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Abstract

The resource utilization of agricultural and forestry waste, especially the high-value transformation of low-grade phosphate
rock and derivatives, is an important way to achieve sustainable development. This study focuses on the impregnation and
co-pyrolysis of rice straw (RS) with fused calcium magnesium phosphate (FMP), FMP modified with citric acid (CA-FMP),
and calcium dihydrogen phosphate (MCP) to produce three phosphorous-enriched biochars (PBC). The Cd(IT) removal
efficiency of biochars before and after phosphorus modification was investigated, along with the adsorption mechanism and
contribution of biochars modified with different phosphorus sources to Cd(II) adsorption. The result indicated that CA-FMP
and MCP could be more uniformly loaded onto biochar, effectively increasing the specific surface area (SSA) and total
pore volume. The adsorption of Cd(II) onto PBC followed a mono-layer chemisorption process accompanied by intrapar-
ticle diffusion. The adsorption of Cd(II) by PBC involved ion exchange, mineral precipitation, complexation with oxygen-
containing functional groups (OFGs), cation-x interaction, electrostatic interaction, and physical adsorption. Ion exchange
was identified as the primary adsorption mechanism for Cd(II) by BC and FBC (51.53% and 53.15% respectively), while
mineral precipitation played a major role in the adsorption of Cd(II) by CBC and MBC (51.10% and 47.98% respectively).
Moreover, CBC and MBC significantly enhanced the adsorption capacity of Cd(II), with maximum adsorption amounts of
128.1 and 111.5 mg g~ ' respectively.

Keywords Phosphorous-enriched biochar - Agricultural and forestry waste - Low-grade phosphate rock and derivatives -
Cadmium - Adsorption mechanism - Mineral precipitation

Introduction

Cd(II) contamination in water poses significant threats to
both food safety and human health, given its bioaccumu-
lation and prolonged presence in the food chain (Zhang
et al. 2023). The China Drinking Water Quality Standard
(GB5749-2022) stipulates that the maximum allowable
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concentration of Cd(II) is 0.005 mg L~!. Even low concen-
trations of Cd(II) can induce the generation of free radi-
cals in the human body, leading to protein, lipid, and DNA
damage, thereby causing various health issues (Zhang et al.
2017). Therefore, it is important to develop simple and effi-
cient products to remove Cd(II) from wastewater. At present,
the methods for removing Cd(II) from wastewater mainly
include adsorption, chemical precipitation, flocculation,
membrane separation, ion exchange, and electric remedia-
tion (Zamora-Ledezma et al. 2021). Biochar has become the
mainstream choice for heavy metal adsorption remediation
due to its high adsorption efficiency and cost performance
(Shrestha et al. 2021).

Phosphorus modification exerts effective control over
the mineral composition and pore distribution of biochar,
enhancing its capacity to adsorb, precipitate, and complex
Cd(I) (Huang et al. 2022). The categories and proper-
ties of phosphorus precursors play a vital role in influenc-
ing the adsorption performance, phosphorus form, and
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availability of PBC. Numerous studies have utilized K;PO,
as a representative water-soluble phosphorus precursor
and hydroxyapatite as a representative insoluble phos-
phorus precursor. Zhang et al. (Zhang et al. 2022a) found
that the maximum adsorption of Cd(IT) by PBC modified
by K;PO, was 6.6 times that of the original biochar. Chen
et al. (Chen et al. 2021) demonstrated that the adsorp-
tion capacity of Cd(II) was significantly increased by
electrostatic interaction, ion exchange, and functional
group complexation of PBC loaded with hydroxyapatite.
However, information on the utilization of citrate-soluble
phosphates as a phosphorus source for the preparation
of PBC and its application in the remediation of Cd(II)
contaminated water bodies is limited.

