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ARTICLE INFO ABSTRACT

Keywords: The heavy metal contents in many rivers and groundwater exceeds safety standards, and hydrochar stands out
Adsorption mechanism among many functional materials for environmental protection applications as its efficient and low—cost. The
Heavy metal influence of endogenous phosphorus in the adsorption and the forms of heavy metal combined with phosphorus
Phosphorus . . . .

Hydrochar are not always fully explored. Thus, the purpose of this study was to clarify adsorption mechanism as well as the

biological risks. The physisorption and chemisorption likely coexisted during adsorption of Pb(II) and Hg(II),
while physisorption dominated Cd(II) adsorption. The adsorption isotherms of three heavy metal were well fitted
with the Langmuir model with capacity of 466.45, 339.48, and 264.19 mg-g ", respectively. The ion—exchange
was the dominant mechanism for Pb(II) and Cd(II) adsorptions. The precipitations were mainly phosphate and
carbonate, respectively. On the contrary, formation of complexations was considered as the dominant mecha-
nism for Hg(II) adsorption. Thus, the contribution of phosphorus in adsorption was: Pb(II) > Cd(II) > Hg(D).
Using CMHCC to remove heavy metal not only had great effect, but also little harm of eutrophication caused by
endogenous phosphorus release for the proportion of bioavailable phosphorus decreased. It’s worth noting that
the biological risk of CMHCC@HM was: CMHCC@Pb > CMHCC@Cd > CMHCC@Hg. The present study explored
the role of endogenous phosphorus in the adsorption of different heavy metal, and the forms of heavy metal and

Cow manure

phosphorus. The study improved the effect of hydrochar endogenous substances on heavy metal adsorption.

1. Introduction

With the rapid population growth and accelerated industrialization,
heavy metal pollution is becoming increasingly serious, with the heavy
metal content in many rivers and groundwater exceeds safety standards
(Kumar et al., 2022). The Pb(II), Cd(II), and Hg(Il) remediation was
discussed due to their high toxicity and high occurrence as a pollutant,
especially from industrial waste, when compared to other metals (Bao
et al., 2022).

The effective treatment methods for removing heavy metal from
polluted water mainly include chemical precipitation, electrochemical
redox, ion — exchange, adsorption and membrane separation (Qiu et al.,
2021). In contrast, the adsorption method has the advantages of simple
operation, high removal rate and low cost (Wang et al., 2023a). As an
efficient and low — cost adsorbent, biochar stands out among many new
functional materials for environmental protection applications, and has
attracted extensive attention and research in the field of heavy metal

polluted water treatment (Kumar et al., 2021). At present, the use of
biochar as an adsorbent to adsorb and remove metals has become a
common method. Hydrothermal processing of biomass may be able to
overcome a series of problems associated with the thermochemical
conversion of lignocellulosic material into energy and fuels (Teribele
et al., 2023).

Due to the various biomass materials, the elemental composition of
biochar is different. When biochar is applied, the endogenous substances
will be released into solution. These released endogenous substances
may promote the adsorption effect of biochar. The alkali metal ions (K",
Ca%*, Na™, Mg?", etc.) contained in biochar can exchange heavy metal
ions, moreover, the soluble anions (CO%’, SO?{, PO%’, etc.) released can
be precipitated with heavy metal ions (Yang et al., 2023).

Generally, phosphorus — rich biochar consists of the following cat-
egories: sludge, phosphorus — modified biochar, phosphorus — rich
plant, and manure sources of biochar. Manure production has increased
dramatically each year as a result of the recent rapid expansion of
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concentrated animal feeding operations in many parts of the world. The
accumulation of cow manure on farms cause a negative impact on the
environment (Szogi et al., 2020), for a 1000 1b cow will produce 60 1b of
manure per day. Therefore, it is imperative to find solutions for the
processing and usage of cow manure. The previous research found that
cow manure biochar released of phosphorus when it was placed in so-
lution with the phosphorus content up to 0.33-0.62 mg-g ! (Wang et al.,
2023b). In addition to phosphate modification, biochar prepared with
phosphorus — rich waste also had a good adsorption effect. The banana
peel biochar modified by K3PO4 showed a great adsorption effect of Pb
(ID) (Ge et al., 2022), and the adsorption capacity of kitchen waste
biochar modified by KsHPO4 reached 257.95 mg~g’1 (Ning et al., 2022).
The adsorption capacity of swine manure biochar reached 287.87
mg~g_1 (Sun et al., 2022). Phosphate — modified biochar had a good
adsorption effect, but researchers on phosphate — modified biochar
were prone to ignore the role of endogenous phosphorus of the material
for heavy metal adsorption. That is to say, the contribution of endoge-
nous phosphorus in adsorption is ill — defined. Therefore, this research
intended to explore the contribution of adsorption mechanism of
phosphorus — loaded hydrochar, so as to explore the contribution of
phosphorus.

The release of endogenous phosphorus is not only closely related to
the adsorption effect of heavy metal, but also may result in eutrophi-
cation. Biochar containing phosphorus is applied to river and soil.
Although biochar solidifies heavy metal, the forms of heavy metal and
phosphorus affect the environmental risk. Researchers have been
working on the magnetical biochar, but it still is difficult to separate and
recover biochar applied to soil. Moreover, the role of inherent P in
biochar in affecting soil P cycle received little attention (Chen et al.,
2022). Therefore, it is necessary to study the forms of heavy metal and
phosphorus to assess environmental risks caused by biochar.

