that, during incubation, these
two P-rich biochars could interact with the soil minerals.
Moreover, the peaks of KPO; and Ca,P,0, could not be found
after soil incubation. Conversely, new peaks corresponding to
PbsP,0,5 and Pbs(PO,);Cl were observed. The reason might be
that the P-containing substances in P-rich biochars interact
with the HMs in the soil.

6. Environmental application of P-
rich CHAR

6.1 HM immobilization and soil amelioration

As an emerging soil amendment tool, P-rich CHAR has attracted
much attention because of its excellent ability to decrease HM
mobility, bioavailability, and toxicity in the soil. The relevant
reports are presented in Table 1. Zhao et al.,* confirmed that,
after the co-pyrolysis of a phosphate fertilizer (bone meal, triple
superphosphate) and sawdust/switchgrass, the ability of the
resultant P-modified biochar to immobilize HMs in the soil was
markedly enhanced. Compared with the pristine biochar, the
Pb, Cu, and Cd immobilization rates of the bone-meal-modified
biochar were increased approximately by 4, 2, and 1 times,
respectively. These results could be explained by the presence of
PO,*” in the P-rich biochar, which can precipitate with the
HMs. Additionally, the surface functional groups dramatically
improved, leading to improved complexation with HMs.
Researchers have also reported that CHAR may be noxious
because of the toxins present in the raw materials (i.e. activated
sludge) used. The level of toxicity differs depending on the
preparation conditions.” Therefore, the risk of P-rich CHAR
derived from different raw materials (or prepared under
different conditions) should also be evaluated. Owing to the
difference in the physicochemical properties of P-modified
CHAR derived from different feedstocks, their capacity to
immobilize different target metals is different (Table 1).
Consequently, when P-rich CHAR is used to remediate HM-
contaminated soil, the raw material should be selected based
on the target pollutant.

Fig. 5 shows that the HM immobilization mechanisms of P-
rich CHAR in soil b mainly include surface complexation,
precipitation, ion exchange, electrostatic attraction, and m-m
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Table 1 The application of P-rich CHAR for heavy metal immobilization in soil
Preparation Application and
conditions Feedstock Modifying agents dosage Response References
Pyrolysis, Corn stalk, KsPO, Cd- and Cu- Cu®" and Cd** bioavailability 10
anaerobism, 550 °C  bamboo, wood, contaminated paddy decreased by about 2-3 times. The
for 2 h and rice husk field soil 3%, 5%, P-rich biochars derived from rice
and 10% husk and cornstalk had higher Cd**
and Cu*" immobilization efficiency
than the P-rich biochars prepared
from the other two feedstocks
Pyrolysis, Rape straw KH,PO,/Ca(H,PO,), Pb-, Cd-, and Cu- The leaching toxicities and the 13
anaerobism 500 °C contaminated silt ecological risks of Pb, Cd, and Cu
for2 h soil 3% were reduced by forming stable
fractions, such as metal-P
precipitation, complexation, and -
electron-donor-acceptor interactions
between these metals and the
aromatic moieties of P-rich biochar
Pyrolysis, Pine tree Triple superphosphate ~ Pb-, Cu-, and Cd- The HM stabilization capacity of 14
anaerobism 500 °C sawdust and and bone meal contaminated P-rich biochar was significantly
for2 h switchgrass soil 3% improved by the co-pyrolysis of
sawdust/switchgrass and a phosphate
fertilizer. The modification also
resulted in high carbon retention and
the slow release of available P
Pyrolysis, Date palm leaves KH,PO, Cd-, Cu-, Pb-, and Adding P-modified biochar improved 15
anaerobism 600 °C Zn-contaminated the available P content and decreased
for 3 h soil 0.5%, 1%, 3%, labile HMs in the soil compared with
and 5% the control and pristine biochar. In
P-modified biochar treatment, HMs
were transformed to a more stable
fraction. Particularly, the 3%
modified biochar treatment was most
effective in promoting maize growth
and the uptake of P. Besides, total HM
extraction by the maize plants was
also very small
Pyrolysis, Wheat straw KH,PO, Stabilization of Cr, The addition of KH,PO,-modified 16
anaerobism 500 °C Cu, Pb, and Zn biochar reduced the DTPA-extractable
for 4 h during the concentration of Cr, Cu, Pb, and Zn by
anaerobic digestion  forming metal-P precipitates. The
of swine manure ecological risk was also decreased by
5%, 10%, 15%, 2 grades. The 5% and 10% dosages
and 20% exhibited better immobilization
efficiency than the others
Pyrolysis, Pig carcass- The total P Cd- and The P-rich biochar derived from pig 17
anaerobism 650 °C derived biochar ~ concentration in dead Pb-contaminated carcasses was more effective in
for2 h pig bodies was greater paddy soil 3% stabilizing Pb than the pristine
than 80 g kg™ " biochars, especially under the redox
condition of less than 0 mV, because
of the high ash content and
phosphates in this P-rich biochar
Pyrolysis, Bamboo KH,PO, modification Soil contaminated The P-rich biochar composite 18
anaerobism 700 °C and crosslink Mg-Al by uranium mill presented excellent performance in
for 2 h double-hydroxide tailings 0%, 1%, 5%, uranium (U) immobilization in the