In light of the rapid depletion of global phosphorus
resources, China possesses a mere 4.5% retention rate of
phosphate ore worldwide, yet astonishingly accounts for
57% of the mined quantity (Yu and Du 2023). The medium
and low-grade phosphate rock constitute approximately
90% of the total. The primary means of utilizing it entails
the extraction and refinement of phosphate ores to yield
water-soluble phosphates, such as MCP. Nevertheless, this
approach is accompanied by certain drawbacks, including
substantial energy consumption, resource wastage from
tailings, and environmental risks. Given the significant
reliance of industrial and agricultural on phosphate rock
resources, the cost-effective citrate-soluble phosphorus
source derived from medium and low-grade phosphate
rock and its derivatives has emerged as a research focus for
achieving its high-value utilization (Zhao et al. 2018). Fur-
thermore, it is anticipated that impurity elements present
in citrate-soluble phosphorus sources could contribute to
the functionalization process of PBC. However, there is a
dearth of studies on the preparation of PBC using citrate-
soluble phosphorus sources as exogenous phosphorus.
FMP is a kind of alkaline phosphorus source containing a
large amount of citrate-soluble phosphorus and a variety
of medium and trace elements (Ca, Mg, and Si). However,
its chemical stability is relatively low, whereas the ther-
mal stability of the phosphate-containing silicate glass is
exceptionally high, rendering direct doping onto the bio-
char surface impractical. To address this, the addition of
CA as an activator is crucial, as it reduces the size of FMP,
disrupts the silica tetrahedral network, and exposes the
mineral elements, thereby enhancing the loading effect of
FMP (Xu et al. 2010).

In this study, three different phosphorus precursors,
namely FMP, CA-FMP, and MCP, were selected for the
phosphorus modification of biochar, with BC serving as the
control. The synthesis of three distinct PBCs was achieved
through impregnation and co-pyrolysis of RS and the afore-
mentioned phosphorus precursors. The influence of different
phosphorus precursors on the physicochemical properties of

PBC was analyzed, and the adsorption mechanism of Cd(II)
was studied. This research provides a theoretical founda-
tion for the remediation of cadmium-polluted water bodies
through the application of PBC, as well as the innovative
utilization of derivatives from medium and low-grade phos-
phate rock.

Materials and methods
Preparation of PBC

RS were collected from farmland in Chongqing, China.
The samples underwent a series of procedures including
washing with deionized water, drying, crushing, and sifting
through an 80-mesh screen, then placed in a dryer for use.
PBC is prepared by impregnation and co-pyrolysis. To be
specific, the RS soaked in 2% FMP solution (m:v=1:10),
2% MCP solution, 2% FMP +2% CA solution, respectively.
After undergoing electromagnetic stirring impregnation for
2 h, and the mixture was dried in oven at 378 K for 24 h.
Then, the precursor was placed in a porcelain crucible for
co-pyrolysis in a tube furnace. The whole pyrolysis process
under the CO, flow (50 mL~min_1), and the temperature was
raised to 773 K at a rate of 5 K min~, kept for 2 h. Three
kinds of PBC prepared with FMP, CA-FMP and MCP as
sources of phosphorus were named FBC, CBC and MBC,
respectively. And RS was pyrolyzed to produce the original
biochar as a control, which was named BC.

Material characterization

The pH of biochars were determined after mixing 18 hin 5%
(w-v~!) suspension in deionized water (Deng et al. 2020).
The zeta potential ({) of biochars was measured by Zeta
potential analyzer (Mastersizer 3000, PANalytical, Neth-
erlands). The volatile (V,4), ash (A,,), and fixed carbon
(FC,y) contents of biochars were characterized according to
Charcoal and Charcoal Test Method (GB/T 17664-1999).
The CHN/O element analyzer (Flashsmart, Thermo Fisher
Scientific Inc, Italy) was used to determine the C, N, and
H content on biochars, and the O content is calculated by
applying a mass balance. The SSA and pore distribution of
biochar were evaluated by a multilayer isothermal adsorbent
(ASAP 2460, Micromeritics, USA), and the SSA and pore
information were determined by BET equation. The sur-
face morphology and element distribution of biochar were
observed by field emission scanning electron microscope
and energy spectrum analyzer (Sigma 500, Carl Zeiss AG,
Britain). The crystalline structure of biochar before and
after adsorption of Cd(II) was obtained by X-ray diffrac-
tion (XRD, XPert Powder, PANalytical, Netherlands) using
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CuKa radiation. The Fourier transform infrared (FTIR,
VERTEX 70, Bruker, Germany) spectrum of biochars was
used to observe the surface functional group composition of
biochars before and after adsorption of Cd(Il) in the range
of 400-4000 cm™".