To sum up, the role and influence of endogenous phosphorus in the
adsorption process of different heavy metal, as well as the forms of
heavy metal and phosphorus are not always fully explored. Thus, the
purpose of this study was to clarify the reason for the change of phos-
phorus content during the adsorption of three heavy metal by cow
manure hydrothermal carbonization carbon (CMHCC), and the adsorp-
tion mechanism of three heavy metal. By XRD, FTIR and XPS analysis,
the possible adsorption mechanism was explored, and by calculation,
the ratio of different adsorption mechanisms of Pb(II), Cd(II), and Hg(II)
was investigated. This study improved the effect of hydrochar
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endogenous substances on heavy metal adsorption.
2. Materials and methods
2.1. Experimental material

The cow manure was collected from the Laohadu Demonstration
Ranch in Mengzi City, Yunnan Province, China. The CM were oven—-
dried at 85 °C for 24 h, and sieved through 100-meshes. The primary
chemical, e.g. Pb(NO3)2-3H20, Cd(NO3),-4H20, and HgCly, superior
grade HNOj3 (65 - 68 %), and the analytically pure chemical, e.g. NaOH
and HCI used in this study were purchased from Beijing Chemical Re-
agent Factory.

2.2. Production of CMHCC

The preparation method followed the previous work of the group
(Wang et al., 2023b), and the preparation process is shown in Scheme 1.
Briefly, fresh cow manure was dried at 85 °C and ground (100 — mesh).
Firstly, 4 g dried CM, 112 mL deionized water, and 38 mL of NaOH
solution (1 mol-L ™) were mixed. Secondly, the mixture was shaken with
ultrasound for 30 min and stirred for another 2 h. Thirdly, the mixture
was hydrothermally heated at 200 °C for 24 h and then rinsed with
acetone. Finally, the mixture was dried at 85 °C. CMBC was obtained via
pyrolysis under the protection of Ny at 400 °C for 1 h, denoted as
CMHCC.

2.3. Analysis methods

The elemental composition (EA) of CMHCC was analyzed with
elemental analyzer (Elementar Vario EL cube, Germany). The Scanning
Electron Microscope (SEM) instrument was applied for the microstruc-
ture analysis of CMHCC and three kinds of hydrochar after adsorbing Pb
(II), Cd(II), and Hg(II) in the same conditions at 5 kV (Mira LMS, Tescan,
Czech Republic). The specific surface area (SSA) of hydrochar was
detected by N3 adsorption isotherms at 77 K using a Micropore Analyzer
(ASAP 2460, Micrometrics, United States). The electron binding energy
and elemental valence were analyzed using X — ray photoelectron
spectroscopy (XPS) (K-Alpha, Thermo Scientific, United States). The
functional groups were qualitatively examined using a Fourier transform
infrared spectrometer (FTIR) (Niolet iN10EA, Thermo Scientific, United

pyrolysis under the

protection of N, at 400 °C

Scheme 1. The preparation process of CMHCC.
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States). The amount of the elements in the solutions was determined by
inductively coupled plasma mass spectrometry (ICP) (Thermo Fisher-X
series, United States).

3. Experimental designs
3.1. Endogenous phosphorus leaching experiments

The 20 mg of CMHCC was weighed, then the 20 mL deionized water
(pH = 2, 4, and 6) was added. After oscillation (200 rpm-minfl, 25°QC),
5 mL solution was filtered (0.22 pm) at predetermined times (0.5, 1, 2, 4,
6, 12, 18, and 24 h), and the phosphorus contents were determined via
ICP. And the HCl and NaOH solutions were used to adjust the pH of
deionized water.

3.2. Adsorption experiments

3.2.1. Adsorption kinetics

There were three different types of heavy metal with divalent used to
investigate the adsorption effect of CMHCC: Pb(II), Cd(II), and Hg(II). A
mixture of 20 mg CMHCC and 20 mL of 100 mg-L’1 Pb(NO3),, Cd
(NO3)2, or HgCly solution was added to a 25 mL glass bottle at room
temperature (25 °C), and the initial pH of the mixture was adjusted to
6.0 by HNO3 or NaOH solutions. Concentration of the adsorbent was
maintained at 1 g-L ™! in all the treatments. The glass bottles containing
CMHCC and heavy metal’ solution were shaken in a thermostatic
reciprocating shaker at 200 rpm-min~!. After oscillation (200
rpm-min’l, 25 °C), 5 mL solution was filtered (0.22 pm) at pre-
determined times (0.5, 1, 2, 4, 6, 12, 18, and 24 h), and the filtrate
obtained from each bottle by immediate filtration of the suspension
through a nylon membrane filter with a pore size of 0.22 pm was stored
at 4 °C. The contents of phosphorus and heavy metal were determined
via ICP. The adsorption capacities of Pb(II), Cd(II), and Hg(II) were
calculated using Eq. (1) and the experimental results were fitted using
the adsorption dynamic model (Egs. (2) and (3).

0.=(C-C)x 2 &)
m

0, = 0.(1— ) @

t 1 t
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In the equations, Q. represented the equilibrium adsorption capacity
in mg-g_l; Cp and C, represent the mass concentration of Pb(II), Cd(II) or
Hg(II) at the initial and adsorption equilibrium in mg-g~!, respectively;
Vp was the volume of the heavy metal” solution in L; and m represented
the dosage of hydrochar in g; Q; represented the adsorption capacity at
time t in mg-L~!; k; represented the reaction rate constant of the pseudo
— first — order model in min~'; k, was the reaction rate constant of the
pseudo — second — order model in g-(mg-min)~'; and a and b were the
initial adsorption rate and activation energy — related constants in mg-
(g'min)~! and g-mg~!, respectively.