33656 | RSC Adv, 2024, 14, 33649-33665

composite

and 10%

soil at a dosage of 10%, transforming
mobile U into immobilized fractions.
Moreover, the column leaching
experiment reflected that the
cumulative loss and leaching
efficiency of U were significantly
decreased after treatment with this
composite
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Fig. 5 Remediation mechanisms of HM-contaminated soil by P-modified CHAR and the beneficial effects of P-modified CHAR on soil.

interactions. First, more surface functional groups (i.e. -COOH,
P=O0O0H) are present after modification, which facilitates HM
complexation.”® Secondly, a large number of metal-P precipi-
tates are formed after soil incubation. Thirdly, P-rich CHAR
exhibits high aromaticity, for instance, due to the presence of 7
donors, delivering many 7 electron clouds into its structure.
These T electron clouds can interact with the electron-deficient
moieties of HMs and promote HM adsorption.” These mecha-
nisms have also been confirmed by the changes in the corre-
sponding FT-IR peak shifts or a decrease before or after
incubation.” HM immobilization in the soil is also assisted by
electrostatic adsorption, channel filling, ion exchange and some
basic properties (i.e. high SSA value and the microporous and
mesoporous structures) of P-rich CHAR. Thus, the overall
immobilization of HMs found in the soil is improved.

Owing to the large surface area and high content of C and P,
P-rich CHAR has positive effects on soil properties (i.e. micro-
bial community structure, soil organic carbon, enzyme activity,
and available P content) (Fig. 5)."*'** Among these soil prop-
erties, soil organic carbon and available P are critical for HM
(Cd, Cu, Pb) immobilization. The application of P-rich CHAR
significantly improves the soil organic matter. This organic
matter can form metal-organic substances with the HMs in the
soil. Besides, adding P-rich CHAR to the soil can transform
metal ions into more stable forms, such as metal-P precipita-
tion. Research has shown that adding H;PO,-modified banana
peel hydrochar increased the cation-exchange capacity, avail-
able P, and organic matter in the soil. An improvement in these
soil properties results in a decrease in the bioavailability of Cd,
Cu and Pb in the soil.** Yang et al,” confirmed that P-rich
biochar was better at immobilizing Pb than pristine biochar,
especially under low redox conditions (=<0 mV), probably
because of the retention of Pb by the phosphates.

6.2 Carbon retention

There is increasing concern about climate change caused by
greenhouse gas emissions from the soil. The co-pyrolysis/HTC
of feedstock and P-containing compounds is an effective way
to address this issue because the resultant P-rich CHAR has
a high carbon content and captures carbon dioxide emitted by
the soil. Typically, the cross-linking reaction of biomass with
H;PO, intensifies. Cellulose phosphate formation is promoted.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The existence of P-O-C type groups possibly protects the carbon
structure, leading to a decrease in carbon loss. Li et al.,*
revealed that, compared with pristine rice straw biochar,
Ca(H,P0O,), modification improved carbon retention by 29%.
Ca(H,PO,), could facilitate the production of thermally stable
phosphorus complexes containing metaphosphates, such as C-
PO; and C-O-PO;. These groups prevented carbon decompo-
sition by forming a physical barrier. Thus, the active carbon
sites were blocked, and the carbon retention and stability were
enhanced.”

