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Graphical abstract
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2.7t Interaction (3.88%)
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Highlights
® MgCl> modification increased the specific surface area and pore volume of
biochar.
® MgCl modified biochar removed 763.12 mg/g Cd>" from polluted water.

® (Cd(OH): precipitation dominated the Cd** removal mechanism.
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Abstract

In this study, a pristine biochar (BC) and MgCl,-modified biochar (MBC) were
prepared using Pennisetum sp. straw for removing Cd*" from aqueous solutions.
Scanning electron microscope (SEM) imaging combined with energy dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), as well as the surface area and porosity analyses were
used to reveal the physico-chemical characteristics of the pristine and modified
adsorbents. Results suggested that MgCl, impregnation during the synthesis had
enhanced the specific surface area and pore volume of the biochar. Batch adsorption
experiments showed that the Cd*>" adsorption data of MBC fitted to the Langmuir
isotherm and pseudo-second order kinetic models, indicating a chemical adsorption was
undergoing in the system. The maximum adsorption capacity of Cd*" on MBC was
763.12 mg/g, which was 11.15 times higher than that of the pristine BC. The Cd*"
removal by MBC was mainly attributed to the mechanisms in an order: Cd(OH):
precipitation (73.43%) > ion exchange (22.67%) > Cd*"-n interaction (3.88%), with
negligible contributions from functional group complexation and physical adsorption.
The MBC could thus be used as a promising adsorbent for Cd** removal from aqueous

solutions.

Keywords: Engineered biochar; Cadmium removal;, Adsorption; Surface

characterization; Wastewater treatment.
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1. Introduction

Cadmium (Cd) in wastewater is an environmental concern because the element is
non-biodegradable, and poses risks to human health through the food chain and
drinking water contamination (Chen et al., 2020; Lian et al., 2020). It is imperative to
develop an efficient and cost-effective method to remove Cd*" from wastewater. A
number of methods including precipitation, adsorption, and membrane filtration can be
used for Cd** removal from wastewater (Purkayastha et al., 2014; Xiong et al., 2015),
among which adsorption is believed to be an extensively applied method, due to the
comparatively easier manipulation, extensive material sources, high efficiency, and low
cost of operation (Yoon et al., 2017). Studies have shown that carbonaceous materials,
such as activated carbon (Kim et al., 2020), graphene (Zong et al., 2020; Fang et al.,
2020), chitosan (Malgorzata et al., 2020), and metallic oxides such as magnetite (Hong
et al., 2020) could adsorb Cd** from aqueous solutions. However, application of the
above adsorbents in sewage and wastewater treatment plants was limited owing to the
complicated preparation process of the adsorbents, their low adsorption efficiency, and
high capital investment (Liu et al., 2020).

Biochar has been favored as a new adsorbent, attributed to its large specific surface
area (Sger), high pH, abundant charges on the surface, high porosity, and plentiful of
oxygen-containing functional groups (Bandara et al., 2019; Kwon et al., 2020). Various
studies have demonstrated that the Cd*" adsorption capacity in the aqueous solution can
be enhanced via biochar modification (Nie et al., 2021; Shaheen et al., 2019; Wen et al.,
2021). Studies have shown that biochar being chemically modified by magnesium (Mg)
ions or compounds (i.e., MgCl,, MgO) can effectively increase the Sger and O/C ratio,
thus enhance the Cd** adsorption capacity. For example, Tao et al. (2019) modified
Thalia dealbata biochar with MgCl,, which increased Sger of the modified biochar to
110.6 m?/g, about 15.6 times higher than that of the pristine biochar. The O/C ratio of
MgClz-modified Thalia dealbata biochar increased from 0.16 to 0.28, indicating that
the number of organic functional groups increased significantly, and the maximum
adsorption capacity of Cd** was approximately 1.5 times higher than that of the pristine
biochar. Similar conclusions were also confirmed by Zhang et al. (2021). However, Hou
(2017) found that the Sger of MgClz-modified cow manure biochar was decreased from
2.23, 3.82, and 12.23 m?/g before modification to 0.33, 2.05, and 6.92 m%/g after
modification when pyrolyzed at 300 °C, 450 °C and 600 °C. Therefore, uncertainties
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still exist on the effect of MgCl> modification of biochar for Cd** adsorption. Li et al.
(2020) modified four types of straws (corn, taro, cassava, and banana) and one type of
shell (camellia nut) biochar with MgCl.. In their studies, the maximum theoretical Cd**
adsorption capacity was 66.23, 96.15, 185.19, 238.10, and 333.33 mg/g, respectively
(Li et al., 2020). When studying MgO-modified biochar, Xiang et al. (2018a) modified
rice husk biochar with MgO, raising the Sger from 4.23 to 20.64 m?/g, and subsequently
the amount of Cd** adsorption (18.10 mg/g) was 2.85 times enhanced than that of the
pristine biochar. The advantage of MgCl> modification in solution impregnation was
that the pretreatment intensively dehydrated and carbonized the straw biochar, and
formed open pores under heating conditions (> 500 °C) (Li et al., 2016). Considering
the highly efficient Cd*" adsorption performances, we deduced that MgClr-modified
straw biochar could be an ideal adsorbent for treating Cd-contaminated wastewater, but
the mechanism for the enhanced Cd*" adsorption due to MgCl> modification of biochar
is still unclear.

