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KEYWORDS Abstract A multifunction magnetic carbonaceous adsorbent (MBM/OH/BC) was synthesized by
Biochar: facile NaOH and ball-milling co-modified biochar, and applied for removing Cd*" in water. The
Water treatment; results showed MBM/OH/BC exhibited excellent adsorption capacity (183.59 mg/g for Cd*™),
Cadmium; short equilibrium time (60 min) and good reusability (the declining efficiency <20% after four
Adsorption kinetics and iso- adsorption and desorption cycles) compared with pristine biochar. Meanwhile, the modification
therm; mechanisms of NaOH and ball-milling to biochar were explored by a series of characterizations
Mechanism; (XRD, SEM-EDS, BET, XPS and FTIR, et al). The results indicated the remarkable adsorption

DEFT calculation performance of MBM/OH/BC was mainly attributed to the co-modification significantly increased

the specific surface area, mineral content and cation exchange capacity of biochar, thereby further
improving the precipitation, cation exchange and complexation with Cd>*. In addition, the results
of adsorption mechanisms showed that the joint contribution proportion to the total adsorption
capacity of precipitation, cation exchange and complexation was up to 90%, indicating the three
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mechanisms were the primary adsorption mechanism. To sum up, NaOH and ball-milling co-
modification was an effective strategy to increase the adsorption capacity of the pristine biochar

for heavy metals from water.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Various industries, including metal processing, electroplating
and mining, produce a large amount of heavy metal wastewater.
(Cheng, etal.,2021a; Cheng, et al., 2021b). Cadmium (Cd) is one
of the most toxic heavy metals, which can accumulate in organ-
isms and enter human organs through the food chain (Guo,
etal., 2017). It would destroy the activity of the enzyme, result-
ing in a variety of illnesses, for example, renal dysfunction, and
even life-threatening (Chen, et al., 2019; Cheng, et al., 2021a;
Cheng, et al., 2022; Fu, et al., 2013; Glicklich, et al., 2020;
Johri, et al., 2010). Therefore, many efforts have been made to
solve the problem of heavy metals pollution, which mainly
include photocatalytic degradation, oxidation, reduction, pre-
cipitation and adsorption (Chen, et al., 2019; Fu, et al., 2021;
Wang, et al., 2021). Among them, adsorption has been consid-
ered the most attractive method (Chen, et al., 2021; Islam,
etal., 2021; Zhou, et al., 2022). In particular, biochar is consid-
ered to be one of the most ideal adsorbents, and has aroused wide
attention. It has the advantages of low-cost and
environmentally-friendly performances. (Aichour, et al., 2022;
Baharum, et al., 2020; Huang, et al., 2018; Li, et al., 2018; Qiu,
et al., 2021; Yang, et al., 2021). Biochar is a solid product with
porous, insoluble, stable, highly aromatic and carbon-rich prop-
erties, which is obtained by pyrolysis of biomass residue (straw,
rice husk, sawdust, sludge, distiller’s grains, kitchen waste, tea
residue, etc.) under anaerobic or limited conditions. (Wang,
et al., 2019; Zubair, et al., 2021). However, the adsorption per-
formance of pristine biochar for heavy metals ions may be lim-
ited by its heterogeneity, few functional groups and low
specific surface area. And most of the pristine biochar is difficult
to satisfy the advantages of excellent adsorption capacity, rapid
adsorption rate and simple regeneration at the same time. There-
fore, to improve its adsorption capacity, adsorption rate and
reusability at the same time, it has become necessary to use phys-
ical or chemical modification to modify the pristine biochar.
Chemical modification methods mainly include acid modi-
fication, alkali modification and other organic solvent modifi-
cation (Ding, et al., 2016; Fernando, et al., 2021; Munera-
Echeverri, et al., 2018; Tang, et al., 2021; Xu, et al., 2016;
Zoroufchi Benis, et al., 2020). Among them, alkali modifica-
tion can significantly increase the specific surface area of bio-
char, thereby improving the adsorption efficiency of
pollutants (Zhou, et al., 2018; Zhou et al., 2020b). At the same
time, some research has found that alkali activation biomass
could significantly increase the content of minerals in biochar,
for example, CO3~ and PO3~, which could increase the precip-
itation with cadmium (Herath, et al., 2021). In summary, alkali
modification can increase the specific surface area and mineral
content of the pristine biochar at the same time, so as to
improve the ability of biochar to adsorb heavy metal ions.
Ball-milling is an effective physical modification technique to
obtain nanomaterials by mechanically reducing the size of par-

ticles (Xiao, et al., 2020), which can significantly improve the
specific surface area, uniformity and dispersion of the material.
More importantly, it also can increase the mineral content of
biochar, thereby improving the adsorption capacity of pollu-
tants. Meanwhile, the ball-milling method has the advantages
of ease of operation, low cost and being environmentally
friendly (Xiao, et al., 2020). Thus, ball-milling technology has
been widely used to prepare various nanomaterials (Honghong
Lyu, et al., 2018). Lyu et al, prepared ball-milled biochar and
it was used to strengthen the adsorption capacity of Hg>" and
organic CH3Hg ™ (Lyu, et al., 2020). Zhuang et al, synthesized
ball-milling biochar under different conditions for efficient
removal of volatile organic compounds (Zhuang, et al., 2021).
Zhang et al, synthesized ball-milled biochar and it enhanced
the ability to remove galaxolide (Zhanget al., 2019a). Therefore,
the ball-milling method is also an effective modification method
for improving the performance of biochar adsorb to heavy metal
ions.