Zhou et al.,’* used H;PO, impregnation-HTC to prepare
hydrochar derived from banana peels. When the concentration
of H;PO, was increased from 0 to 50%, the carbon content in
the P-rich hydrochar improved from 63.02 to 89.13%. These
results indicate that the hydrochar obtained with a relatively
high concentration of H;PO, presented a relatively high degree
of carbonization. A similar study reported by Zhao et al,*
revealed that H;PO, pretreatment resulted in 70-80% carbon
retention in the P-rich biochar derived from pine tree sawdust
in contrast to 50% carbon retention without pretreatment. The
cross-linking reaction of the P-O-P and C bonds led to more
biomass carbon retention in the H;PO,-modified biochar. This
P-rich biochar had greater Pb adsorption capacity than the
unmodified biochar. The main adsorption mechanism was
surface physical adsorption and the formation of phosphate
precipitates.

Apart from the concentration of the modifying agent, the
heating temperature and type of feedstock also strongly influ-
ence carbon retention.””** Exploring the influence of prepara-
tion conditions and different feedstocks on carbon retention in
P-rich CHAR is important. Additionally, the soil components
and carbon cycle need to be further investigated with the
application of P-rich CHAR.

6.3 Slow release of available P

As one of the essential elemental nutrients for plant growth, P
commonly accounts for approximately 0.2% of plant dry
weight.”® Owing to the lack and/or partial fixation of available P
in the soil, the growth of crops is limited. This barrier causes
negative effects on nearly 30% of the farmlands worldwide.”
Particularly in saline-alkali soil, P deficiency is more severe. Soil
salinization is the main factor that restricts food production,
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Table 2 The application of P-rich CHAR for heavy metal adsorption in aqueous solutions

Review

Preparation

conditions Feedstock Modifying agents Heavy metals Response

References

Rape straw Ca(H,PO,),H,0, Pb** The maximum adsorption capacities

Pyrolysis,

anaerobism 500 °C
and 2 h

Pyrolysis,
anaerobism 350 °C,
550 °C, 740 °C

and 2 h

Hydrochar,
anaerobism 230 °C
for 2 h

Hydrochar,
anaerobism 230 °C
for 2 h

Pyrolysis,
anaerobism 200 °C,
350 °C, 500 °C and
650 °C for 2 h

Pyrolysis,
anaerobism 450 °C
for 1 h

Hydrochar, in air
atmosphere, 250 °C
for 2 h

KH,PO,

Bamboo Na,HPO,

Fresh banana
peels

H,PO,

Fresh and
dehydrated
banana peels

H,PO,

Pine sawdust H;PO,

Chicken feather H;PO,

Pomelo peel H;PO,

33658 | RSC Adv, 2024, 14, 33649-33665

C d2+

Pb2+

Pb2+

cu®" and cd**

Ccd*" and Pb>*

Ag" and Pb**

of Ca(H,P0,),H,0-modified biochar
and KH,PO,-modified biochar for
Pb*" (566.3 and 1559, mmol g7,
respectively) were much higher than
that of the original biochar

(184.1 mmol g ). During the
pyrolysis process, the P species
underwent thermochemical
transformation from orthophosphate
to pyrophosphate in Ca(H,PO,),H,0-
modified biochar and from
orthophosphate to both
metaphosphate and pyrophosphate
in KH,PO,-modified biochar, which
helped improve Pb adsorption
Na,HPO, modification improved the
surface properties of the biochar. The
phosphate compound was also bound
to its surface. The adsorption capacity
of the P-rich biochar was