In our previous study, three kinds of Pennisetum sp. straw biochar (modified with
H>0,, KMnOy4, and Fe(NO3)3) were prepared with relatively small Sget of 3.13, 4.70
and 8.80 m?*/g, respectively (Yin et al., 2019; 2020). In this study, we modified the
Pennisetum sp. straw biochar with MgCly, aiming at: (1) altering the Sger of the
modified biochar (MBC), and (2) quantifying the contributions of Cd*" removal
mechanisms, including mineral precipitation, ion exchange, functional group
complexation, physical adsorption, electrostatic attraction, and Cd**-n interactions,

from aqueous solutions by MBC.

2. Materials and methods
2.1 Chemicals

Cadmium nitrate (Cd(NO3), analytical reagent (AR) grade), anhydrous magnesium
chloride (MgCl,, AR), and sodium nitrate (NaNOs;, AR) were procured from
Guangzhou Chemical Reagent Factory. Ultrapure water was obtained using a laboratory

water purification unit (Clever-S15, Zhiang Instrument Co., Ltd, Shanghai).

2.2 Preparation of biochar

The Pennisetum sp. straw, a weed species, was collected from a farmland in
Guangzhou City, Guangdong Province, China. The straw was rinsed with ultra-pure
water, dried at 60 °C to constant weight, cut into 3-4 cm pieces, ground, and passed

through a 100-mesh sieve.
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The ground Pennisetum sp. straw (20 g) was pyrolyzed in a tube furnace with
nitrogen (N7) as the inert gas (200 mL/min), and the temperature was raised up to
500 °C gradually at the rate of 5 °C/min, with the final temperature lasting for 2 h, and
then stored in a desiccator.

MgCl-modified biochar (MBC) was prepared by soaking 10 g Pennisetum sp.
straw powder to a MgCl, (1 mol/L, 100 mL) solution, magnetically stirred the mixture
for 0.5 h, and dried at 60 °C before the pyrolysis. The composite material was pyrolyzed
as above, and stored in a desiccator.

To conduct physicochemical characterization, Cd**-loaded biochar (BC-Cd) and
Cd?**-loaded modified biochar (MBC-Cd) were obtained by mixing 0.025 g BC and
MBC sample with 25 mL Cd*" solutions (100 and 1000 mg/L in the case of BC and
MBC, respectively), and shaken on a water bath thermostat at 25 °C with 200 rpm for
24 h. The mixture was filtered through double circle qualitative filter paper (diameter

= 154+0.02 cm), and the solid was dried at 60 °C to obtain BC-Cd and MBC-Cd.

Triplicate samples were prepared for the analyses.