In addition, to improve the reusability of biochar materials
and realize the rapid separation of pollutants from complex
matrices, the magnetic properties of the materials are necessary
(S.Zhang, etal., 2019). In recent years, some methods that make
the adsorbent has magnetic characteristics have been reported
by attaching magnetic particles to the adsorption materials, such
as co-precipitation, hydrolysis and pyrolysis (Han, et al., 2015;
Hu, et al., 2015; Li, et al., 2020; Zhang, et al., 2013). However,
these methods still have limitations, such as, co-precipitation
can cover the pore structures of the biochar, causing the active
site to be decreased, and the hydrolysis and pyrolysis can cause
uneven distribution of ions in biochar and require considerable
energy consumption, moreover, the above methods need to use a
lot of organic solvents, which may cause pollution to the envi-
ronment (Li, et al., 2020; Sun, et al., 2019; Thines, et al., 2017).
Compared with the above methods, the ball-milling method
can fix the magnetic particles on the adsorbent through high-
speed mechanical energy without adding any solvent, so as to
overcome the limitations of the above methods. Therefore,
ball-milling, as the green and solvent-free method, showed great
promise for producing magnetic bio-nanomaterial. Meanwhile,
it also can improve the adsorption performance for heavy metal
ions. Such as, Wang et al, prepared magnetic Fe’-BC material
based on biochar and ion powder, which showed good mag-
netism (Wang, et al., 2020). Shan et al, applied the ball-milling
technology to synthesize the ultra-fine magnetic BC-Fe;Oy,
which showed it easy to be separated magnetically (Shan,
etal., 2016).

In conclusion, ball-milling and alkali modification can not
only improve the adsorption capacity and adsorption rate of
biochar for heavy metals but also improve its reusability.
However, the modification mechanism is still unclear.

The overall goal of this study was to develop a novel magnetic
carbon nanomaterial based on the citrus peel (Pericarpium citri
reticulataec) with NaOH and ball-milling modification for
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enhancing heavy metal cadmium adsorption in water, and to
explain in-depth its modification mechanism adsorption mecha-
nism. The specific objectives were as follows: (i) to prepare and
characterize magnetic biochar materials (XRD, FTIR, XPS,
SEM, BET, Raman and VSM); (ii) to investigate the influence
of NaOH modification and ball mill modification on the adsorp-
tion performance of biochar; (iii) to study the qualitative and
quantitative mechanism of MBM/OH/BC adsorbing cadmium
and to compare the relative contribution of different adsorption
mechanism to total adsorption capacity by a series of character-
izations and batch experiments; (iv) to investigate the adsorption
behavior of MBM/OH/BC by adsorption kinetics and isotherms
models for better understanding of adsorption process. (v) to in-
depth explore the microscopic mechanism of adsorption of
heavy metal cadmium by biochar from the perspective of mole-
cule and atom based on density functional theory.

2. Materials and methods

2.1. Reagents and solutions

The cadmium nitrate tetrahydrate (Cd(NO),-4H,O), HNO3,
NaNO; and NaOH were purchased from Chengdu Kelong
Chemical Reagent (China). Fe;O4 particles were purchased
from Hebei Chuancheng Metal Materials Co., Ltd. (China).
Citrus peels (Pericarpium citri reticulatae) were collected from
local markets (Chengdu, China). The collected waste citrus
peels were dried at 60 °C and then dried citrus peels were
milled to a fine powder and passed through a 125-pum sieve.

2.2. Preparation of MBM-OH-BC

(1) NaOH modification: (i) 10 g of citrus peel (Pericarpium
citri reticulatae) powder was added into an Erlenmeyer flask,
20 mL of 20% NaOH was added and soaked for 3 h. (ii) An
appropriate amount of water is added to the Erlenmeyer flask
to wash away the excess NaOH. (iii) A small amount of 1 mol/
L HCI solution was added into the Erlenmeyer flask and used
to remove the redundant NaOH. (iv) The above-mixed solu-
tion was vacuum filtered and dried at 80 °C and sieved with
a 125-pm sieve.

(2) Preparation of biochar (OH/BC): 6 g of NaOH modified
citrus peel powder was added into the porcelain boat and pyr-
olyzed under different temperatures (500 °C, 600 °C, 700 °C,
800 °C) under the N, atmosphere. The heating program was
as follows: (i) the temperature rises from 25 °C to the final tem-
perature and maintaining it for 2 h (5 °C/min), and then cool-
ing to room temperature in a tube furnace. The products were
milled to a fine powder and named OH/BC-500, OH/BC-600,
OH/BC-700 and OH/BC-800, respectively. Meanwhile,
unmodified biochar was prepared using the same method,
which products were named BC-500, BC-600, BC-700 and
BC-800, respectively.

(3) Preparation of magnetic ball-milling biochar (MBM/
OH/BC): 2 g of each biochar (OH/BC-X) and 2 g Fe;0,4 and
200 g agate balls (diameter = 6 mm) were placed in 500 mL
agate jars, then the ball mill was conducted by the ball mill
machine (QM-3SP2, Nanjing University Instrument Factory,
China). The speed was 500 rpm, the time was 12 h, and the
rotation direction was changed every 3 h. The products were
named as MBM/OH/BC-X.

2.3. Characterization of sorbents

The methods of characterization were summarized in the sup-
plementary materials.

2.4. Batch adsorption experiments

The schematic illustration of the batch adsorption experiment
was shown in Fig. S1 and was conducted as follows: (i) 5 mg
sorbent was mixed with the 5 mL Cd** solutions (200 mg
L~") of initial pH = 7. (ii) the mixed solutions were agitated
with a constant temperature reciprocating shaker (SHA-B,
Shanghai Bilang, China) at a speed of 150 rpm. (iii) The com-
plex of adsorbent and analytes was isolated from the solution
with an external strong magnet or centrifuged for 5 min
(13,000 rpm). (iv) The supernatant was filtered with a
0.22 um nylon filter. (v)The samples were analyzed by the
ICP-OES with working wavelengths of 228.802 nm. The des-
orption experiment was conducted with 0.1 mol/L HNO;
and deionized water for 24 h at 25 °C. The initial pH (2-7)
was adjusted by adding 0.1 mol/L HNO; or 0.1 mol/L NaOH
solution. The ionic strength of the initial Cd*>" solutions was
adjusted with NaNOj solution. All experiments were per-
formed 3 repetitions, and the results were described as the
mean + SD.

The adsorption capacity Q. (mg-g~") for Cd>* was calcu-
lated by using equation (1):.