Adsorption experiments and data analysis

In the adsorption experiment, 20 mg biochar was mixed
with 25 mL Cd(NO;), solution (containing 0.01 mol-L !
NaNO;, 150 rpm, 10 h, 298 K). The suspension was fil-
tered by the 0.45-pm filter membrane; the concentrations
of Cd(II) are determined by ICP-OES (Optima 7000 DV,
PerkinElmer, USA). To observe the effects of coexisting
cation and pH concentration on adsorption, the experi-
mental parameters were adjusted accordingly. Isothermal
adsorption and adsorption kinetics experiments were con-
ducted. In the adsorption kinetics experiment, the sam-
ple was analyzed using the UV-VIS spectrophotometer
(Thermo Scientific EVO 60, Thermo Fisher Scientific Inc.,
Italy) to determine the soluble orthophosphate(Soluble
Or-P), polyphosphate(Py-P) and total phosphorus(TP)
from biochar (Sun et al. 2018). Regeneration and reuse
studies were conducted on biochars for the removal of
Cd(II) over 4 consecutive adsorption—desorption cycles.
The data of adsorption kinetics were fitted using the
pseudo-first-order (PFO), pseudo-second-order (PSO), and
intra-particle diffusion (IPD) models (Lang et al. 2023;
Wang et al. 2023). The data of isothermal adsorption were
fitted using the Langmuir and Freundlich models (Zhou
et al. 2023). Detailed steps can be found in Supplementary
Information.

Quantitative analysis of different mechanisms
to biochar adsorption of Cd(ll)

Impregnate the biochar in 1 M HCI for 24 h, and rinse with
deionized water until the solution pH is constant, then dry
for 24 h to obtain the demineralized biochar(Cui et al. 2016).
The effect of minerals in biochar on the adsorption of Cd(II)
was eliminated by demineralization. 20 mg biochar and

Table 1 Physicochemical properties of biochars

demineralized biochar sample was mixed with 20 mL 50 mg
L~! Cd(NO,), solution, the suspension was extracted and
filtered, and then use ICP-OES to determine concentration
of Cd(II), K(I), Na(II), Ca(Il), and Mg(Il). With reference to
the method proposed by Zhang et al. (Zhang et al. 2022b),
different mechanisms of adsorption of Cd(Il) by PBC were
quantitatively analyzed. Detailed steps can be found in Sup-
plementary Information.

Results and discussion
Characterization of PBC

Since phosphorus is enriched in ash during pyrolysis, it also
catalyzes the further aromatization of biochar and forms
more abundant OFGs (Zhang et al. 2020b). The addition of
mineral elements increased the A, content of PBC, while
reducing the V,4 and FC_4 content, as well as decreasing
the proportion of C and H (Table 1). The pH of PBC is
mainly related to the acidity and alkalinity of its precursor.
In particular, the addition of CA increases the pH of CBC,
possibly because CA is consumed in the process of activat-
ing FMP and biomass, and the alkaline cation released after
activation is retained into biochar in the form of ash, and
the remaining CA is converted into CO;*~ or CO, during
the pyrolysis process.

Uneven size FMP fragments are distributed on the sur-
face of FBC (Fig. 1), which may lead to the blockage of
biochar pore channels and the obstruction of pore forma-
tion during the pyrolysis process, resulting in lower SSA
and total pore volume than BC. CA can reduce the size of
FMP by disrupting its chemical unstable structure, thereby
addressing the issue of blockage. The products generated
after activation are respectively silicon short chains and
mineral elements (Ca, Mg, Si, and P) entering the solution
(Hou et al. 2019). Alkali metal ions uniformly loaded on
biomass through impregnation, can decompose macromo-
lecular tar fragments via heterolytic mechanism under high-
temperature conditions. This process increases the forma-
tion of low molecular weight substances, inhibits the escape

Biochar pH Composition (%) Elemental content (%) SSA Total pore volume  Average pore size
Vad Aad Fcad C H o N (mZ.g— 1) (Cm3 'g_ 1) (nm)