2.3 Biochar characterization

An elemental analyzer (Euro VectorEA3000, Italy) was used for determining the
total carbon, hydrogen, oxygen, nitrogen, and sulfur contents of the biochar samples.
Using KBr as the matrix, the infrared spectra of both the pristine and modified biochars
were recorded within the spectral range of 4000-400 cm™ (Is50R, Thermo Fisher, USA).
A surface area and porosity analyzer (ASAP 2460, Micromeritics, USA) was used to
determine the Sggr, and average pore diameter at 77 K. The elemental valence state on
the surface of the adsorbents was analyzed by X-ray photoelectron spectroscopy (XPS,
Escalab 250 xi, Thermo Fisher, USA), and the scanning range was 10° - 80° at 26, with
a rotation rate of 2 r/s. The morphology of biochars was observed by a scanning electron
microscope equipped with an energy dispersive spectrometer (SEM-EDX, TM3030,
Hitach, Japan) to determine the elemental contents. The crystal structures of both the

biochars were determined using an X-ray diffractometer (XRD, Ultima III, Japan).

2.4 Batch adsorption experiment

Solutions with different concentrations of Cd** were prepared by dissolving AR
grade Cd(NO3)» in ultra-pure water. NaOH (0.05 mol/L) and HNOs3 (0.05 mol/L) were
used judiciously to adjust the pH value of the solutions when needed. The pH value of

the solution was measured with a laboratory pH meter (STARTCR3100, OHAUS,
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USA).

In the adsorption kinetic experiments, 5000 mg/L Cd** stock solution was used to
prepare 100 and 1000 mg/L working solutions. Biochar sample (0.025 g) was placed in
a 50 mL polyethylene centrifuge tube, and 25 mL solution with different Cd>*
concentrations was added into it. The pH value was adjusted to 5.00+0.05, and the
sample was mixed by stirring on a water bath thermostat at 25 °C with 200 rpm. Sub-
samples were collected at 5, 10, 30, 60, 90, 120, 240, 480, 600, 960, and 1440 min, and
filtered through a 0.45 pm water-based microporous membrane. The filtrate was
measured by flame atomic adsorption spectrometer (FAAS) (Z2000, Hitach, Japan).
Pseudo-first and pseudo-second order kinetic equations were used to fit the adsorption
kinetic data using the OriginPro 2021 software package.

In the adsorption isotherm experiments, 5000 mg/L Cd*" stock solution was used to
prepare 20, 40, 60, 80, 100, 120, 160, 180, 200, 400, 600, 800, 1000, 1200, 1500 mg/L
initial adsorbate concentration solutions, and the pH was adjusted to 5.00+0.05. A 0.025
g sample of biochar was added into a 50 mL polyethylene centrifuge tube with 25 mL
of Cd?* solution at different concentrations, and shaken on a water bath thermostat at
25 °C, 35 °C, and 45 °C at 200 rpm for 24 h. The suspension was filtered through a 0.45
m aqueous microporous membrane, and the Cd** content in the filtrate was measured
by FAAS as described above. The adsorption data were fitted to the Langmuir and
Freundlich isothermal equations. The adsorbed amount of Cd*" was calculated

according to Eq. 1:

(Co-Ce)V
q = sy (1)

where, qe (mg/g) is the adsorption concentrations of Cd*" at equilibrium, V (L) is
the volume of Cd** solution, W (g) is the mass of the biochar, and Co and Ce (mg/L)
are the initial and equilibrium concentrations of Cd*" in the solution.

The data quality in this study was checked through the analysis of a certified
standard of multi-metal solution, standard curve preparation, and parallel standard

sample analysis. The standard curves were established with correlation coefficients

between 0.9996 and 0.9999.

2.5 Quantitative analysis of different mechanisms of Cd?* adsorption

To undertake an impregnation demineralization of the biochar samples, 10 g of BC
or MBC was added to 150 mL of 1 mol/L HCI, stirred continuously for 24 h on a
magnetic stirrer at 100 rpm, and then centrifuged at 4000 rpm for 20 min. The solid
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products were rinsed with ultra-pure water until the pH value of the leachate remained
unchanged. Finally, the solid was dried at 60 °C for 24 h to obtain the demineralized
biochar (BCA and MBCA respectively obtained from BC and MBC). Most minerals in
biochar were removed by 1 mol/L HCI, and the oxygen-containing functional groups
on the surface remained unchanged (Zhang et al., 2017a).