0.=[(Co—C)x V] W (1)

where C, (mg-L™"), C. (mg-L™"), V(L) and W (g) are the ini-
tial Cd?>" concentration, the Cd*>* concentration at equilib-
rium, the volume of the Cd®" solution and the amount of
adsorbent, respectively.

2.4.1. Adsorption kinetic

The determination of contact time and adsorption kinetic was
performed at the different time intervals for 5 h (5, 10, 30, 60,
120, 180, 240 and 300 min). The model formulas of adsorption
kinetics were as follows (Du, et al., 2021; Liu, et al., 2021):.

Pseudo — first — order(PFO)model : Ln(Q, — Q,) = LnQ,
= K tLn(Q, — Q,) 2

Pseudo — second — order (PSO) model :
1/0=1/K0+1/0, 3)

where Q. (mg~g_1), Q, (mg~g_1), t (min) and K; (min~"), K,
(gmg "min~") and K; (mg-g~!- min'"?) were removal amount
of Cd>* at equilibrium time and t time, and adsorption time,
and the corresponding rate constants, respectively.

2.4.2. Adsorption isotherm

Various adsorption isotherm models, including Langmuir,
Freundlich and Dubinin-Radushkevich model, are also consid-
ered to be the basis for describing the interaction between
adsorbent and adsorbate. The Langmuir isotherm model
assumes that adsorption occurs on homogeneous surfaces that
contain identical and equivalent sites. Freundlich isotherm
model assumes that the adsorption process was mainly hetero-
geneous and multilayer adsorption (Du, et al., 2021). The
Dubinin-Radushkevich model could be used to determine if
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adsorption occurred by physical or chemical processes (Sari,
et al., 2007). The adsorption isotherm experiment was per-
formed with an initial Cd®>" concentration in the range from
10 — 500 mg/L (10, 50, 100, 200, 300 and 500 mg/L). The
model formulas of adsorption isotherm were as follows
(Romero-Gonzalez, et al., 2005; Yu, et al., 2020):.

Langmuir model : 1/ Q, =1/ Q,K.C*+ 1/ Q,, 4)
Freundlich model : LnQ, = LnKr+ 1/n C, (5)

Dubinin — — Radushkevich (D — —R) model : LnQ,

=1nQ, - P& (6)
¢ = RTLn(1+ (1/C,)) (7)
E= 1/(-2p)" (8)

where Qy, (mg-g~") and Q. (mg-g~") are the maximum capacity
and the amount of Cd*>* adsorbed at equilibrium, respectively;
K, (Lmg™ "), K¢ (mg-g™ "), 1/n and C, (mg-L~') are Langmuir
constant, adsorption capacity in the unit concentration, the
intensity of adsorption and the equilibrium concentration,
respectively. B, € and E (kJ/mol) are activity coefficient, the
Polanyi potential and the mean adsorption energy,
respectively.

2.5. Quantitative adsorption mechanisms

The total contributions of mechanisms (Qy) for Cd>" on bio-
char include chemical adsorption mechanism (Qgpern) and
physical adsorption mechanism (Qpny). The chemical adsorp-
tion mechanism (Qcnem) mainly is composed of co-
precipitation (Qpr.), cation exchange (Qexc), complexation
(Qeom) and Cd>* -x interaction (Q.,). Those mechanisms could
be determined according to previous methods (Chen, et al.,
2020; Gao, et al., 2019; Huang, et al., 2020; Li, et al., 2018;
Liu, et al., 2020; Zhang et al., 2021b).

(i) The physical adsorption (Qphy) Was considered to be the
content of desorbed Cd>" from deionized water, and the
chemical adsorption mechanism (Qcnern) Was described that
the total adsorption mechanism (Qt) removes the physical
adsorption mechanism, which was as follows:.

Qch(’m = QT - Qphy (9)

(ii) The co-precipitation (Qp,.) mainly originates from min-
erals, thus it was calculated based on the difference of the
adsorption capacity for Cd>* by the adsorbent between before
and after demineralization. The demineralized method is as
following: the biochar after adsorbing Cd>" was washed three
times with 1 mol/L HNOj; solution, then washed with deion-
ized water to a constant pH value.

Q[)re = Q('hem - Qtle * ¥ (10)

where Qg. (mg-g™!) is the adsorption ability of biochar to
Cd>" after demineralization. Y is the yield of demineralized
biochar from the original biochar.

(iii) The cation exchange (Qexc) is equal to the amounts of
cations (K™, Na™, Ca®>" and Mg>") that are released into
the solution after biochar adsorbed Cd>".

ny(: = Qk + QNa + QCa + QMg (1 1)

where Qi, Qna» Qca and Qg (mg-g~") are the amount of K™,
Na™, Ca?" and Mg>", respectively.

(iv) The complexation (Qcom) Was originated from the
oxygen-containing functional groups, and the decrease in pH
before and after biochar adsorption of cadmium is only due
to the complexation between the oxygen-containing functional
groups in the demineralized biochar and Cd2+. The process
of demineralization could not change the surface oxygen-
containing functional groups of biochar. Thus, the complexa-
tion (Qcom) could be calculated as follows:.

Qcom = pH * Y (12)

where Qpy (mg-g~!) is the adsorbed Cd*>* by complexation
with oxygen-containing function groups on demineralized
biochar.

(v) Cd*>"-m interaction (Q.;) was calculated by subtracting
other chemical adsorption mechanisms from the total chemical
adsorption mechanism.

Q('n = Q('hem - Qcom - Qpre - Qexc (13)
2.6. DFT calculation method

The binding energy between Cd>" and biochar was calculated
by the Material Studio (MS) software based on Dmol3 pack-
age. The biochar model was represented by the structure of 7
aromatic rings containing oxygen functional groups, and the
edge of aromatic rings is compensated by H atoms. The bind-
ing energy was calculated by E,y4 = E - (Eso; + Ecq), where E,
is total energy of sorbent after adsorption of Cd>*. E,, is the
energy of sorbent. Eq is the energy of Cd*". The electrostatic
potential (ESP) was performed based on the Material Studio
(MS) software based on Dmol3 package (K. Zhou, et al.,
2020).