BC 1047+0.10 0336 0345 0319 4480 1830 1724 145 39.82 0.072 12.56

FBC 10.18+0.14  0.171  0.639  0.19 18.37 0.86 1621 0.52 28.14 0.059 14.27

CBC 10.66+0.01 0.157 0.563  0.28 24.29 1.12 1775 047 123.28 0.150 7.44

MBC 6.99+0.16 0.269 0455 0276 38.56 1.53 1520 1.22 65.97 0.102 2.86

O content is obtained by differential subtraction, 0% = 1-C%-H%-N%-Ash%
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Fig.1 SEM-EDS of origin and phosphorus-enriched biochars

of gaseous tar molecules, and leads to formation of denser
and more porous biochar (Feng et al. 2018; Yu et al. 2013).
Additionally, CA and the intermediate products HPO,>~ and
HSi0,*" provide H* to catalyze the formation of micropo-
res. The carbon skeleton is protected through cyclization or
dehydration condensation, and cross-linked phosphate with
biochar to avoid pore collapse caused by micropore forma-
tion (Chu et al. 2018). The SSA and total pore volume of
CA-FMP and MCP modified biochar increase significantly.
Meanwhile, the surface of PBC is rougher than that of BC,
and more abundant pore structure is formed. As a result, the
surface of CBC and MBC possess a great number of active
binding sites, allowing for more uniform and increased load-
ing of phosphorus (Fig. 1).

Pseudo-first-order
- - - - Pseudo-second-order

CBC
MBC

800 1200
t/(min)

Behaviors of Cd(ll) adsorption on PBC
Adsorption kinetics

The adsorption rates of Cd(II) by biochars initially increased
and then gradually decreased, reaching equilibrium at
approximately 300 min (Fig. 2a). The equilibrium adsorption
amounts were 7.828, 14.582, 44.879, and 34.544 mg g‘l,
respectively (Table 2). Compared with BC, the adsorption
rate of PBC was significantly higher and the equilibrium
time was shorter, which is consistent with the comparison
of K, and K, value in the PSO and PFO adsorption kinet-
ics. PBC exhibited a higher fitting degree in PFO adsorp-
tion kinetics, and the theoretical adsorption capacity closely
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Fig.2 PFO and PSO adsorption kinetics (a) and IPD adsorption kinetics (b) of biochars for Cd(Il)
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Table 2 PFO and PSO adsorption kinetics parameters of biochars for Cd(II)

Biochar  Pseudo-first-order adsorption kinetics Pseudo-second-order adsorption kinetics
Ky/(min™") Grealmg g™ R K/(g g~ min~!) el Mg g7 R
BC 0.017 7.828 0.993 0.137 8.523 0.976
FBC 0.017 14.582 0.979 0.193 15.533 0.992
CBC 0.023 44.879 0.970 0.727 34.544 0.984
MBC 0.018 34.544 0.975 0.657 46.277 0.980
Biochar  Internal diffusion adsorption kinetics
K, /(mg g™ ' min™") C, R? K;,/(mg C, R? K, /(mg g™ ' min™") G, R?
g ' min~")
BC 0.717 —1.620 0.989  0.045 6.524 0968 — - -
FBC 1.888 —5.055 0.997  0.390 6.844 0.884  0.089 11.927 0.822
CBC 5.785 -9.770 0.901 1.007 25.837 0.998 0.034 42716  0.991
MBC 3.882 —8.061 0.929 1.083 12.505 0.998 0.122 29314 0991
matched the experimental adsorption capacity, indicating 140 = BC
that the adsorption process is primarily driven by chemical FBC
adsorption (Ho and McKay 1999). This also suggests that 120 4 CBC
adsorption performance of PBC is mainly attributed to ion 100 v MBC
exchange and mineral precipitation. - Langmuir
By fitting the IPD model, it was observed that the mass % 801 -~ - - Freundlich
transfer process of Cd(II) in PBC can be divided into three £ 604
stages: film diffusion, intraparticle diffusion, and the adsorp- =
tion onto active sites (Fig. 2b) (Wang and Guo 2022). Com- 40+
pared with BC, the K;, value and C value of PBC were iy
increased, indicating enhanced diffusion in the liquid film
surrounding PBC, transfer within the pores of PBC and "
adsorption onto the active sites of PBC (Yuan et al. 2023). 0 100 200 300 400

The intercepts in the IPD model were not zero, indicating
that the rate determining step was not only the IPD process,
but also the chemisorption process (Wu et al. 2021).