I. Mineral precipitation (Qemp): The adsorption mechanisms of Cd** on biochar
minerals could include ion exchange (Qcme) and mineral precipitation (Qemp) (Cui et al.,
2016). To elucidate the above, a 0.025 g sample of BCA or MBCA was added into a 50
mL polyethylene centrifuge tube with 25 mL of Cd** (100 mg/L for BCA, or 1000 mg/L
for MBCA) solution, and shaken on a water bath thermostat at 25 °C at 200 rpm for 24
h. Each sample was replicated three times. The mixture was filtered through a 0.45 pm
aqueous microporous membrane, and the Cd** content was measured by FAAS, as
described above. The amounts of Cd?" adsorbed through mineral precipitation and ion
exchange were calculated by Eq. 2 and 3:

Qum=Q-Q, (2)
Qemmp = Qo™ Qeme (3)

where, Q; (mg/g) is the total amount of Cd*" adsorbed by BC or MBC; Q. (mg/g) is
the total amount Cd** adsorbed by BCA or MBCA, Qcm (mg/g) is the amount of Cd**
adsorbed by BC or MBC through ion exchange and mineral precipitation, Qcmp (mg/g)
is the amount of Cd*" adsorbed by BC or MBC through mineral precipitation, and Qcme
(mg/g) is the amount of Cd*" adsorbed by BC or MBC through ion exchange.

II. Ton exchange (Qcme): The difference between the concentration of cations (K™,
Ca**, Na', Mg”") in the solution before and after Cd*" adsorption was the exchangeable
metal cations of biochar (Wu et al., 2019). To evaluate the contribution of adsorption
by ion exchange, a 0.025 g sample of BC or MBC was mixed with 25 mL of Cd** (100
mg/L for BC or 1000 mg/L for MBC) solution, and shaken on a water bath thermostat
at 25 °C with for 24 h at 200 rpm. Each sample was replicated three times. The sample
was filtered through a 0.45 um aqueous microporous membrane, and the K*, Ca**, Na™,
Mg?* content in the filtrate before and after Cd*" adsorption by biochar was measured
by ion chromatography (Eco, Metrohm AG, Switzerland). The amount of Cd**

adsorbed by cation exchange was calculated using Eq. 4:
Qcme: QK + QCa + QNa + QMg (4)
where, Qkx (mg/g), Qca (mg/g), Qna (Mmg/g) and Qwm, (Mg/g) are the quantities of
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Cd?*" exchanged with K*, Ca?", Na* and Mg?", respectively.

I1I. Oxygen-containing functional group complexation (Qco): The -COOH and -OH
groups of biochar would release H' through ion exchange, causing a change of pH value
(Cao et al., 2009), which could be described by Eq. 5 and 6. The content of Cd**
adsorbed by oxygen-containing functional groups (Qco) (mg/g) could be calculated by
taking the decrease in pH value before and after adsorption of Cd*" by the BC or MBC
as the index of H' release.

-COOH + Cd*" + H,0 — -CO0Cd" +H;0"  (5)
-OH + Cd*" + H,0 — -0Cd" + H;0" (6)

IV. Cd**-m interaction (Q.): The Cd*" adsorption mechanisms of BCA/MBCA were
expected to be through oxygen-containing functional group complexation (Qco) (mg/g)
and Cd**-x interaction (Qcx) (mg/g), which could be deduced using Eq. 7:

Q,=Q,-Q, (7)

V. Physical adsorption (Q,) and electrostatic attraction (Qe): The desorption of Cd**
adsorbed by the biochar through Q, and Q. could be achieved using 0.01 mol/L NaNOs3,
and Cd*" adsorbed on biochar through Q, could be resolved by aqueous solution
extraction (Zhang et al., 2020b). In this study, the Cd*" adsorbed by BC or MBC was
extracted for 24 h in 0.01 mol/L NaNOs solution, and then determined the content of
Cd*" in the solution. The amounts of Cd*" adsorbed via physical adsorption and

electrostatic attraction were calculated using Eq. 8, 9 and 10:
Q.- (@
Q="
Q=0Q,-Q, (10)
where, Qpe (mg/g), Qp (mg/g), and Q. (mg/g) are the Cd** adsorption capacity of

GtV

BC or MBC through physical adsorption and electrostatic attraction together, only
physical adsorption, and only electrostatic attraction, respectively. And, m is the mass
of Cd** (g) adsorbed by BC or MBC.