3. Result and discussion
3.1. Performance of Cd’* adsorption by MBM/OH/BC

3.1.1. Effect of pH

pH is a key factor that affects the adsorption efficiency of bio-
char for heavy metal ions. It not only affects the ionization
degree of heavy metal ions in the solution but also determines
the charge form (positive or negative) on the surface of the
adsorbent (P. Zhang, et al., 2021). Thus, the effect of different
initial solution pH values on the adsorption efficiency was
studied. At first, to prevent the precipitation problem of
Cd?" and ensure the solubility of Cd>*, the metal speciation
of cadmium in different pH (2-14) aqueous phases was calcu-
lated by Visual MINTEQ ver.3.1 modeling program (Zhu,
et al., 2020). The modeling result showed that no precipitation
(Cd(OH)y) was formed when the pH of the initial solution was
less than 7, and the Cd(OH), would be generated when the pH
was greater than 7 (Fig. 1a). Thus, the initial solution pH from
2 to 7 was investigated in the current study. According to
Fig. 1b, it could be found that the pH had a significant effect
on the cadmium adsorption capacity of MBM/OH/BC. The
adsorption capacity of cadmium increased with the increase
of pH of the solution, and the maximum adsorption capacity
was observed at pH = 7. The above experimental results could
be explained by the fact: (i) At the low pH, the H" concentra-
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Fig. 1
adsorption capacity.

tion was high and it might compete for the adsorption sites
with metal cation (M), thereby resulting in the decrease of
adsorption capacity for Cd®>". And the concentration of H ™"
gradually decreased with the increasing pH, and the competi-
tion between H' and Cd>" also weakened, thus increasing
the adsorption capacity for Cd*>* (P. Zhang, et al., 2021). (i)
At higher H" concentrations, H" might react with minerals
(CO3%) of the biochar material, thereby reducing the mineral
content and further reducing the precipitation of Cd>*, thus
the adsorption capacity was weakened (Liu, et al., 2020). (iii)
According to Fig. S2, it could be found that the pH,,. of
MBM/OH/BC was 10.52. When the pH of the solution is less
than pH,,., the MBM/OH/BC might be protonated, which
may hinder the adsorption of Cd*" duo to electrostatic repul-
sion (Gao, et al., 2019). In this study, pH = 7 was the closest
to pH,,, thus the electrostatic repulsion was the weakest at
pH = 7, and the best adsorption capacity was found when
the initial concentration was pH = 7. In summary, pH = 7
was selected as the optimum condition.

3.1.2. Contact time and adsorption kinetic

To determine the equilibrium time and to compare the adsorp-
tion rate of biochar before and after modification (MBM/OH/
BC and BC), the contact time from 5 to 300 min was investi-
gated. According to Fig. 2, it could be found that the adsorp-

(a) The speciation of cadmium in the aqueous phase at different pH. (b) The effect of different initial solution pH on the Cd**

tion rate after modification (MBM/OH/BC) was twice that
before modification (BC). The equilibrium time of MBM/
OH/BC and BC was approximately 60 min and 120 min,
respectively, which showed that the adsorption rate of biochar
could be significantly improved by NaOH and ball-milling
modification. Meanwhile, to ensure the process reached equi-
librium completely, the subsequent experiment was carried
out using 60 min as contact time.

In addition, to deeply study the relationship between adsor-
bent, adsorbate and adsorption time and to understand the
adsorption process of heavy metal ions on biochar (Du,
et al., 2021), the PFO kinetic model and PSO kinetic model
were utilized to fit the data of batch adsorption experiments.
The kinetic curve and fitting parameters were shown in
Fig. 3a and Table 1. According to Fig. 3a, it could be found
that the adsorption process was divided into three steps, which
included the fast adsorption, slow adsorption and dynamic
equilibrium stage. It could be interpreted as: at the initial stage,
a large number of active sites were not occupied, so Cd>" was
easily captured by the adsorbent through electrostatic attrac-
tion. As the contact time went by, the most of adsorption sites
and pore spaces were occupied, thus the adsorption rate of
Cd>* was decreased. Finally, the electrostatic repulsion
between the adsorbed Cd>* and the Cd*>* in the solution pre-
vented the subsequent adsorption (Hosseini, et al., 2021).

r 160

T MBMOH/BC
| BC
i
L L L B
S 20 30 60

Adsorption capacity (mg/g)

120 180

300

Contact time (min)

Fig. 2

The effect of different contact time on the Cd>* adsorption capacity.
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Dubinin—Radushkevich (b), Langmuir (c) and Freundlich (d) adsorption isotherms model.

Table 1 The parameters of the pseudo-first-order and pseudo-second-order adsorption kinetic models for the adsorption of Cd>*

onto MBM/OH/BC.

Q. (exp) Pseudo-first-order kinetic model Pseudo-second order kinetic model
Qe Kl R2 Qe K2 R2
cd*t 141.34 138.63 0.1361 0.992 142.43 0.0606 0.994

According to Table 1, it could be found that the R? value of
the PSO kinetic model was closer to 1 than the PFO kinetic
model, which were 0.994 and 0.992, respectively. And the Q.
value calculated by the PSO model was consistent with the
experimental Q. value. The results indicated the adsorption
process of Cd*>" on MBM/OH/BC was more suitable to be
described by PSO and Cd*" adsorption by MBM/OH/BC
were mainly controlled by chemical adsorption (Huang,

et al., 2018; P. Zhang, et al., 2021), for example, precipitation,
cation exchange and complexation, which was consistent with
previous studies (Gao, et al., 2019; Huang, et al., 2020; Yu,
et al., 2018).

3.1.3. Adsorption isotherm studies

The fitting curves of the three models (Langmuir, Freundlich
and Dubinin-Radushkevich model) were shown in Fig. 3b-d,

Table 2 The Parameters of the Freundlich, D-R isotherm and Langmuir model for the adsorption of Cd>* onto MBM/OH/BC.