202.66 mg g~ '. The Cd*>" removal
efficiency increased by 85.78%
Moderate amounts of H;PO, had

a positive influence on the
physicochemical properties of the
hydrochar, when the dosage of H;PO,
was 30%, the prepared P-rich
hydrochar presented the best Pb**
adsorption capacity (241 mg g ')
The P-rich hydrochar derived from
dehydrated and fresh banana peels
presented excellent performance in
Pb*" adsorption. The addition of
H;3PO, helped the formation of
abundant surface functional groups.
Ion exchange was probably the main
adsorption mechanism

The number of surface functional
groups on the P-rich biochars
increased compared with that on the
pristine biochar at the same pyrolysis
temperature, which was conducive to
Cu** and Cd** adsorption. The newly
formed P-containing groups (i.e. P=0
and P=—O0OH) could also complex
with Cu** and cd**

The maximum Cd** and Pb**
adsorption capacities of the modified
biochar was 1.38 and 5.41 times
higher than that of the non-modified
biochar, respectively. The main
adsorption mechanisms were
precipitation, O-H bonding, and
electrostatic adsorption

The modified biochar prepared from
pomelo peel had high Ag* and Pb**
adsorption capacities (137.4 and

88.7 mg g ', respectively). The high-
efficiency removal of Ag" was the
result of its adsorption and reduction
to Ag-containing particles.
Conversely, Pb>" was adsorbed and
precipitated as Pbs(PO,);OH

11

85

21

86

41

60

87
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Table 2 (Contd.)
Preparation
conditions Feedstock Modifying agents Heavy metals Response References
Hydrochar, in air Cauliflower H;PO, Cu*" and Pb** The P-rich hydrochar prepared from 8
atmosphere, 120 °C leaves cauliflower leaves contained more
for2 h —-OH and -COOH on its surface than
those on the non-modified
hydrochar, leading to its excellent
performance, with maximum Cu**
and Pb*" adsorption capacities of
81.43 and 224.60 mg g™, respectively.
Moreover, the newly formed
P-containing groups, such as P=OOH
and P=O0, could also enhance
adsorption
rolysis, Coffee residue H;PO, Pb*" and Cd** The adsorption capacities of the 81
! P P
anaerobism 600 °C H;PO4-modified biochar derived from
for1h coffee residue were higher for Pb>*
and Cd** (89.28 mg g~ " and
46.95 mg g~ ') than those of the ZnCl,-
modified biochar (63.29 mg g ' and
37.04 mg g, respectively)
Pyrolysis, Pine tree H;PO, pPb** Compared with the pristine biochar, 22
anaerobism 350 °C, sawdust not only were the basic properties of
500 °C, and 600 °C the H;PO,-modified biochar
for2 h improved, but it also presented
excellent Pb*>" adsorption capability.
These characteristics are possibly
attributed to the precipitation
reaction of Pb*" with PO,*>~
Pyrolysis, Taraxacum KH,PO, As™ The presence of P on the surface of 88
anaerobism 350 °C mongolicum the biochar improved the efficiency of
for1h Hand-Mazz As®* removal from contaminated

food security and land use.”® Consequently, to meet the long-
term requirements of crop growth, P fertilizers are needed.
However, the traditional method involves the application of
excessive chemical P fertilizers. These chemical fertilizers
always depend on P extraction from phosphate rocks, which are
nonrenewable. In addition, only 10-15% percent of phosphorus
present in the chemical fertilizer can be absorbed by plants,
indicating that the utilization rate of P from fertilizers is usually
low.** The unabsorbed P enters water bodies via leaching and
surface runoff. The loss of P results in many environmental
problems (i.e. eutrophication).>*®" It is critical to explore the use
of slow-release fertilizers containing P in the soil. Because of the
given existing formation of P in slow-release P fertilizers, these
fertilizers can delay P absorption by plants. Another reasonable
definition is that, compared with traditional fertilizers that
contain rapidly available P (such as potassium dihydrogen
phosphate, and ammonium phosphate), the release time of P in
slow-release P fertilizers is significantly prolonged. This way, the
P utilization rate can be improved, and the long-term P
requirement for plant growth is met.’