The relative contribution of different mechanisms to Cd** adsorption in aqueous
solution by BC or MBC were Qcmp/Qt, Qeme/Qt, Qco/Qt, Qen/Qt, Qp/Qt, Qe/Qr. An average

result of three replicates was reported in each case.

10
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3. Results and discussion
3.1 Characterization of BC and MBC

The physical and chemical properties of BC/MBC are listed in Table 1. The C
content of MBC decreased by 11.63%, while the O content increased by 10.4%,
compared with BC, which were mainly due to the accumulation of a large amount of
MgO (17%, Wt%) on MBC. The (O+N)/C, O/C and H/C ratios of MBC increased by
0.21, 0.25 and 0.25 units compared with BC (Table 1), indicating that MBC had a
greater proportion of aromatic structures and smaller hydrophilic surface compared
with that of BC (Ennis et al., 2012).

SEM images showed that BC (Fig. 1a and Fig. Sla) had a greater proportion of
macropores (8.94 nm), and smoother surface than that of MBC (Fig. 1b). Bright
materials with high electron yield and abundant small pores on the MBC surface could
be observed (Fig. S1b), which might be due to the intense dehydration and
carbonization of the biomass during the immersion in MgCl: solution, followed by pore
openings during the pyrolysis (Li et al., 2016). Another reason might be that the MgCl»
impregnation had accelerated the release of volatile substances and formed open pores
under heating conditions (Ling et al., 2017). The EDX analysis (Fig.1b) showed that
the bright substances deposited on the surface of MBC were formed by Mg and O, as
also supported by a previous report where the authors confirmed the bright substances
to be MgO (Yin et al., 2018a).

Fig. S2 and Fig. S3 explained the N> adsorption—desorption isotherms and pore size
distribution of BC/MBC. The isotherms exhibited a typical Langmuir type-1V isotherm
with an Hj hysteresis loop, indicating that mesopores existed in the biochars (Kuang et
al., 2019). The average pore diameters of BC and MBC were 8.94 and 3.33 nm (Table
1), and Sger of MBC (202.75 m?/g) was approximately 107 times higher than that of
BC (1.90 m%*g) (Zhang et al., 2020). The average diameter of MgO particles on the
MBC surface was 30.1 nm, as measured by Image J software, which was in line with
the result of Yin et al. (2018a), indicating MgO (32.1 nm) nanoparticle formation.

Our results also showed that MBC had a larger pore volume (0.1689 cm?®/g)
compared with BC (0.0042 cm?/g) (Table 1), which might be due to the fact that MgO
on the MBC surface had acted as an activator during the pyrolysis (Zhang et al., 2012).
However, MBC had a smaller pore diameter (3.33 nm) compared with BC (8.94 nm),
indicating the possibility that Mg compounds might have entered and blocked the pores

11
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(Chen et al., 2018).

FTIR was applied to analyze the surface functional groups associated with Cd*"
adsorption on BC/MBC (Fig. 2). The band at 3426 cm™ was produced by the stretching
vibration of water molecules or phenolic hydroxyl groups. The tensile vibration of Mg-
O appeared as a band near 430 cm™!, indicating that MgO was loaded on the BC after
MgCl impregnation (Jin et al., 2016), which was also confirmed by the EDX data (Fig.
1). The absorption band of -CH; appeared at approximately 2920 cm™ (Chang et al.,
2019), and the tensile vibration of C=C was near 1615 cm™ (Yin et al., 2018b). The
absorption band at 1386 cm™! was generated by the C=0 symmetric stretching vibration
of the carboxyl groups (Qiu et al., 2019), while the band at 1108 cm™ was generated by
the C-O stretching vibration of the ether and -COOH groups (Wei et al., 2019). The
band at 3450 cm™!' shifted to 3426 cm™', while the 1387 and 1108 cm™! bands shifted
slightly to 1386 cm™/1107 cm™, and the intensity of 1635 cm™ band significantly
decreased (Fig. 2). The above band shifts suggested that MgCl, impregnation changed
the configuration of oxygen-containing functional groups in MBC (Takaya et al., 2016).