Adsorption isotherms

As the initial concentration of Cd(Il) increased, the adsorp-
tion onto the biochars increased rapidly and then the gradu-
ally slowed down until reaching adsorption equilibrium
(Fig. 3). The fitting of Langmuir model and Freundlich
model revealed that the adsorption process of Cd(II) is
characterized mono-layer molecular adsorption and is highly
controlled by chemisorption process (Yang et al. 2023). The
adsorption characteristic constant K; of the Langmuir iso-
thermal model falls within the range of O to 1, signifying
the favorable adsorption capacity of biochars on Cd(II).
Similarly, the linear constant 1/n of the Freundlich isother-
mal model is found to be less than 1, further supporting the
notion of biochar’s effective adsorption capability towards
Cd(I). The results of the two models constant K; and K are
CBC>MBC>FBC > BC, indicating that the distribution of
effective adsorption sites on the surface of PBC is more uni-
form and abundant (Meng and Hu 2021). Additionally, the

@ Springer
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Fig.3 Adsorption isotherms of biochars for Cd(II)

maximum adsorption capacity of PBC fitted by the Lang-
muir isothermal model was significantly higher than that of
BC (Table 3), which was 2.11, 7.86, and 6.84 times of the
maximum adsorption capacity of BC, respectively, demon-
strating that phosphorus modification significantly enhanced
the adsorption capacity of biochar for Cd(Il). In addition,
the CBC in this study exhibited Cd removal capabilities that
were comparable to, or even surpassed, conventional biochar
(Table S1).

Adsorption mechanism analysis

CA modification enables more diverse mineral composition
to participate in Cd co-precipitation

In order to understand the mineral types of modified bio-
chars using different phosphorus sources and the adsorption
contribution of mineral precipitation to the removal of Cd(II)
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from PBC, biochars before and after adsorption of Cd(II)
were characterized by XRD. Compared with BC, PBC has
more inorganic anions such as PO,*~, P,0,*~, CO;>~, and
SiO34_, which can be attributed to the concentration of
additional phosphorus sources and inorganic components
in A,y (Cui et al. 2022). The alternation in mineral type
observed in FBC is due to the presence of small amount of
water-soluble calcium, magnesium and silicon in FMP. The
phosphates and pyrophosphates in MBC may arise from the
dehydrogenation and subsequent decomposition process of
H2P042_ during co-pyrolysis (Gao et al. 2019). On the sur-
face of CBC prepared with CA-FMP as phosphorus source,
diffraction peaks of CaCO;, CaSiO;, Ca,P,0,, CaHPO,,
and other crystals were detected (Fig. 5a). The presence

of CA leads to the disruption of the silicon skeleton and
exosome network, causing PO43_ and Si032_ to combine
with hydrogen ions, forming HPO,?~ and HSi0,>~ (Fig. 4).
These compounds are further dehydrated and transformed
into pyrophosphate and metasilicates at 773 K (Huang et al.
2017; Zhang et al. 2021). CA also dissolves SiO, in the bio-
mass and forms metasilicates in the product. As a result,
CBC exhibits a more diverse mineral composition, enhanc-
ing its ability to capture Cd(II) at the solid-liquid interface.

Compared with BC, new peaks such as Cd;(PO,),,
Cds(PO,)OH, and CdP,0, were detected on PBC, indi-
cating an increase in the types and intensity of Cd(II)
precipitates formed on the surface. The crystal composi-
tion of PBC prepared from different phosphorus sources

Table 3 Langmuir (a) and

. X Biochar Langmuir Freundlich
Freundlich (b) isotherm
parameters of biochars for K,/ (L-mg™h) q,/(mg-g™h) R? Kp/(mg!=L"g™h) 1/n R?
Cddr)
BC 0.075 16.299 0.943 2.688 0.325 0.883
FBC 0.083 34.365 0.952 7.003 0.298 0.950
CBC 0.131 128.123 0.991 40.292 0.219 0.870
MBC 0.128 111.503 0.990 28.429 0.248 0.832
-0 Z X
| | HZC—C\OH H,C—C_ O/C—CHZ |
o o ‘ ‘ o
| l 0 Lo “CaMgy"g I
O=P—0—Ca(Mg)—Si—0O— + 2 HC—CT —» O=P—OH + HC—C_ _C—CH t+ —O-Si—OH
| I OH ‘ OH HO ‘ I
(0] (0] _O _O O, (0]
| [ H,C—C7 H,C—C~ SC—CH, |
OH OH HO
Fig.4 CA activation FMP process
(a) Y % CaHPO, & Cay(PO,), ACa.P,0;[ [(b) $Cd(PO,), % Cd(PO)OH A CdP,0,
V Si0, *CaSi0; e CaMgSi,0; A CaCO, v ACdCO, ® Cd,Sio, V Sio,
1 A
- l
bt P A8 PP ’ *a MBC
Mo i :;L“menhumf \NPWwMu.WMWMI\n& W MWMMMMWMWW«W
a i A x * A * K CBC
A o :