The application of P-rich CHAR is one of the main methods
to replace traditional chemical fertilizers and improve available

© 2024 The Author(s). Published by the Royal Society of Chemistry

water. The adsorption tests presented
that the maximum As** adsorption of
the P-modified biochar was

30.76 mg g

P levels in the soil.** Because the carbonization process can
increase the degradation of polyphosphates to orthophos-
phates, the dominant P component of the CHAR is converted to
Fe/Al-bound P. This P fraction is usually considered as a buffer
form because Fe/Al-bound P gradually releases soluble P into
the soil. For instance, Chu et al.,”® cultured Chlorella vulgaris
and Microcystis sp. in wastewater with high P contents. To
recycle P, the collected microalgae were then converted into P-
rich hydrochar via HTC at 200 °C and 260 °C. The total
content of P in the P-rich hydrochar prepared at 260 °C was
greater than that in the hydrochar prepared at 200 °C. The
comparison suggests that a higher HTC temperature would
produce greater P content in the hydrochar. Moreover,
increasing the HTC temperature not only increased the total P
content in the P-rich hydrochar markedly but also increased the
proportions of Fe/Al-bound and Ca-bound P. The proportions of
soluble and exchangeable P (both of which are referred to as
available P) decreased. With increasing heating temperatures
and hydrolysis, the soluble and exchangeable P fractions would
decompose. Most soluble substances are dissolved in the reac-
tion system. Due to the mass conservation of Fe, Al and Ca, the
mineral-bound P fractions increase in the P-rich CHAR. Fe/Al-
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bound P is considered a moderately labile P pool for plants. The
P concentration can differ between the P releaser and P adsor-
bent depending on the environment.** Therefore, P-rich CHAR
releases available P more slowly and persistently than tradi-
tional chemical P fertilizers. Zhao et al.,** drew a similar
conclusion based on a P-rich biochar synthesized by the co-
pyrolysis of sawdust and triple superphosphate/bone meal. Its
adsorption kinetics indicated that the rate constant of P release
(0.0012-0.0024) was much lower than that of the pristine bio-
char (0.012). The equilibrium experiment suggested that the
rate constant for P-rich biochar (0.89-0.91) presented a similar
trend to that of pristine biochar (1.79). These studies provide
a promising strategy for improving the P utilization efficiency by
plants. Besides, it has been shown that the solubility (Ksp.re =
9.9 x 10 ' and Kgpa = 5.8 x 10 *°) of the Fe*" and AI’*
precipitates with PO,>” is greater than that (Ksp.ca = 2.0 X
10~2°) of the Ca®" precipitate.?** Although most P is converted
to Fe/Al-bound P, a small portion of Ca-bound P and residual P
remains in the P-rich CHAR. As they act as buffer forms of
available P in weathered soils, these two P fractions should be
given more focus in the future and taken full advantage of.
Further studies should focus on changing the P release behavior
of P-rich CHAR.

6.4 HM removal from wastewater

P-rich CHAR is known to be good at adsorbing HMs (i.e. Zu*",
Cu**, cd**, Pb*") in aqueous solutions (Table 2). The serious
harm caused by these inorganic pollutants to the -environment,
animals, and human health can be alleviated by P-rich CHAR.
Fig. 6 summarizes the HM adsorption mechanisms and the
preparation strategies of P-rich CHAR. Owing to the high
surface area and the release of soluble P compounds (i.e.
HPO,>~, PO,*") into the solution, a series of physicochemical
reactions, such as surface adsorption, complexation, metal-P
precipitation and ion exchange, can take place.'®®* To accu-
rately regulate P-rich CHAR at the molecular level in the future,
a quantitative description of these adsorption mechanisms is
necessary.

Many factors (i.e. the preparation conditions, the type and
dosage of the modifying agent, the type of pristine biomass, and
the concentration of HMs) affect the HM adsorption capacity of

P-rich biomass
M?* represent the heava
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Eutrophication water metal ions