3.2.2. Adsorption isotherms

The adsorption isotherm experiments were carried out to determine
the adsorption capacity of CMHCC for Pb(II), Cd(I), and Hg(II). 20 mg
of CMHCC was weighed and mixed with 20 mL of three kinds of heavy
metal’ solution containing various concentrations (100, 200, 300, 400,
500, and 600 mg-L™!) in a 25 mL glass bottle and the initial pH of the
mixture was adjusted to 6.0 by HNO3 or NaOH solutions. After 24 h of
oscillation (200 rpm-min’l, 25 °Q), the filtrate from each glass bottle
was collected after filtering the suspension and was stored at 4 °C. The
contents of phosphorus and heavy metal were determined via ICP,
respectively. The adsorption capacities of Pb(II), Cd(Il), and Hg(II) were
calculated using Eq. (1), and the experimental results were fitted using
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and the isothermal adsorption model (Egs. (4) and (5)).
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In the equations, Q. represented the equilibrium adsorption capacity
in mg~g’1 ; Cp and C, represent the mass concentration of Pb(II), Cd(II) or
Hg(II) at the initial and adsorption equilibrium in mg~g_1, respectively;
Qum represented the theoretical maximum adsorption capacity in mg-g~%;
K represented the equilibrium constant of the Langmuir model; Kr was
the Freundlich constant, and n was the empirical constant.

3.2.3. Effect of initial pH on adsorption

The initial solution pH value affects the degree of protonation of
functional groups on the adsorbent surface. It also changes the existing
forms of heavy metal ions in solution [31]. At low pH values (pH less
than 3), the protonation of surface functional groups made the surface of
CMHCC positively charged, which had a repulsion effect on heavy metal
cations. In addition, a large number of H30" competed with Pb(II), Cd
(II), and Hg(II) to occupy the adsorption site (Su et al., 2022).

A mixture of 20 mg CMHCC and 20 mL of 100 rng-L’1 Pb(NO3),, Cd
(NOs3)2, or HgCl, solution was added to a 25 mL glass bottle at room
temperature (25 °C). The initial pH of the mixture was adjusted to a
fixed value within the range of 2 — 6 using HNO3 or NaOH solution, and
the mixtures were shaken in a thermostatic reciprocating shaker at 200
r-min~! for 24 h at room temperature (25 °C). At the end of shaking,
final pH was measured again, and the contents of phosphorus and heavy
metal were determined via ICP. The effect of pH on the adsorption by
CMHCC was studied in solution varying pH from 2 to 6, because the gray
precipitate would be produced in HgCl; solution when pH > 7.

3.3. Extraction method of phosphorus

The three kinds of hydrochar after adsorbing Pb(II), Cd(II), and Hg
(II) were marked as CMHCC@Pb, CMHCC@Cd, and CMHCC@Hg,
respectively. In addition, these three hydrochar were collectively called
CMHCC@HM. The morphology of inorganic phosphorus in
CMHCC@Pb, CMHCC@Cd, CMHCC@Hg, and CMHCC was determined
by four — step continuous extraction method (Jun et al., 2005, Li et al.,
2023) This extraction method was proposed on the basis of method of
Hieltjes — Lijklema and method of Ruttenberg (Hieltjes and Lijklema,
1980, Long et al., 2023).

Firstly, 20 mg CMHCC@Pb, CMHCC@Cd, CMHCC@Hg, and CMHCC
was added into 50 mL centrifuge tubes respectively, and 20 mL NH,4Cl
solution (1 mol-L~1) was added. After shaken for 30 min at 25 °C, the
centrifuge tubes were centrifuged (5000 rpm-min~?, 10 min) to achieve
solid — liquid separation. The filtrate obtained from each centrifuge tube
through a nylon membrane filter with a pore size of 0.22 pm was stored
at 4 °C. Secondly, 20 mL NaHCO3 — NaS0s solution (0.11 mol-L™Y) was
added into the centrifuge tube with residue solids. After shaken for 60
min at 25 °C, the centrifuge tubes were centrifuged (5000 rpm-min !,
10 min) and the filtrate obtained from each centrifuge tube through a
nylon membrane filter with a pore size of 0.22 pm was stored at 4 °C.
Thirdly, 20 mL NaOH solution (1 mol-L 1) was added into the centrifuge
tube with residue solids. After shaken for 16 h at 25 °C, repeated the
centrifugation and filtration. Fourthly, 20 mL HCl solution (0.5 mol-L™!)
was added into the centrifuge tube with residue solids. After shaken for
16 h at 25 °C, repeated the centrifugation and filtration. The phosphorus
content of filtrate obtained at each step was determined via ICP, and
denoted as L. — P, RSP, Fe/Al — P, and Ca — P, sequentially.

3.4. Sequential extraction method of heavy metal

After CMHCC adsorbed three kinds of heavy metal, CMHCC@HM
were collected for measurement by a simplified sequential extraction
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method (Liu et al., 2023). Herein, the heavy metal immobilized on
CMHCC@HM were classified into three parts, including exchangeable,
acid soluble and generally stable heavy metal.

Firstly, dried residual solids and 0.5 mol MgCl, (adjust to pH = 7
using NaOH or HCl) were mixed at a ratio of 1/80 (mg~L_1) and shaken
for 20 min at 25 °C. Secondly, another dried residual solids and 1 mol
NaOAc (adjust to pH 5.0 with NaOH or HOAc) at the same ratio, sub-
sequently shaken for 5 h at 25 °C. Finally, the extracted solution was
filtered with 0.22 pm filter membrane and determined via ICP. The
calculation method of the concentration of three parts was shown as
Equations (6) — (11).