The XPS study characterized the electronic structure of BC/MBC. The
photoelectron spectra of Cls, Ols, and Mg2p were shown in Fig. 3. The Cl1s peaked at
284.81, 285.62, 286.7 and 289.57 eV for the BC, and at 284.84, 285.65, 286.86 and
289.4 eV for MBC (Fig. 3a), representing C-C, C-O, C=0 and -COOR groups
respectively (Miaet al., 2017), which were also confirmed by the IR results (Fig. 2).
After modification, the relative content of the C-C group increased by 6.33%, while the
total proportion of C=0, C-O and -COOR group contents decreased from 54.38% to
48.05%. Therefore, the MgClo-modified biochar was able to minimize the oxidation of
C-C to oxygen-containing functional groups, which was agreed with the results of Chen
et al. (2018). The Ols of BC was deconvoluted into four peaks (Fig. 3b) which were
attributed to hydroxyl-bonded metal (M-OH, 530.10 eV), metal oxide (C-OH, 531.37
eV), surface hydroxyl (M-O, 532.42 eV), and adsorbed H>O (533.25 eV) (Li et al.,
2020). At the same time, the relative content of M-OH was significantly reduced by
40.53%, while the ratio of C-OH was raised by 42.21%. The XPS spectrum of Mg2p
(Fig. 3¢) showed that the Mg peak (50.72 eV) on MBC was MgO (Liu et al., 2013),
indicating MgO was successfully introduced into BC.

XRD analysis showed that the main reflection in the pattern of BC was due to KCl
(Fig. 4), and several new reflections in MBC were of MgO (JCPDS card number: 84-
0653), which again confirmed that Mg had been successfully loaded on BC, and that

12
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MgO was the most important crystal phase (Liu et al., 2013).

3.2 Adsorption Kinetics
The Cd>" adsorption data of both the biochars were fitted to the pseudo-first order

(PFOM) (Eq. 11) and pseudo-second order (PSOM) kinetic models (Eq. 12) (Fig. S4).
The empirical expressions of the two models are Eq. 11 and 12 (Ho et al., 1998).

Pseudo-first order model: In (1- %) =-k;t (11)

€

1 t
+_
kg2 q (12)

€ €

t
Pseudo-second order model: —=
9

where, qe (mg/L) is the equilibrium concentration of Cd?**, q: (mg/g) represents the
adsorption capacity of Cd*" at time t (min), ki (min™') is the rate constant of the pseudo-
first order model, and k> (g/(mg/min)) represents the rate constant of pseudo-second
order model.

The parameters of the two kinetic models are listed in Table 2. The adsorption
capacity of Cd*" on BC/MBC increased with time (0-1440 min), and stabilized after
reaching the equilibrium. The adsorption capacities of Cd*" at 240 and 600 min for BC
and MBC were close to the saturation (Fig. S4). The adsorption process showed two
phases: a fast adsorption in the first 480 min, followed by a significantly slow stage
until reaching the equilibrium. The initial rapid stage was due to the numerous
adsorption sites present on the biochar, accompanied with a high concentration of Cd**
in the solution (Wan et al., 2020). After that, Cd*" quickly occupied the accessible
external adsorption sites (Lian et al., 2015). The slow adsorption stage was due to the
diffusion of Cd** to the carbon pores and interaction with active sites therein over time
(Li et al., 2017). Another probable reason was that the movement of Cd** through the
internal pores of biochar was limited (Zhang et al., 2017b). The coefficient of
determination (R?) values of the pseudo-first order and pseudo-second order models for
BC were both 0.9999, and those of MBC were 0.9989 and 0.9990, respectively. The
relative percent deviation (RPD) values of the pseudo-first order and pseudo-second
order models for BC were 4.75 and 49.64, and those of MBC were 3.90 and 92.34,
respectively. Therefore, the Cd>" adsorption process on both the biochars fitted better
to the pseudo-second order model than the pseudo-first order model, demonstrating that
chemical adsorption was the main mechanism in the system (Yin et al., 2020; Liu et al.,

2020).