. lo
Surface complexation
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_—
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Pyrolysis/Hydrotherma
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: M(PO,);OH
Pristine biomase -cOntaining Precipitation 2
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Fig. 6 Summary of the preparation strategies of P-modified CHAR
and its HM adsorption mechanisms.
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P-rich CHAR. With regard to modifying agents, the P content
and chemical characteristics of these agents dominate the
adsorption capacity of P-rich CHAR. For example, H;PO,-
modified CHAR shows remarkably enhanced HM adsorption in
wastewater.*>*® CHAR modified with other inorganic P-
containing compounds (ie. Na,HPO,, KH,PO,, and
Ca(H,PO,),) have also been shown to improve HM adsorp-
tion.""** In addition, modification conditions (i.e. temperature
and redox potential), such as chain length, solubility, and
crystallinity, affect the properties of the polyphosphates. These
properties predominantly improve the ability to precipitate and
(or) complex with metals. In addition, surface mineral elements
(i.e. Ca and Mg) present on the P-rich CHAR might probably
affect the HM adsorption capacity. Further investigations
regarding the influence of these factors on the HM adsorption
performance of P-rich CHAR are needed.

7. Problems and challenges

Due to the outstanding performance in HM adsorption and
immobilization, carbon retention and the slow release of
available P, P-rich CHAR has garnered significant attention over
the past decade. However, given the inherent complexity and
variability of the environmental systems, their potential nega-
tive impacts should not be overlooked.

(1) Limited scale of P-rich CHAR production: the production
of P-rich CHAR remains confined to the experimental scale,
largely due to its limited application at a larger scale. On the one
hand, the influence of the preparation parameters on the
adsorption and immobilization of HMs, slow release of avail-
able P, and C retention by P-rich CHAR remains unclear.
Previous works have focused mainly on the factors influencing
pristine CHAR production. On the other hand, as the scale-up of
Prich CHAR production progresses, minimizing production
costs becomes critical, posing a risk of potential trade-off
between quantity and quality. Although the HTC method is
more energy-efficient, the wastewater generated during HTC
requires treatment, and additional solid-liquid operation is
inevitable.

(2) Need for novel synthesis methods: different preparation
methods impact the fundamental properties of P-rich CHAR.
The development of new synthesis techniques may yield P-rich
CHAR with unique physical or chemical characteristics that
enhance its pollutant removal potential.

(3) Specificity of pollutant removal: P-rich CHAR derived
from a particular feedstock under certain conditions may have
a high capacity for adsorption and (or) immobilization of
specific HMs. Moreover, it can exhibit poor performance for
other pollutants. For instance, although the K;PO,-modified
biochar derived from rice husk had a high efficiency of Cd and
Cu immobilization in the soil, the extraction and mobility for
arsenic increased."

Because water/soil environments contaminated with HMs
are complicated, there is a lack of comprehensive evaluation of
the eco-environmental risks posed by P-rich CHAR.

(4) Laboratory-scale research and economic considerations:
most studies done on the application of P-rich CHAR are still at
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the laboratory scale. Considering the high cost of P sources, it is
challenging to accurately evaluate the P utilization efficiency.
Moreover, the potential toxic effects of P-rich CHAR, such as the
release of polycyclic aromatic hydrocarbons, raise concerns
about its environmental aging. The long-term effects of P-rich
CHAR remain largely unexplored.

(5) Knowledge gaps regarding dissolved organic carbon
(DOC): given the potential of large-scale application of P-rich
CHAR as an additive in the soil and water, dissolved organic
carbon (DOC) from P-rich CHAR may enter the environment
and interact with various geochemical processes. Current
studies predominantly focus on DOC from natural soils and
water bodies, whereas studies on DOC derived from P-rich
CHAR are limited. This creates a knowledge gap in the under-
standing of DOC in the natural environment and DOC from P-
rich CHAR.

(6) Potential for eutrophication: while P-rich CHAR shows
excellent performance in terms of HM adsorption in water, it
may also release excessive P into aquatic systems, leading to
eutrophication. Moreover, despite the high HM immobilization
capacity of P-rich CHAR for certain pollutants found in
contaminated soil, P loss through leaching and runoff is
a potential concern. Future research should aim to enhance
metal removal efficiency while mitigating eutrophication in
water and P loss in the soil. Two possible solutions are as
follows: (1) for specific soil types, the optimum application
dosage of P-rich CHAR should be explored. This can be realized
by response surface optimization or single factor optimization.
(2) Attempts should be made to completely separate P-rich
CHAR from water or soil after application by processing it
into a granular form or magnetizing it. These approaches
cannot only improve the adsorption efficiency of HMs found in
water (or the immobilization rate of HMs in the soil) but also
enhance the separation of P-rich CHAR from water/soil.