HM oy = Ciyy X V/w (6)
HM e = (Coyg — Ciy)V/w )
HM ey = HM oot — HMex s — HMoc (8)
Werm = HMEXAM/HMXOLM (C)]
Werms = HM et /HM o1 11 (10)
Weess = HMqye rs /HM o1 11 11

In the above formula, C;, i (mg-L’l) represented the concentration
of heavy metal ions (mol) extracted from the first step. C2, M (mg-L’l)
represented the concentration of heavy metal ions extracted from the
second step. w and V represented the mass of adsorbent and the volume
of extraction solution. HM,y, i and W,y u represented the content and
proportion of exchangeable state of heavy metal on CMHCC, respec-
tively. HM, m and Wy, mrepresented the content and proportion of acid
soluble state of heavy metal on CMHCC, respectively. HMge, 3 and Wee, i
represented the content and proportion of generally stable state of heavy
metal on CMHCC, respectively. HM;,;, v represented the total amount of
the adsorbed heavy metal.

3.5. Distribution proportion of mechanisms contributions

The demineralized CMHCC was prepared by washing with 1 mol HCI
solution, whose oxygenated functional groups were still preserved
(Wang et al., 2022). Using the same conditions described, 20 mg dem-
ineralized CMHCC were added into three kinds of 20 mL 100 mg-L™*
heavy metal’ solutions individually. The adsorption capacity of precip-
itation with minerals (Qpre), €xchange with cation (Qexc), complexation
with acid functional groups (carboxyl and hydroxyl) (Q.om), and other
potential mechanisms (Qq) were calculated (Wang et al., 2022). The
contributions of different mechanisms were defined by following the
ratios: Qpre/Qrot, Qexc/ Qrots Qeom/ Quot, a0d Qorh/ Qeor-

3.5.1. Contribution of the interaction with minerals
Contribution of the interaction with minerals (Qp;n, mg-g’l) was
calculated as Eq. (12).

Qmin = th - Qdem xY (12)

where, Qs (Ing- g’l) was the total amount of three kinds of heavy metal
adsorbed on the CMHCC, and Qe (mg~g’1) was the adsorbed amount of
three kinds of heavy metal on the demineralized CMHCC, Y was the
yield of demineralized CMHCC.

3.5.2. Contribution of the ion — exchange

The adsorption capacity attributed to ion — exchange (Qexc, mg-g 1)
was calculated from the net release of these cations. Specifically, the net
amounts of cations released were calculated by subtracting the specific
cation in the control group (CMHCC in deionized water) from the cor-
responding experimental group (CMHCC in heavy metal’ solutions).
Since the substances containing K™ and Na™ often existed in the form of
soluble compounds, while Ca>* and Mg?* were generally composed of
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insoluble precipitates, this work optimized the previous research via
measuring the contents of Ca?* and Mg?" to calculate (Eq. (13)).

Qexc = QMg + QCa + QNu + QK ~ QMg + QCa (13)

Here, Qug and Qc, were the net release amount of Ca®" and Mg2+,
respectively.

3.5.3. Contribution of the mineral precipitation
The contribution of mineral precipitation (Qpre, mg-g’l) can be
calculated as Eq. (14).

Qpre = Qmin - Qexc (14)

3.5.4. Contribution of the complexation

The adsorption capacity resulting from complexation with the
oxygenated functional groups (Qcom, mg-g~ 1) was estimated from the
difference in pH before and after adsorption (Eq. (15)).

me = QpH xY (15)

where, Qg was the adsorbed heavy metal by complexation with
oxygenated functional groups on demineralized CMHCC.

3.5.5. Contribution of other mechanisms
The amount of adsorption from other mechanisms (Qu, mg-g~1) was
calculated as Eq. (16).

Qo = Qror = Omi — Qcom (16)

4. Results and discussion
4.1. Characteristics of CMHCC

The basic elements of CMHCC were shown in Table S1. For CMHCC,
the O/C ratio of CMHCC was 1.48, and the H/C ratio was 0.18, indi-
cating the CMHCC exhibited good agronomic characteristics and ful-
filled key quality criteria of H/C < 0.70 for soil carbon sequestration, as
described by the European Biochar Certificate and the International
Biochar Initiative (Yan et al.,, 2022). Noteworthy, the contents of
phosphorus (P%) and sulfur element (S%) were 0.61 % and 1.69 %,
respectively, which proved the existence of endogenous phosphorus and
sulfur — containing functional groups in CMHCC. For CMHCC, the SSA
was 11.78 m>g !, and the average pore size was 837.94 A (Table S1).
The SSA is associated with physical properties and significantly affects
the physical adsorption capacity (Shakya et al., 2022).

The SEM and SEM — EDS images were shown in Fig. 1. The layered
porous structure riddled with micropores was presented on CMHCC, as
biomass material contained cellulose (Anacleto et al., 2022). The ledge
structure was related to pyrolysis temperature change (Adhikari et al.,
2022), and CMHCC retained a part of the stereoscopic carbonaceous
skeleton structure and bulk accumulation. Thus, the CMHCC may had
good physical adsorption capacity. The CMHCC contained Ca, Mg, Si,
and P (Fig. 1c-f). Moreover, Ca and P were distributed evenly on the
surface of CMHCC, and Si and Mg were mainly distributed on the carbon
skeleton.

The XRD spectra of CMHCC was depicted in Fig. 6a. CMHCC con-
tained SiO5 (26.6°) (PDF#70-2517). The substances included a combi-
nation of embedded metal cations (Ca®>" and Mg2+) and anions (PO?{
and CO%), such as Cag(POs); (PDF#09-0169), Mgs(POy4);
(PDF#48-1167), and CaCO3 (PDF#70-0095) (Wu et al., 2020), which
was consistent with SEM — EDS image (Fig. 1e). This indicated that
CMHCC had the potential to adsorb heavy metal via ion — exchange and
precipitation.