13
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3.3 Adsorption isotherms

The adsorption isotherm parameters are listed in Table 3. The Langmuir and
Freundlich models were used to evaluate the effects of Cd>" concentrations (0-2000
mg/L) on Cd*" adsorption by BC and MBC (Fig. 5). The isothermal models are
expressed as (Eq. 13-14), and the thermodynamic parameters of adsorption (involving
Gibbs free energy AG®, entropy AS°, and enthalpy AH®) are expressed as (Eq. 15-16)
(Sarkar et al., 2012).

Langmuir model: q = % (13)
L'Ce

Freundlich model; 4. %+C: (14)

AS°  AH®
R RT (15)

AG® = AH°-TAS® (16)

LnK =

where, qm (mg/g) is the maximum adsorption capacity, Ki (L/mg) is the Langmuir
constant, and Kr ((mg/g) (L/mg)"™) is the Freundlich constant. 1/n is the adsorption
strength, which decides the nonlinear degree of adsorption isotherms. R is the universal
gas constant (8.314 J/(mol-K)), and T is the absolute temperature (K). K¢ represents the
adsorption equilibrium constant.

For the Langmuir and Freundlich isotherm model fitting in the case of MBC, the R?
values were 0.9809 and 0.9417, and the RPD values were 314.29 and 7.12, respectively,
which showed that the Cd** adsorption data fit the Langmuir model better than
Freundlich model for MBC. The Langmuir model fitting of the adsorption data
suggested that the Cd*" adsorption by MBC was mainly through homogeneous active
sites on the surface (Yao et al., 2011). For the isotherm models of BC, the R? values
were 0.9940 and 0.9618, and the RPD values were 52.69 and 16.07, respectively, which
showed that the Cd*" adsorption on BC also fit the Langmuir model better than
Freundlich model. The maximum Cd?" adsorption capacity of MBC was 763.12 mg/g,
which was approximately 11.15 times higher than that of BC. In addition, MBC had a
higher adsorption capacity than most of the formerly reported adsorbents, such as
MgCl-modified coconut shell biochar (77.26 mg/g) (Chen et al., 2020), and MgO-
modified rice husk biochar (18.10 mg/g) (Xiang et al., 2018b). The 1/n value for MBC
(0.2122) was < 1, again indicating that chemical adsorption took place in the system of
MBC (Li et al., 2014).

In the temperature range of 25 °C - 45 °C, all the AG® values during the adsorption
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of Cd*" on biochars were negative (-9.04 kJ/mol to -1.81 kJ/mol), indicating that the
adsorption process was spontaneous (Sarkar et al., 2012). The AH® of BC was negative,
which indicated that the process was partially contributed by physical adsorption (Wu
et al., 2001). The thermodynamic parameters of MBC were: AH° (8.9 kJ/mol) > 0, A

S°(35.93 kJ/mol) > 0, AG® < 0 (Table S1), indicating that the adsorption process was

endothermic and spontaneous (Khan et al., 2020).

4. Mechanisms of Cd?* adsorption on biochars
After Cd*" was adsorbed by BC and MBC, the pH value of the solution was 6.53

and 6.14, respectively, and the main Cd species in the aqueous solution was Cd*" (Fig.
S5), indicating that the high Cd*" binding was mainly due to the adsorption capacity of
the biochars, rather than a precipitation which might otherwise be caused by an alkaline
pH value of the solution. As shown in Table 4, the values of Qp/Qs, Qc/Qt, and Qco/Qy of
BC were 0.31%, 0.38%, and 0.03%, respectively. The Qu/Qt, Qc/Q:, and Qco/Q: values
of MBC were all less than 0.01%, which suggested that the relative contribution of
oxygen-containing functional group complexation, electrostatic attraction and physical
adsorption could be neglected. As a result, the mechanisms of Cd*" adsorption by BC
or MBC were mainly mineral precipitation, ion exchange, and Cd**-r interaction. The
contribution of various mechanisms to Cd** removal by biochar followed the order of

Qemp > Qeme > Qcr, Which was consistent with the finding of Cui et al. (2016).

4.1 Mineral precipitation

The contribution of mineral precipitation to Cd removal by MBC (73.43%) was
much higher than that of BC (56.28%), where mineral precipitation had contributed the
most portion of Cd*" adsorption (Table 4). This might be because MBC had a higher
ash content than that of BC (Table 1) (Wang et al., 2018).