(7) Challenges related to slow release of P: although P-rich
CHAR possesses a certain capacity for slow release of P, its P
release rate remains faster than what is typically required for
plant growth. The utilization rate of phosphorus fertilizer is
generally low, meaning that only a fraction of the applied
phosphorus is absorbed by plants. This rapid release may not
meet the long-term P demands of plants.

(8) Lack of quality standards and production guidelines: P-
rich CHAR production lacks standard quality criteria. Current
production technologies do not adhere to uniform guidelines,
such as permissible concentrations of toxic elements in raw
materials, minimum carbonization temperatures, retention
times and post-carbonization treatment. The establishment of
comprehensive production and application standards for P-rich
CHAR is urgently needed.

8. Future research directions

In light of the challenges discussed above, future research on P-
rich CHAR remains essential across various fields. The
prospective research directions are summarized as follows:

(1) Exploration of unconventional preparation methods:

greater attention should be given to unconventional
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preparation techniques, such as secondary pyrolysis and ball
milling combined with thermochemical methods. Compre-
hensive investigations of the preparation parameters are
necessary to optimize the P doping ratio and improve the
characteristics of P-rich CHAR.

(2) Focus on pollutant interactions: future research should
prioritize studying the interactions between P-rich CHAR, soil/
water environments, and specific pollutants to better under-
stand the mechanisms governing pollutant adsorption, immo-
bilization, and removal.

(3) Influence of raw materials and preparation conditions:
the influence of various factors, such as the source of raw
materials and preparation conditions, on the yield and physi-
cochemical properties of the resultant P-rich CHAR materials
requires further exploration. Additionally, the mechanisms
underlying P-rich CHAR preparation and the regulation of key
active components need to be thoroughly investigated.

(4) Long-term field application: future studies should focus
on the long-term (more than two years) field application of P-
rich CHAR at a large scale. To reduce costs, natural P-rich
waste should be utilized as raw material.

(5) Environmental behavior of the DOC: the environmental
behavior and molecular composition of DOC derived from P-
rich CHAR should receive more attention, particularly in the
context of its interactions with soil and water systems.

(6) Assessment of environmental risks: before the large-scale
application of P-rich CHAR, environmental risks associated
with excess P in water and soil need to be thoroughly evaluated
to prevent potential adverse effects, such as eutrophication.

(7) Enhancement of the phosphorus release efficiency: future
research should aim to improve the slow-release capacity of
available P in P-rich CHAR into the soil and increase the effi-
ciency of P utilization to meet plant nutrient requirements over
longer periods.

(8) Life cycle assessment and database development:
a comprehensive life cycle assessment of P-rich CHAR needs to
be established. The database should include raw material,
production, processing details and application. The creation of
a dedicated database will provide valuable scientific data to
support the future application of P-rich CHAR in various envi-
ronmental and agricultural settings.

9. Conclusion

This review presents the research advancements in the field of
P-rich CHAR, offering insights from the studies on P-modified
and P-laden CHAR published in the past decade. An overall
picture of the preparation, characterization, environmental
application and existing challenges of P-rich CHAR is provided
in detail. Unlike pristine or other modified CHAR, P-rich CHAR
possesses distinct properties, such as elevated C and P contents
and abundant P-containing functional groups. These properties
facilitate carbon retention, slow release of available P, and the
adsorption and immobilization of HMs in water and soil. In
addition to physical adsorption, mechanisms, such as ion
exchange, surface complexation and precipitation, further

elucidate their improved pollutant removal capability.
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Moreover, enhanced characterization technologies are essential
to explain the molecular structure of P-rich CHAR. The envi-
ronmental risks associated with its application warrant further
assessment, along with a comprehensive evaluation of the risks
linked to its large-scale use. In summary, P-rich CHAR presents
an environmentally friendly, effective and viable solution for
organic solid waste management and environmental
remediation.
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