Freundlich isotherm model

Langmuir isotherm model

Dubinin—Radushkevich (D-R) model

Kr n R? Qm Ko R? B E R?
(mgg™") (mgg™") (Lg™) (mol*/J?) (kJ/mol)
Ccd>t 0.0215 4.032 0.997 183.59 0.0732 0.992 -0.003.98 11.21 0.996
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and the constants and coefficients were listed in Table 2. The
results showed the Freundlich isotherm model (R? = 0.997)
had a better fitting effect than the Langmuir isotherm model
(R? = 0.992), indicating the adsorption process of Cd*" on
MBM/OH/BC was heterogeneous and multilayer adsorption.
Meanwhile, the 1/n < 0.5 showed that the adsorption charac-
teristics of Cd®>* on MBM/OH/BC were ideal (P. Zhang, et al.,
2021). According to the result of the Langmuir isotherm model
(Fig. 3c and Table 2), it could be clearly observed that the
adsorption capacity of biochar modified by NaOH and ball-
milling (MBM/OH/BC) was significantly improved, and its
maximum adsorption capacity could be as high as
183.59 mg/g, which was almost twice that of unmodified bio-
char (BC, 101.51 mg/g), which proved that the adsorption
capacity of biochar could be significantly improved by NaOH
and ball-milling modification. In addition, according to the
result of Dubinin-Radushkevich model fitting, the average
adsorption energy (E) was 11.21 kJ/mol. Generally, if average
adsorption energy (E) is less than 8 kJ/mol, the adsorption
process mainly follows physical adsorption, on the contrary,
if average adsorption energy (E) is greater than 8 kJ/mol, the
adsorption process mainly follows chemical ion-exchange.
Thus, the results of Dubinin-Radushkevich model fitting
(E > 8 kJ/mol) further proved that the adsorption of Cd>"
on MBM/OH/BC was mainly a chemical adsorption process
(Romero-Gonzalez, et al., 2005; Sari, et al., 2007).

3.2. Qualitative and quantitative adsorption mechanisms

3.2.1. Precipitation

The adsorption mechanism of MBM/OH/BC for heavy metals
mainly includes physical adsorption, cation exchange, precipi-
tation, complexation and coordination between the metal ion
and 7w electrons, and the schematic diagram was shown in
Fig. 4. The precipitation effect of biochar originated from
the effect of minerals, for example, CO3 and PO . By com-
paring the SEM images before and after MBM/OH/BC
adsorption of Cd*" (Fig. 3¢, d), it could be clearly found that
many white granular crystals were attached to the surface of

Q W
% |
. )
%0 9]

MBM/OH/BC, and the white crystals were considered to be
insoluble mineral cadmium precipitates. Then, the XRD spec-
tra of the MBM/OH/BC before and after adsorption were
obtained to further determine the types of mineral cadmium
precipitates. Evidently, the new peak could be found in the
XRD spectra of MBM/OH/BC after Cd>" adsorption
(Fig. S3). The new peaks were identified as CdCO; and Cdj(-
POy,),, which further confirmed that the precipitation effect
between minerals and Cd>" played a vital role in the adsorp-
tion process. In addition, according to the FTIR spectra
(Fig. 6b), it could be found that the peak at 1085 cm™! was
shift to 1067 cm™! after MBM/OH/BC adsorbed Cd>*, the
peak (1085 cm™") was correspond to the PO3~, which indicated
that the cadmium phosphate (Cd3(POy,),) precipitation might
be formed (Huang, et al., 2020), and the peak at 1497 cm™"
was shift to 1477 cm ™', corresponding to the CO3", indicating
that the cadmium carbonate (Cd;CO;) might be formed
(Huang, et al., 2018; Huang, et al., 2020). Meanwhile, by com-
paring the XPS spectra of MBM/OH/BC after Cd>* adsorp-
tion with the original one (Fig. 7a, d), the new peaks could
be found, which showed that there were a great number of
Cd>" on the surface of the MBM/OH/BC, among them, the
binding energy of 406410 eV assigned to CdCO; and Cd-O.
Those results further proved that the precipitation of minerals
was an important mechanism for MBM/OH/BC to adsorb
Ccd**.

3.2.2. Cation ion exchange

A large number of metal ions (K™, Na®, Ca>" and Mg>™")
could be retained in MBM/OH/BC through electrostatic inter-
action with negative charge sites (Huang, et al., 2020). During
the process of MBM/OH/BC adsorbing Cd>", the Cd>* might
be exchanged with the metal ions that were retained in MBM/
OH/BC (K", Na*t, Ca®>" and Mg?"), thereby adsorbing on
MBM/OH/BC. Therefore, cation ion (K*, Na*, Ca®>" and
Mg?*) exchange was considered a critical mechanism for
Cd>" adsorption onto MBM/OH/BC. In the current study,
it could be found that 26.7 mg/g (Q.) of metal ions (K",
Na™, Ca?* and Mg?") were released into the solution during

U Cd*
‘ Ca2+’ K*, Mg2+, Na*
Surface functional groups

‘ Minerals (CO,*, PO,*)

Fig. 4 The schematic diagram of the possible adsorption mechanism of Cd** on MBM/OH/BC.
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Fig. 5 The SEM images of BC (a), OH/BC (b) and MBM/OH/BC (c). (d) The SEM images of MBM/OH/BC after Cd>* adsorption.

the adsorption process (Fig. 8), which was equal to the amount
of cadmium adsorbed on the MBM/OH/BC (Huang, et al.,
2020). It preliminarily proved that cation exchange partici-
pated in the adsorption process of Cd>" in solution. In addi-
tion, according to the SEM-EDS spectra (Fig. 9¢,d), it could
be observed clearly that the content of K, Na™, Ca’* and
Mg?" was significantly reduced after Cd>* adsorption, which
further confirmed that the cation ion exchange with metal ions
had occurred during the adsorption of Cd*". Therefore, the

metal cations exchange was one of the indispensable mecha-
nisms of Cd** adsorption by MBM/OH/BC.