The FTIR spectra of CMHCC was depicted in Fig. 6b. The peak of -OH
(3458 cm’l), C-O stretching vibration peak (1384 cm’l), and the
C-O-C peak (876 em™!) were observed (Wang et al., 2019). Further-
more, the peak of CO%’ and PO%’ (1415 em ™! and 1096 cm™!) (Sun
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Fig. 1. SEM (a and b) and EDS (c—f) images of CMHCC.

et al., 2022), as well as the peak of Si-O-Si (1030 and 780 cm ™Y were
observed (Kumaraswamy et al., 2021). These results indicated that
C0%, PO3, and SiO, were retained in CMHCC, which was mutually
verified with the above conclusion (Fig. 1 and Fig. 6a). Besides, the
functional groups in CMHCC were so rich that they can be coordinated
with heavy metal, indicating that CMHCC may adsorb heavy metal via
formation of complexations (Du et al., 2022, Luo et al., 2022).

4.2. Adsorption performance

4.2.1. Kinetics model

The fitting results of kinetic model of CMHCC were shown in Table 1
and Fig. 2. In the adsorption processes of Pb(II) via CMHCC (pH = 6), the
R? values of pseudo — first — order kinetic model and pseudo — second

Table 1
Table of fitting parameters of kinetic model and isotherm model of absorption.

Models Parameters Pb(ID) Cd(n Hg(I)
Pseudo — first — order kinetic model Q. (mg-g™ %) 99.84 59.14 61.75
k1 0.43 2.22 1.91
R? 0.98 0.99 0.98
Pseudo — second — order kinetic Q. (mg-g™H) 99.24 59.85 56.42
model K, 6.27 0.03 0.85
R? 0.99 0.91 0.98
Langmuir model Q.(mgg™!)  466.45 339.48  264.19
K 2.95 6.18 4.19
R? 0.97 0.97 0.96
Freundlich model n 1.34 1.98 2.30
Krp 4.20 2.21 2.37

R? 0.96 0.94 0.98

— order kinetic model were 0.98 and 0.99, respectively, while those of
adsorption processes of Hg(II) via CMHCC were 0.97 and 0.98, respec-
tively. Thus, the adsorption processes of Pb(II) and Hg(II) were better
fitted by pseudo — second — order kinetic model. This phenomenon may
indicated that physisorption and chemisorption likely coexisted during
adsorption of Pb(II) and Hg(II). On the contrary, the R2 values of pseudo
— first — order kinetic model and pseudo — second — order kinetic model
in the adsorption of Cd(II) via CMHCC were 0.99 and 0.91, respectively,
which indicated that physisorption dominated Cd(II) adsorption by
CMHCC (Chowdhury et al., 2022).

The equilibrium time of absorption of three kinds of heavy metal by
CMHCC was distinct. When pH = 6, the equilibrium time of Pb(II) ab-
sorption was about 3 h, and that of Hg(II) absorption was approximately
2 h, while that of Cd(II) absorption was about 6 h. The different
adsorption equilibrium time may be due to the dominated adsorption,
the physisorption was reversible and slow (Zhang et al., 2022a), which
corresponded to the kinetic model fitting results mentioned above
(Fig. 2). Furthermore, the equilibrium time of absorption was attributed
to the same valency metal ions having different electronegativities and
atomic radii. The smaller the hydrated radius and higher electronega-
tivity is, the greater the affinity in the sorption process (Xiao et al.,
2020). Pb(II) might have preferential sorption compared with Cd(II), for
the electronegativity values and hydrated radius of Cd(II) are 0.69 and
4.26 108, respectively, while those of Pb(II) are 2.33 and 4.01 10\,
respectively.

4.2.2. Isothermal model
The fitting results of isothermal adsorption model were presented in
Fig. 2. The R? values of the Langmuir model and Freundlich model for Pb
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Fig. 2. Fitting parameters of kinetic model (a) and isotherm model (b) of absorption. Experiment condition: [dosage] =1 g~L’1, [temperature] = 25 °C, [pH] = 6.0.

(I1) adsorption by CMHCC were 0.97 and 0.96, respectively, and those
for Cd(II) adsorption were 0.97 and 0.94, respectively. Clearly, the
Langmuir model fit the adsorption of Pb(II) and Cd(II) better. Moreover,
for Hg(Il) adsorption, the R? values of the Langmuir model and
Freundlich model were both 0.98, thus, the Langmuir model fit the
adsorption of Hg(II) better. Therefore, the adsorption of Pb(II), Cd(ID),
and Hg(II) by CMHCC were monolayer adsorption, indicating that sin-
gle — layer surface adsorption might be the dominant process governing
the sorption process (Xu et al., 2022). The corresponding Q. of Pb(II), Cd
(ID), and Hg(I) on CMHCC were 466.45, 339.48, and 264.19 mg-g—,
respectively. CMHCC exhibited excellent sorption properties than many
reported sorbents including hydrochars and some carbon — based ma-
terials (Table S3).

4.2.3. Effect of pH

The adsorptions of CMHCC on three kinds of heavy metal were
affected by the pH (Fig. 3a). In general, under acidic conditions (pH from
2 to 6), the adsorption effect of CMHCC on three kinds of heavy metal
enhanced with the increasing of solution pH. As shown in Figure S1, the
surface of CMHCC was positively charged when pH = 2, while that was
relatively negative charged at pH = 4. The more acidic the solution, the
more positive charge on the surface of adsorbent, so that the adsorbent
was easier to be protonated, which weakened the adsorption effect. As
the pH continued to increase to 6, the adsorption sites became less
positively charged, and more sorption sites could be deprotonated,
enabling complexation with more Pb(II), Cd(II), and Hg(IL).