FBC

20A°)

* FBC

Fig.5 XRD patterns of biochars before (a) and after Cd(II) (b) adsorption
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after adsorption of Cd(II) varied (Fig. 5b). It was found
that MBC has a higher total phosphorus content and Py-P
proportion (61.74%), while CBC has a higher Soluble
Or-P proportion (60.64%), leading to differences in min-
eral composition and the type of Cd(II) precipitation. The
lower total phosphorus content and phosphorus recovery
rate (83.6%) in CBC may be due to the conversion of
HPO,* to P,05 or PH; loss though volatilization under
high temperature conditions (Bruun et al. 2017; Zhang
et al. 2021). The high concentration of phosphorus load
is considered to be the main factor for effective removal
of Cd(II) from PBC (Wang et al. 2022). This result was
confirmed by the detection of PO,>~ release curve by PBC
and the content of PO43_ after Cd(II) adsorption (Fig. 6).
PO,*" in biochars is rapidly released within 0-6 h and
reaches equilibrium concentration after 20 h, which is
consistent with the removal trend of Cd(II) in adsorp-
tion kinetics. From the PO,>~ content after adsorption of
Cd(I), it can be found that the equilibrium PO43_ con-
centration decreases significantly with the increase of
the initial Cd(II) concentration, and PO43_ drops below
5 mg L~! at the initial Cd(IT) concentration of 100 mg
L~!, indicating a minimal risk of eutrophication caused
by PBC in practical applications. Moreover, P plays a cru-
cial role in Cd(II) adsorption by PBC, which is consist-
ent with the findings from FTIR analysis (Fig. 7). Peaks
near 565 cm™!, 602 cm™!, and 980 cm~! were observed
in PBC, which could prove the existence of dicalcium
phosphate, hydroxyapatite and tricalcium phosphate,
respectively. The peak generated near 1090 cm™! rep-
resents P-O-P in pyrophosphate, and the peak value at
539 cm™! is related to the antisymmetric PO,>~ variable
angle vibration (Bekiaris et al. 2016; Zhang et al. 2022b).
The absorption peaks of the above groups weaken or shift
after Cd(II) adsorption, indicating co-precipitation reac-
tions between the phosphate-containing functional groups
and Cd(II).

- S § 5 8sp z3s
-0 P-0
O-H C=C C=C PO Cc=0 P=0
. MBC-Cd B
MBC
g T CBC N\ 1
E = N 4 w\
§ 4\// N C\\/\(\/' v
: - _reca | \Jeawan/| | L
= ——  FBC 4t
C-0-7i"
—— BC-Cd L
| » | ,'\m
4000 3600 3200 1600 1200 800 400

Wave number (cm™)

Fig.7 FTIR diagram of biochars before and after Cd(II) adsorption

Impurity metals in citrate-soluble phosphorus source
dominate ion exchange

Ion exchange is another important mechanism for the
adsorption of Cd by PBC. The Q, of BC, FBC, CBC, and
MBC were 4.029, 7.721, 15.198, and 12.266 mg g_l, respec-
tively (Table 4). Among them, the initial concentration and
net release of bivalent cations are higher, leading to a greater
adsorption of Cd(II) though ion exchange. The ion exchange
process involves the electrostatic interaction of metal ions to
the negatively charged potential on the biochar surface, and
through electrostatic gravitational action, Cd(II) occupies
the original binding site of metal ions, forming R-COO-Cd,
R-0O-Cd, or Cd(II) replaces Ca(Il) and Mg(II) to precipitate
on biochar (Deng et al. 2019). In solution, K(I) and Na(I)
have low charge density and large ionic radius, making
them unable to form complexes. They remain stable and