3.2.3. Coordination

The coordination between metal ions and = electrons was also
considered to be a possible adsorption mechanism. The aro-
matic ring and basic functional groups on the surface of bio-
char were electron-rich, which could provide n electrons to
coordinate with heavy metal ions (Huang, et al., 2020). In

a o=,
A

Transmittance (%)

C

e MBM/OH/BC
= MBM/OI/BC+Cd|

1605 754 439
3411 1477 1067

1021

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 6
Cd*>™ adsorption.

T T T T T T T T
50000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(a) The FTIR spectra of BC (A), OH/BC (B) and MBM/OH/BC (C). (b) The FTIR spectra of MBM/OH/BC before and after
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Fig. 7 The XPS scanning spectra of MBM/OH/BC before (a, b and ¢) and after (d, e and f) Cd>" adsorption. Cls (c, f) and Ols (b, e).

the current study, FTIR spectra showed that the C = C
stretching peaks of MBM/OH/BC shifted from 1617 cm ™! to
1605 cm ™!, which indicated the coordination of Cd*>* and =
electrons might contribute to Cd>* adsorption (Fig. 6b)
(Gao, et al., 2019). Meanwhile, according to the Raman spec-
tra (Fig. S4), it could be found that the peak shifted from
1359 cm ™! to 1374 cm ™! and from 1619 cm ™! to 1634 cm ™!,
which might be explained as the coordination between the n
electrons of the aromatic ring and the Cd>* caused the redshift
of the peak, which further proved that Cd** - & interaction
was one of the mechanism of Cd*>* adsorption by MBM/
OH/BC.

3.2.4. Complexation

FTIR and XPS were used to determine the changes in the
surface functional groups of MBM/OH/BC before and after
Cd>" adsorption. According to the FTIR spectra (Fig. 6b),
after Cd*>" adsorption, it could be found that the dominant
peak at 3425 cm™' (assigned to —OH) was obviously weak-
ened, and the peak at 1617 cm ™! (assigned to C = 0O)
was also significantly weakened and shifted from
1617 em™' to 1605 cm™'. Those findings confirmed that
the complexation of functional groups including hydroxyl
and carboxyl was involved in Cd*>* adsorption (Liu, et al.,
2020). Meanwhile, the results of XPS showed that the Cls
and Ols spectra of MBM/OH/BC before and after adsorp-
tion have obviously changed (Fig. 7). After Cd*>" adsorp-
tion, the peak area of C-O of Cls was reduced from 9.3%
to 5.4%, and the peak area of C = O was reduced from
7.2% to 4.8%. Similarly, after Cd*>* adsorption, the peak
area of C-O and C=0 of Ols spectra also reduced from
43.8% and 29.6.8% to 31.9% and 16.1%, respectively.
The results further proved that the complexation between
functional groups (C=0, C-0) and Cd*>" is involved during
the adsorption process (Liu, et al., 2020). Therefore, the
complexation was also considered as a critical mechanism
of Cd** adsorption by MBM/OH/BC.

3.2.5. Quantitative mechanism distribution

In addition, in order to further analyze the contribution of sev-
eral adsorption mechanisms to the total adsorption capacity,
their respective adsorption capacity and contribution rate were
quantitatively calculated. The results were shown in Fig. 8. It
could be found that the precipitation, cation exchange and
complexation was the main adsorption mechanism for
MBM/OH/BC to adsorb Cd*", which was consistent with pre-
vious studies (Huang, et al., 2018). The contribution rates of

fQ‘Lmo

- 80

60

40

Adsorption capacity (mg/g)

20

MBM/OH/BC

com
18.8%

MBM/OH/BC

Fig. 8 The adsorption capacity of Cd*" from the different
mechanisms on the three biochar. The contribution rate of
different mechanisms to total adsorption capacity.
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dispersed in sample solution and the magnetic separation.

the precipitation, cation exchange and complexation were
50.7%, 20.5% and 18.8% respectively, which explained 90%
of the total adsorption mechanism, however, the physical
adsorption and interaction of metal ion and = electrons only
explained 10% of the total adsorption mechanism, which
showed that the two mechanisms were minor importance
(Huang, et al., 2020). More importantly, by comparing the
quantitative adsorption mechanism distribution of modified
and unmodified biochar, it could be observed that the precip-
itation, cation exchange and complexation of modified biochar
(MBM/OH/BC) were significantly increased, and the precipi-
tation, cation exchange and complexation had increased from
35.9 mg/g, 14.7 mg/g and 17.7 mg/g to 65.8 mg/g, 26.7 mg/g
and 24.4 mg/g, respectively. It explained the reason why
NaOH and ball-milling modification could improve the
adsorption capacity of biochar was that it increased the precip-
itation, cation exchange and complexation of biochar.

3.3. DFT calculation

In order to better explore the interaction mechanism between
biochar adsorbent and Cd>™ at the molecular or atomic level,
the quantum chemistry calculation based on the density func-
tional theory (DFT) was applied. Combined with the results of
XPS and FTIR, it could be found that the oxygen-containing
functional group on the biochar mainly included hydroxyl,
carbonyl and carboxyl (OH, C = O and COOH). Thus, the

four computational models with various oxygen-containing
functional groups modified graphene structure was con-
structed, and the adsorption energy was calculated. The opti-
mized geometries and adsorption energy were shown in
Fig. 10. According to Fig. 10, the binding energy of COOH-
graphene, C = O-graphene OH-graphene, and pure graphene
were —123.45 kJ/mol, —121.56 kJ/mol, —126.17 kJ/mol and
—116.93 kJ/mol, respectively. The greater the absolute value
of the binding energy, the greater the binding energy of the
adsorbent and Cd*" (Feng, et al., 2021). The results showed
that the binding energy of graphene modified with oxygen-
containing functional groups was significantly greater than
that of pure graphene. The significant increase in adsorption
energy could be attributed to the Lewis acid-base interaction
between oxygen-containing functional groups and Cd>".
Meanwhile, it further proved that the adsorption ability
between biochar and Cd*>* could be strengthened by improv-
ing the oxygen-containing functional groups in biochar.