When the pH increased from 2 to 6, the Q, enhanced 31 times (3.20
vs. 99.49 mg'L_l), thus, the adsorption of Pb(I) by CMHCC was
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significantly affected by pH. From this we can inferred that electrostatic
attraction made a great contribution to adsorption on Pb(II).

4.3. Phosphorus leaching performance

Since the material of CMHCC was cow manure, CMHCC contained
endogenous phosphorus. While the endogenous phosphorus releases by
CMHCC were different between the deionized water and heavy metal’
solutions (Fig. 3b). After CMHCC was placed in deionized water for 24 h,
the phosphorus contents were 4.81, 4.14, and 4.01 mg-g~* at pH = 2, 4
and 6, respectively. The acid solution promoted the release, which may
be due to carbon skeletons were more dissolved, increasing the contact
area to release (Lonappan et al., 2020).

In the process of adsorption of Pb(II) via CMHCC, the residual
phosphorus content decreased with the increase of pH, and it was
noteworthy that the sharp trend of residual phosphorus content was the
same as that of Q,. It can be inferred that the endogenous phosphorus
released acted on the removal of Pb(II) (Wang et al., 2023b). As shown
in Table S2, the ratio (Q,: Content of phosphorus consumed) was about
3 (3.13 and 3.51 for pH = 4 and pH = 6). Phosphoric acid, hydrogen
phosphate and other anions formed when the endogenous phosphorus
was released, and they can combine with Pb(Il), resulting in the
reduction of phosphorus content.

In the process of adsorption of Cd(II) via CMHCC, the residual
phosphorus content decreased slightly with the increase of pH. It can be
inferred that the endogenous phosphorus had the effect on adsorption of
Cd(Il), but co—precipitation were not the main mechanism of Cd(Il)
removal.
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Fig. 3. Effect of pH on adsorption (a) and endogenous phosphorus leaching performance (b). Experiment condition: [dosage] = 1 g-L™!, [temperature] = 25 °C,

[time] = 24 h.



Y. Wen et al.

In the process of adsorption of Hg(II) via CMHCC, When pH
increased from 4 to 6, and the Q. increased from 20.44 to 61.57 mg- g_l,
an increase of 264 %. But, the residual phosphorus content in solution
was almost unchanged. It can be inferred that endogenous phosphorus
hardly contributed to the removal, while OH™ may play a major role
(Song et al., 2023).

4.4. Characterization of CMHCC@HM

4.4.1. Analysis of phosphorus morphology

The phosphorus in solution was denoted as Rp, and the phosphorus
on CMHCC@HM was denoted as BCp, which included the endogenous
phosphorus undissolved and the phosphorus that binded with heavy
metal and then attached to the surface of hydrochar. The morphology of
BCp was analyzed (Fig. 4a), which including L — P, RSP, Fe/Al — P, and
Ca — P according to four — step continuous extraction method
mentioned above.

Phosphorus in the form of L — P was exchangeable, and L. — P was
easily diffused into solution and used by organisms. Phosphorus in the
form of RSP was considered as occluded phosphate. RSP generally
coated by FeyO3, and was biologically unavailable (Tang et al., 2018).
Phosphorus in the form of Fe/Al — P can be bioavailable under certain
conditions, so Fe/Al — P was potential activated. Phosphorus in the form
of Ca — P was an insoluble substance and difficult to be used by or-
ganisms, and Ca — P was mostly phosphate of calcium such as apatite
phosphorus (Zhang et al., 2020b).

The phosphorus on CMHCC mainly existed in the form of L. — P, and
the rest almost can be classified into two categories: RSP and Ca — P.
This indicated that phosphorus on CMHCC existed in an unstable state
and easily entered the water or be used. For CMHCC@Pb, the phos-
phorus mostly existed in the form of Ca — P. Phosphorus of CMHCC was
converted from L — P to Ca — P during the Pb(II) adsorption. Phosphate
combined with Pb®* to form insoluble precipitates, such as Pbs(PO4)Cl
and Pb3(PO4);. The significant transformation of phosphorus
morphology during the adsorptions of Cd(II) and Hg(II) was the increase
of Fe/Al — P, for Fe/Al — P contents of CMHCC@Cd and CMHCC@Hg
were 175 and 174 times higher than that of CMHCC, respectively. This
indicated that REDOX reaction was involved in the removal of heavy
metal. Besides, Ca — P content of CMHCC@Cd was increase by 224 %,
indicating that co-precipitation was involved in removal of Cd(II), but
the proportion was not as large as that in Pb(II) removal. The removal of
three heavy metal by CMHCC had a commonality, that is, the proportion
of bioavailable phosphorus decreased. This may indicate that using
CMHCC to remove heavy metal not only had great adsorption effect, but
also little harm of eutrophication caused by endogenous phosphorus
release.
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4.4.2. Analysis of heavy metal’ morphology

The environmental behavior and ecological effect were not evalu-
ated by total contents of heavy metal in hydrochar, but heavy metal’
morphology were the key factors to determine the impact on the envi-
ronmental ecosystems. As shown in Fig. 4b, heavy metal’ morphologies
of CMHCC@HM were extracted, and the HMy, HM, and HMg, repre-
sented the exchangeable, acid soluble, and generally stable heavy metal,
respectively. The HM,, was sensitive to environment, easy to migrate
and transform, and can be absorbed by plants. The HM,. was harmful to
the environment, and its release activity was enhanced when the envi-
ronmental conditions become acidic. The HMg, was insoluble and had an
impact on organisms only through chemical reactions into soluble
substances.