60 - Soluble Or-P S0 BC (b 30 —=—BC (¢
= Py-P 451 .« FBC i FBC
20 - 254 |
&o50 N TP 7,407 4 CBC o~ 4 +— CBC
) ; f3s] * MBC %204 % —+— MBC
P E Predicted £
£ 40 5] £l N
3 a 154
-g : E 25 —— = = 3 = o
%30“ Insoluble Or-P - /A v v 4 <
s in sili i 2 201 /v ¥ < 10 N
= in silicate vitreous = /v £ ¥
= ] 215 ’ ]
w204 -] e
S S 10 o 51 =
£ e 8 B
2104 5 0] Eet— —
e ol , . y ; ;
o 0- 0 20 40 60 80 100 0 50 100 150 200

BC

FBC CBC MBC

t/(h)

Initial Cd** concerntation/(mg-L™")

Fig.6 Phosphorus form (a), PO43’ release kinetics curve (b), and PO43’ content after adsorption of Cd(II) (c) of biochars
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Table 4 Ion release before

. Biochar The net amounts of released cations (mg-g_l) Total Cd(II)
and after adsorption of Cd(II) adsorbed
and Total Cd(IT) adsorbed by Ca(I) MgI) K@) Na() -1
origin and phosphorus-enriched (meg-g” )
biochars BC 0.869+0.007  0.183+£0.003  0.122+£0.005  0.057+0.002 4.029+0.044
FBC 1.918£0.013 0.407 £0.021 0.079£0.002 0.035+£0.006 7.721£0.027
CBC 2.646 +0.009 1.448 +£0.017 0.169+0.003 0.107£0.003 15.198 +£0.156
MBC 3.383£0.006 0.437+0.038 0.133+0.011 0.051+£0.003 12.266 +0.099
resistant to hydrolysis in solution. On the otl?er hand, Ca(II) 0] e BC
and Mg(Il) are more prone to form spherical complexes FBC
in solution, further facilitating ion exchange (Shang et al. 54 —a—CBC
2020; Zhang et al. 2022b). This is consistent with our find- v MBC
ings; the addition of excessive Na(I) as coexisting cations -10 )
does not impact the adsorption of cadmium. However, an > .15 4 : N
excessive Ca(Il) competes with cadmium for adsorption E e 1
sites, leading to the inhibition of cadmium adsorption % -20 1 . I,\ -
(Fig. S1a). Hence, these alkaline earth metal elements, N 225 4 ' N v =
typically considered impurities in the phosphate refining N
process, are loaded onto biochar following CA activation, -30 1 h
becoming a significant factor in promoting the adsorption 354 \‘
capacity of Cd(II).
-40 T T T

OFG complexation and other mechanisms

The OFGs are an important factor affecting the adsorp-
tion of heavy metals on biochar. The OFGs (such as
R-OH, R-COOH, etc.) on the surface of biochar are com-
plexed with Cd(II), and the released H* is the main reason
for the decrease of solution pH (Wang et al. 2022). After
adsorption of Cd(II), the FTIR diagram (Fig. 7) reveals
a weakening of the peak intensity for the -OH vibration
peak (3415-3430 cm™!) and the C—O—C vibration peak
(1070-1080 cm™") (Zhang et al. 2022b). Additionally, a new
vibration peak emerges at 1385 cm™!, possibly due to the
complexation of OFGs on the surface and their participation
in the removal of Cd(II) (Deng et al. 2020).

The potential mechanism underlying the adsorption
of Cd(II) by PBC also encompasses cation-m interaction,
electrostatic interaction, physical adsorption, etc. (Liu
et al. 2022). The peak strength of the C=C bond around
1600 cm™~! and the aromatic C-H bond around 710-845 cm™"
changes after Cd(II) adsorption (Fig. 7), which is regarded
as the contribution of cation-x interaction to the removal
of Cd(II) (Cui et al. 2016). The electrostatic interaction
capacity is mainly related to the zeta value of biochar. A
higher the absolute value of negative potential indicates
that the surface of biochar has more negative charge and
stronger electrostatic attraction (Zhang et al. 2020a). The
zeta values of both BC and PBC are less than 0 (Fig. 8),
which proves that they have good electrostatic interaction
capacity. With the increase of pH, the surface acid groups