In addition, to further predict and explore reactive sites
between MBM/OH/BC and Cd>", the electrostatic potential
(ESP) analysis was performed. The metal cation was closer
to the surface with the negative ESP, which indicated it was
more likely to be the active site for electrophilic reactions.
ESP distribution was usually considered on Van der Waals
(vdW) surface. Under the default color method (blue-white-
red, BWR), the blue iso-surface corresponded to negative
ESP, and the bluer the color, the lower the ESP (Zhang
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Fig. 10  The optimized geometric structures of Cd?>* on biochar adsorbent (COOH-graphene, C = O-graphene, OH- graphene and pure-
graphene).

et al., 2021a). In the current study, the ESP iso-surface maps of distributed near oxygen-containing functional groups, indicat-
the four computational models were depicted in Fig. 11. It ing the oxygen-containing functional groups on the surface
could be obviously seen that the blue iso-surface was mainly were the active sites that mainly react with Cd>". Thus, it fur-

COOH|

Fig. 11 The ESP iso-surface map of biochar adsorbent (COOH-graphene, C=O-graphene, OH- graphene and COOH/OH/C=O-
graphene).
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Table 3 The main physicochemical characteristics of BC, OH/BC and MBM/OH/BC.

Sample Tons content (mg/g)

K* Na™* Ca?* Mg?* CO3 PO3~
BC 8.23 2.35 2.76 2.21 2.26 4.03
OH/BC 9.32 16.32 2.12 2.12 24.57 6.43
MBM/OH/BC 6.25 10.51 2.97 2.56 16.43 5.35

ther confirmed that increasing the oxygen-containing func-
tional group content in biochar could enhance the adsorption
capacity of biochar for Cd**.

3.4. Modification mechanisms of NaOH and ball-milling to
biochar

Pyrolysis temperature had a significant impact on the structure
and chemical composition of biochar and it was a key factor
that determines the adsorption efficiency of biochar to Cd*™.
Thus, to obtain the best adsorption efficiency, the different
pyrolysis temperature (500, 600, 700 and 800 ‘C) was investi-
gated. According to Fig. S5, it could be found that the adsorp-
tion efficiency was the highest when the pyrolysis temperature
was 700°C, which could be explained that the increase of the
specific surface area and mineral content of biochar as the tem-
perature increases, facilitating the adsorption of heavy metal
ions. Therefore, the 700 “C was selected as the optimal pyroly-
sis temperature. Meanwhile, it could be clearly seen that the
adsorption capacity was significantly increased after NaOH
modification (Fig. S5a), and the adsorption capacity of OH/
BC (189.3 mg/g) was more than twice that of BC (85.2 mg/
g). And after further ball-milling, the adsorption capacity
was further improved. In Fig. S5b, the adsorption capacity
of the MBM/OH/BC was 133.1 mg/g. In fact, the biochar
adsorbent content in MBM/OH/BC only occupied 50%, and
the other 50% was Fe30,4. Therefore, the actual adsorption
capacity of MBM/OH/BC could reach close to 266.2 mg/g.
In summary, the NaOH and ball-milling modification could
improve the adsorption capacity of biochar for Cd>" .

In order to further explore the effect of NaOH and ball-
milling co-modification on the physical and chemical proper-
ties of biochar, and to explain the reason why NaOH and
ball-milling co-modification could improve the adsorption effi-
ciency of biochar to Cd?™", the modified and unmodified bio-
char (BC, OH/BC and MBM/OH/BC) were characterized by
a series of characterization methods (SEM-EDS, FTIR, BET
and XPS, etc.).

3.4.1. NaOH and ball-milling modification effect on
physicochemical properties

The physicochemical properties of BC, OH/BC and MBM/
OH/BC were shown in Table 3. According to Table 3, it could
be observed clearly that the contents of Na™ was significantly
increased after NaOH and ball-milling modification. This
might be interpreted as the chemical reaction between NaOH
and functional groups of the biomass to produce R-COONa,
R-ONa or Na,COj3, which remained in the biomass (Huang,
et al., 2020). The above results were consistent with the results
of SEM-EDS (Fig. 12). The results showed that the percentage
of K, Na, Ca and Mg elements in the modified biochar have
increased significantly. It was conducive to improving the

cation exchange with heavy metal ions, thereby enhancing
the removal capacity of biochar for heavy metal ions. Mean-
while, it was worth noting that the content of CO% and
PO; ™ in the modified biochar were also significantly higher
than the pristine biochar (Table 3), which could greatly
improve the precipitation of heavy metal ions, and further
increase the ability of biochar to remove heavy metal ions.
The results were consistent with the results of the FTIR anal-
ysis (Fig. 6a). After the modification, the peak intensity corre-
sponding to CO3 and PO}~ increased significantly.

3.4.2. NaOH and ball-milling modification effect on the surface
functional groups

The surface functional groups and chemical composition were
investigated through FTIR and XPS. The results were shown
in Fig. 6 and Fig. 7. In the FTIR spectra (Fig. 6a), the stretch-
ing vibration peak at 3425 cm™' was contributed to —OH
bonds; the peak at 1617 cm ™' corresponds to the C=C and
C =0 stretching vibration (Li, et al., 2020; K. Zhou, et al.,
2020), which indicated that there were lots of oxygen-
containing functional groups in biochar materials. Meanwhile,
it was worth noting that the peak intensity of the oxygen-
containing functional groups has increased after NaOH and
ball-milling modification, which suggested that the NaOH
modification might have introduced additional oxygen-
containing functional groups and the ball-milling modification
might expose the unsaturated bonds (Lyu et al., 2018a; 2018b).
This was beneficial to improve the complexation between
oxygen-containing functional groups and heavy metal ions
and further enhance the ability to remove heavy metal ions.
In addition, in the XPS survey scans of MBM/OH/BC (Fig. 7-
a-c), the peak at around 284 eV, 532 eV and 700 eV corre-
sponding to the Cls, Ols and Fe2p core level, respectively.
The Cls could be deconvoluted into four sub-peaks, which
include C=C (284.8 e¢V), C-C (284.4 eV), C=0 (288.1 eV)
and C-O (286.5 eV) (K. Zhou, et al., 2020). The Ols could
be deconvoluted into four sub-peaks, which include O-H
(532.9 eV), C=0 (531.1 eV), C-O (532.1 ¢V) and COOH
(530.1 eV) (Li, et al., 2020; K. Zhou, et al., 2020). To sum
up, the above XPS results proved that there were a large num-
ber of oxygen-containing functional groups in MBM/OH/BC,
which could be complex with heavy metal ions. The binding
energy peaks at 724.4 eV and 718.2.4/733.3 eV in the Fe2p
spectrum of MBM/OH/BC represented the existence of Fe
2p1 > and Fe 2p;,, which indicated the occurrence of magnetic
Fe3;04 in MBM/OH/BC (Du, et al., 2021).