After adsorption of heavy metal on CMHCC, three kinds of heavy
metal mainly existed in the form of HMg. For CMHCC@Pb, although
HMg, had the largest proportion, accounting for 74.83 %, HM, also
accounted for 24.08 %. This indicated that the heavy metal biological
risk of CMHCC@Pb was high. For CMHCC@Cd, HMj, had the largest
proportion accounted for 93.25 %, indicating that the heavy metal
biological risk of CMHCC@Cd was low. Though HMg, of CMHCC@Cd
had the largest proportion, Ca — P did not, which was speculated that
the insoluble and stable precipitation formed may was mainly carbonate
rather than phosphate.

4.4.3. Characterization

To clarify the interaction mechanisms between CMHCC and three
kinds of heavy metal, a series of characterizations were performed and
the results were discussed in detail. The SEM and SEM — EDS images of
CMHCC@HM were shown in Fig. 5. The SEM analysis clearly showed
that the difference in physical microstructure of the CMHCC and
CMHCC@HM (Subhashish et al., 2022). Compared with CMHCC, the
pore structures of CMHCC@HM were less. The surface plane of CMHCC
exhibited heterogeneous textural properties, with a strong porous
structure. And the presence of these cavities gave the CMHCC capacity
for biosorptions of heavy metal (Subhashish et al., 2023). In fact, these
heavy metal salts filled the holes. The surface of CMHCC@Pb was rough
and had many small crystalline materials attached to it (Fig. 5a). On the
contrary, the surface of CMHCC@Hg had obvious massive crystalline
material. The EDS images showed that the Pb and P were evenly
distributed on the surface of on CMHCC@Pb (Fig. 5b — ¢), and the
distribution of Pb was similar to that of P. This phenomenon was similar
to that of CMHCC@Cd (Fig. 5e — f). However, on the surface of
CMHCC@Hg, the P still distributed dispersedly, the Hg concentrated on
crystal particles, which was not similar to that of P (Fig. 5h — i). Ac-
cording to this phenomenon, we speculated that in adsorption of Hg(II)
by CMHCC, endogenous phosphorus was scarcely any involved, and the
crystal particles formed after adsorption were not phosphate substances.

The XRD spectra of CMHCC@HM was shown in Fig. 6. For

(b) e, [aM, EEHEM,

100 |
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CMHCC@Pb ~ CMHCC@Hg  CMHCC@Cd

Fig. 4. Analysis of different forms of phosphorus and heavy metal in CMHCC@HM. a: analysis of phosphorus morphology; b: analysis of heavy metal’ morphology.
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1 pm

Fig. 5. SEM and EDS images of CMHCC@HM. a: SEM images of CMHCC@PDb; b-c: EDS images for Pb and P of CMHCC@PDb; d: SEM images of CMHCC@Cd; e—f: EDS
images for Cd and P of CMHCC@Cd; g: SEM images of CMHCC@Hg; h-i: EDS images for Hg and P of CMHCC@Hg.
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Fig. 6. Characterization of CMHCC@HM and CMHCC. a: XRD spectra, b: FTIR spectra.

CMHCC@Pb, the characteristic peaks at 20.8°, 27.28°, and 42° repre- characteristic peak at 26.6° and 40° represented PbSiO3
sented Pb3(PO4); (PDF#73-0834), which confirm that endogenous (PDF#74-1101) and PbCO3 (PDF#85-1088), respectively, confirming
phosphorus was involved in the removal of Pb(Il) (Li et al., 2022). The the role of precipitation. Besides, PbCO3 (Ksp = 3.3 x 10~'%) was less
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soluble than CaCOg3 (Ksp = 2.8 x 107%) and MgCOs3 (Ksp = 2.6 x 107°)
(Liu et al., 2022), hence, the removal mechanism of Pb(II) may involve
ion — exchange. Moreover, Pb3(CO3)2(OH), (PDF#72-1144) verified
hydroxyl group participated in adsorption (Qu et al., 2022), which
suggested that the functional groups on CMHCC may were complexed
with Pb(II) for adsorption. The Pbs(PO4)sCl verified precipitation
participated in adsorption (Ge et al., 2022). For CMHCC@Hg, the ion —
exchange and physicochemical for the formation of Hg,Cly (Kong et al.,
2011). For CMHCC@Cd, co—precipitation and complexation involved in
the adsorption for the formation of Cd(OH)PO3-H,0 and Cd3(PO4)s
(Zhang et al., 2020a), and ion — exchange also involved in the adsorp-
tion possibly for Cd3(PO4); existed (Wang et al., 2022).

The FTIR spectra of CMHCC@HM was shown in Fig. 6b. For
CMHCC@Pb, the peak value of Si-O-Si disappeared, possibly due to the
cation-7 bond interaction existed (Feng et al., 2023). The peaks of CO%’
and PO%’ existed, possibly due to precipitation Pb3(CO3)2(OH), and
Pb3(POy), (Pei et al., 2021), which confirming the previous speculation
(Fig. 6a). The Pb-P peak at 2300 — 2450 cm ™! appeared, indicating the
presence of phosphates of heavy metal (Xia et al., 2020). The band at
665 cm ! was indicative of SiO%’ (Tang et al., 2015).

For CMHCC@Hg, the —~OH group peak shifted, presumably the hy-
droxyl group complexed with Hg(Il), and the peak of -COOH dis-
appeared, which possibly due to the complexation of Hg(II) with
phenolic hydroxyl (CO™) and carboxylic (COO™) group (Xu et al., 2016).
The COO~ peak at 1159 cm™! appeared, proving the formation of
complexations. The C = C and C = O peaks shifted, which possibly due to
the cation — = interaction (Liu et al., 2018). The Hg-S peak at 2550 —
2650 cm ™! appeared, indicating the presence of heavy metal sulfides,
such as HgS (Xia et al., 2020). The C-S bond formed on surface hydro-
char led to formation of HgS by formation of complexations based on
Hard — Soft and Acid Base (HSAB) theory. Without the addition of
sulfur, Hg adsorption normally occurred at carboxyl and carbonyl
groups, forming HgO and HgCl, (Fig. 6a) (Jeon et al., 2020).