Fig.8 Zeta diagram of biochars

of biochar are dissociated or ionized, the surface negative
charge is further increased, and the electrostatic interac-
tion force of biochar is increased. This is consistent with
our findings that in the pH range of 2—8, an increase in pH
values resulted in an elevation of the adsorption capacity
of biochar (Fig. S1b). The absolute values of zeta value of
the biochar modified with phosphorus increased, and the
number of Cd(II) adsorbed by electrostatic interaction was
ranked as CBC>MBC >FBC > BC. The physical adsorp-
tion capacity is mainly determined by pore structure and
SSA, which affect the adsorption site of biochar surface
(Chu et al. 2018). Based on the analysis of SSA, total pore
volume, and average pore size, the modification of FMP as
a phosphorus source negatively impacts the formation of
the biochar pore structure, leading to pore blockage. Con-
versely, CA-FMP and MCP have a positive effect on the
number and distribution of pores by providing alkali metals
and H*, thereby facilitating pore formation during pyroly-
sis (Chu et al. 2018). Consequently, CBC and MBC exhibit
larger SSA and total pore volume compared to BC, with a
smaller average pore diameter. This results in an increased
number of potential Cd(II) adsorption sites within the
biochar pores, serving as a crucial basis for phosphorus
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modification to significantly enhance Cd(II) removal
capacity. Additionally, The presence of a superior pore
structure not only prevents the loss of internal active sites
inside biochar during desorption and adsorption processes
but also contributes to enhanced stability and regeneration
performance (Fig. S2).

Analysis of adsorption capacity and contribution ratio

The quantitative analysis of the adsorption capacity of PBC
for Cd(II) and the contribution ratio of different mechanisms
showed that the affinity of biochar for Cd(II) was enhanced
by phosphorus modification. The removal rates of FBC,
CBC and MBC were 29.15%, 89.73%, and 69.08%, respec-
tively (Fig. 9a). Compared to BC, the adsorption capacity
of Cd(II) by mineral components (Q;4+Q,,) in PBC is signifi-
cantly increased, which is consistent with previous research
results (Ge et al. 2022). A small amount of water-soluble cal-
cium and magnesium ions in FMP was successfully loaded
onto biochar to increase the ion exchange contribution of
FBC; its Q; contributed the highest proportion (53.15%),
which was the same as BC. The adsorption contributions
of Q,, of CBC and MBC were the highest (51.10% and
47.98%) (Fig. 9b). Although phosphorus content of CBC is
lower than that of MBC, the Q,, of CBC is higher than that
of MBC, which is due to the fact that citric acid activates
FMP, forming soluble Or-P composition with higher propor-
tion and more uniform phosphorus distribution, and more
Ca(Il), Mg(Il), CO4*", and SiO;*~ loaded on the biochar
surface. The function of CA also includes reducing the size
of biomass, forming rich pore structures, and increase Q,.
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In addition, CBC and MBC are greater than BC, possibly
because the presence of inorganic metals and phosphate-
based substances promotes the break of chemical bonds and
generates more OFGs (Chu et al. 2018; Feng et al. 2018).

Conclusions

PBC exhibits excellent adsorption capacity for heavy metals
while posing a low risk of eutrophication. Chemisorption
and intra-particle diffusion play crucial roles in the adsorp-
tion kinetics. The adsorption of Cd(II) by PBC involves
various mechanisms, including ion exchange, mineral pre-
cipitation, OFG complexation, cation-x interaction, electro-
static interaction, and physical adsorption. Ion exchange is
the primary mechanism for Cd(II) adsorption by BC and
FBC, accounting for 51.53% and 53.15% of the adsorption,
respectively. On the other hand, mineral precipitation is the
main influencing factor for Cd(II) adsorption by CBC and
MBC. The maximum adsorption capacity of CBC and MBC
is 7.86 and 6.84 times that of BC, respectively, account-
ing for 51.10% and 47.98% of the total adsorption capacity.
The activation of CA improves the pore structure of CBC,
resulting in a more uniform distribution of abundant phos-
phorus, calcium, magnesium, and silicon on its surface. This
enhancement contributes to CBC exhibiting the highest
removal rate (89.73%). Our results demonstrate that utiliz-
ing low-grade phosphate ore and its derivatives as exogenous
phosphorus to prepare PBC yields excellent performance.
PBC can effectively and reliably serve as an adsorbent to
remove heavy metals from polluted water.
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Fig.9 Adsorption capacity (a) and adsorption contribution ratio (b) of biochars for Cd(Il). Note: Q;, Q,,,, Qf, and Q, respectively represent the
adsorption amounts produced by ion exchange, mineral precipitation, functional group complexation, and other mechanisms
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