3.4.3. NaOH and ball-milling modification effect on
morphologies and structures

SEM was applied to study the surface morphologies and struc-
tures of BC, OH/BC and MBM/OH/BC. The results were
shown in Fig. 5. According to Fig. 5a, b, it could be found that
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Fig. 12
after Cd>* adsorption.

OH/BC presented the 3D network structure (Fig. 5b). Com-
pared with BC (Fig. 5a), OH/BC presented a larger specific
surface area, which could significantly increase the contact
and action area with heavy metal ions, thereby promoting
the adsorption efficiency for heavy metal ions. In Fig. Sc, it
could be clearly seen that there were lots of spherical particles
attached to the surface and inside of the biochar, which was
considered as Fe;O4, which could be further proved by
SEM-mapping. The spectrum of SEM mapping showed that
Fe eclements were evenly distributed in MBM/OH/BC
(Fig. 9). The above results confirmed that Fe;O,4 particles were
successfully extruded onto the biochar adsorbent by ball-
milling. Meanwhile, the VSM was used to study its magnetic
performance. The hysteresis curves showed the saturation
magnetization of MBM/OH/BC was 37.09 emu/g and all mag-
netic biochar materials were strongly attracted to an external
magnet (Fig. 9d), which implied that it was enough to be mag-
netically separated from the solution under an external mag-
netic field, and it was conducive to the recycling and reuse of
adsorbent materials.

3.4.4. NaOH and ball-milling modification effect on specific
surface area

The BET surface area and pore volume values for the BC, OH/
BC and MBM/OH/BC were obtained from the N, adsorption
or desorption isotherms. According to Fig. S5a, BC, OH/BC
and MBM/OH/BC showed a typical IV type curve in accor-

5 10 15 20

keVEull scal:2030 cts Cursor: (1.00

5 10 15 20

ke Full scal:2030 cts Cursor: 0.00 kev

(a-c) The EDS spectra image analysis of BC, OH/BC and MBM/OH/BC. (d) The EDS spectra image analysis of MBM/OH/BC

dance with the TUPAC (International Union of Pure and
Applied Chemistry) and the type H, hysteresis loop was
observed, which indicated that those adsorbents had lots of
microporous structures and occurred the phenomenon of cap-
illary condensation (Feng, et al., 2021; Zhou, et al., 2018). This
result was further proved by the pore diameter distribute
curves (Fig. S6b). In addition, the detailed data of the BET
surface area and pore volume values were shown in Table 4.
From Table 4, it could be found that the specific surface area
and pore volume of the biochar adsorbent were significantly
increased after NaOH and ball-milling modification, and the
specific surface area has increased from 64.45 to 148.41 m?/
¢!, and the pore volume has increased from 0.091 to
0.178 cm®/g~", which was consistent with the results of SEM

Table 4 The textural properties of BC, OH/BC and MBM/
OH/BC.

Textural properties BC OH/ MBM/OH/
BC BC

Spet — surface area (m? g~ ') 64.45 28891  148.41

Vt — total pore 0.091 0.315 0.178

volume (cm® g ')
D, — average pore
diameter (nm)

4.153 3.061 1.985
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and it could enhance the adsorption and removal ability for
heavy metals ions.

3.5. Desorption and regeneration

The magnetic MBM/OH/BC could be easily separated from
the aqueous solution with an external magnetic field, so it
was convenient to recycle and reuse. In four adsorption and
desorption cycles, the adsorption capacity of MBM/OH/BC
was 136.2 mg/g, 128.4 mg/g, 117.5 mg/g and 109.0 mg/g,
respectively (Fig. S7), which indicated that MBM/OH/BC
had excellent reproducibility and reusability.

3.6. Comparison with other biochar adsorbents

The comparison with other biochar adsorbents used for the
removal of Cd*" was summarized in Table SI. It could be
found that the adsorption capacity of MBM/OH/BC to
Cd*" was significantly higher than other adsorbents, which
further proved that the NaOH and ball-milling modification
could significantly improve the adsorption capacity of biochar.
Meanwhile, the MBM/OH/BC also had a high adsorption rate
and reusability.

4. Conclusions

This study synthesized a high adsorption performance, recy-
clable magnetic nano-carbon material by facile NaOH and
ball-milling co-modifying biochar. The results showed MBM/
OH/BC exhibited excellent adsorption capacity, high adsorp-
tion efficiency and good reusability at the same time. In addi-
tion, in order to explain its adsorption mechanism in-depth,
the qualitative and quantitative mechanisms were investigated.
The adsorption process could be well described by the pseudo-
second-order kinetic model (R? = 0.994) and Freundlich iso-
therm model (R? = 0.997), indicating the adsorption process
was mainly controlled by chemisorption. The results of
XRD, SEM-EDS, FTIR, XPS, Raman and DFT calculation
showed that the mechanisms of MBM/OH/BC adsorbing
Cd*" mainly include physical adsorption, cation exchange,
precipitation, complexation and coordination. Meanwhile,
according to the result of quantitative mechanisms, the precip-
itation, cation exchange and complexation were the primary
adsorption mechanism, which jointly contributed 90% of the
total adsorption. Therefore, it could be concluded that NaOH
and ball-milling modification was a powerful modification
method to improve the adsorption capacity of biochar for
heavy metals ions. In the follow-up research, we will further
explore the interaction and influence mechanism of ions in
their binary ion system, ternary ion system and multi-
component ion system.
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