For CMHCC@Cd, the ~OH group peak shifted, which presumably due
to the hydroxyl group complexed with Cd(II). The peaks of PO3, PO3~
and CO% ™ shifted, which possibly due to the precipitation and formation
of complexations for the formation of Cd(OH)PO3-H30, Cd3(PO4)s, and
Cd3COs3 (Zhang et al., 2020a). The peak of Cd-P peak at 2300 — 2450
cm ! appeared, indicating the presence of phosphates of heavy metal.
The shift of -CH,/CHj group may due to the H' provided from —CHy/
CHjs had an ion — exchange reaction with Cd(II) (Ge et al., 2022). And
the CMHCC adsorb Cd (II) via the role of O-containing groups, mainly
by reactions of organic complexation (Zhang et al., 2022b).

4.5. Mechanisms for contributions

The mechanisms of adsorptions on three kinds of heavy metal were
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quantitatively analyzed and the results were shown in Fig. 7. The main
adsorption mechanism was various when CMHCC was used to adsorb Pb
(ID), Cd(11), and Hg(1I). Ion — exchange was considered as the dominant
mechanism for Pb(II) and Cd(II) adsorptions on CMHCC, the contribu-
tion rates of ion — exchange being equivalent to 55.89 and 41.59
mg-g~!, which accounted for 56.17 % and 69.18 % of the total
adsorption capacity, respectively (Fig. 7). The contribution rates of
co-precipitation accounted for 16.65 % and 18.70 % of the total
adsorption capacity of Pb(II) and Cd(II) adsorptions on CMHCC,
respectively, while contribution rates of formation of complexations
accounted for 24.97 % and 5.98 %, respectively (Fig. 7b). For
CMHCC@Cd, HM,, had the largest proportion but Ca — P did not, thus, it
was speculated that insoluble and stable precipitations were mainly
carbonate rather than phosphate. For CMHCC@Pb, HM,, and Ca — P
both had the largest proportion, thus, it was speculated that pre-
cipitations were mainly phosphate.

The precipitation reaction was dominated for Pb(II) and Cd(II) (Su
et al.,, 2022). On the contrary, formation of complexations with the
oxygenated functional groups was considered as the dominant mecha-
nism for Hg(Il) adsorption on CMHCC, and the contribution rate of
complexation accounted for 65.17 % of the total adsorption capacity,
but the contribution rate of precipitation only accounted for 7.04 %.
Therefore, phosphate contributed little to the removal of Hg(II).

5. Conclusion

In this work, the biochar synthesized from cow manure was proved
to have adsorption effects for Pb(II), Cd(II), and Hg(II) in solutions,
while the absorption mechanisms were investigated qualitatively and
quantitatively. The results indicated that the potential CMHCC appli-
cation for removal of Pb(II), Cd(II), and Hg(II) in solutions. However,
when CMHCC adsorbed heavy metal, the adsorption mode was different.

The physisorption and chemisorption likely coexisted during
adsorption of Pb(II) and Hg(Il), while physisorption dominated Cd(II)
adsorption by CMHCC. The adsorption data of Pb(II), Cd(II), and Hg(II)
can be described by the Langmuir isothermal model with the capacity as
466.45, 339.48, and 264.19 mg-g~!, respectively, demonstrating that
the adsorption of Pb(II), Cd(II), and Hg(II) by CMHCC were likely
monolayer adsorption.

Ion — exchange was considered as the dominant mechanism for Pb
(II) and Cd(II) adsorptions on CMHCC, the contribution rates of ion —
exchange was accounted for 55.89 and 41.59 mg-g~!, which accounted
for 56.17 % and 69.18 % of the total adsorption capacity, respectively.
In the case of CMHCC@Cd, the insoluble and stable precipitations
formed after adsorption were mainly carbonate. However, phosphate
precipitation was the main product for CMHCC@Pb. The endogenous
phosphorus of CMHCC played crucial roles in the adsorption of Pb(II)
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Fig. 7. Analysis of mechanisms contributions.
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than that of Cd(II). On the contrary, formation of complexations with the
oxygenated functional groups was considered as the dominant mecha-
nism for Hg(II) adsorption on CMHCC (65.17 %), but the contribution
rate of co—precipitation only accounted for 7.04 %. To sum up, the
endogenous phosphorus of CMHCC contributed greatly to the adsorp-
tion of Pb(Il), but had little effect on the removal of Hg(II).

Furthermore, the biological risks of CMHCC adsorbing three kinds of
heavy metal were different. Using CMHCC to remove three kinds of
heavy metal not only had great adsorption effect, but also little harm of
eutrophication caused by endogenous phosphorus release for the pro-
portion of bioavailable phosphorus decreased. After adsorption of heavy
metal on CMHCC, three kinds of heavy metal mainly existed in the form
of HMy,. The HM,, of CMHCC@Pb accounted for 24.08 %, indicating
that CMHCC@Pb had the highest heavy metal biological risk, followed
by CMHCC@Cd and CMHCC@Hg. These results are helpful in providing
solutions for ecological treatment of cow manure and optimizing the
selection of adsorption objects of phosphorus containing biomass. The
biotoxicity analysis of CMHCC@HM was beneficial to evaluate the
application feasibility.
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