After Cd*" was adsorbed by BC and MBC, the O1s photoelectron spectra indicated
that the proportion of M-O increased by 23.56% and 17.80% respectively, confirming
that Cd-O was formed on biochar surfaces (Zhang et al., 2017a). This was also proved
by the photoelectron spectra of Cd3d (Fig. 3d). After Cd*" adsorption on BC, the
quantity of C=0 and C-O decreased by 10.01% and 7.10%, respectively. After Cd**
adsorption on MBC, the proportion of C=0 increased from 11.29% to 21.69%, while
that of C-O decreased from 30.67% to 25.31% (Fig. 3a), which agreed with the results
of Wang et al. (2018). The XRD patterns showed new crystal phase formation on BC-
Cd, demonstrating that CdCOz (JCPDS card number: 42-1342) was the main
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precipitation formed (Liu et al., 2013). The most dominant crystal phase on the surface
of MBC-Cd was Cd(OH)> (JCPDS card number: 84-1767), which was consistent to the
finding of Zhu & Li (2012) who found that MgO on the surface of MBC promoted the
precipitation of Cd(OH)s.

Previous studies showed that alkaline MgO could be easily hydroxylated in neutral
aqueous solution (Xiang et al., 2018b). Once the adsorbent was in contact with MgO,
the surface of the MBC might have been hydroxylated (Eq. 17) (Tian et al., 2017).
Meanwhile, quite a lot of MgO on MBC could form Mg(OH)" in the presence of H"
under acidic conditions (Eq. 18) (Ling et al., 2017). MBC likely adsorbed Cd** through
MgO on the surface forming Cd(OH). precipitation (Eq.19) (Xiang et al., 2018b).

MgO(s) + H,O(1) — Mg(OH) (surface) + OH" — Mg?" + 20H"  (17)

MgO(s) + H" — Mg(OH) " (surface) (18)

MgO(s) + H,O(1) + Cd*" — Cd(OH), + Mg?* (19)

4.2 Ion exchange

During Cd** adsorption by MBC, Na*, Mg?* and K* were released into the solution
(Fig. S6). The adsorbent surface formed -COOCd and -O-Cd that likely released Mg?*
and Ca?’, where K" and Na* possibly formed outer-sphere complexes in the solution
after the ion exchange reaction with Cd*" (Lu et al., 2012). The net concentration of K*
in BC (10.81 mg/L) was higher than that of MBC (2.44 mg/L). On the contrary, the
Mg?* content of MBC (126.76 mg/L) was about 2817 times higher than that of BC
(0.045 mg/L), as confirmed by the EDX results. The exchangeable metal cations (e.g.,
Ca”", Mg2+, K") were retained on the surface of biochar through electrostatic attraction
on -COOH or -OH groups, and then exchanged with Cd*" during the adsorption process
(Deng et al., 2018). The Sger of biochar was greatly raised by MgCl, modification,
which might have promoted the above ion exchange reaction (Zhang et al., 2020a).
Exchangeable metal cations (e.g., Ca*", Mg®", K") were released into the solutions
while Cd** was being adsorbed. Compared to the BC, the Qeme of MBC for Cd**
increased from 22.9 to 173.0 mg/g (Table 4). These results showed that MgCl,
impregnation significantly improved the ion exchange capacity of biochar, which could
also be due to the fact that MgO was successfully loaded on BC (Wu et al., 2021). The
ion exchange reactions promoted by MgO could be expressed as Eq. 20 and 21 (Kuang
etal., 2019).

MgO + H,0 — Mg(OH), (20)
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MgO/Mg(OH), + Cd*" — CdO/Cd(OH), + Mg?* 21

4.3 Cd*'—n interactions
The Qcrx of BC and MBC were 6.51 and 29.63 mg/g, respectively (Table 4),

indicating that the MgCl, modification increased the Cd**-m interaction of biochar
during Cd*" adsorption. The EDX results showed that the O content (Wt %) of MBC
increased by 6.33% compared to BC, and the binding energy of O1s also increased (Fig.
S7). It was reasonable to form Cd** complexes through © bonding on C=0 groups of
the biochar (Zhu et al., 2020), because Cd** would tend to form soft-soft acid-base
bonds. This might be due to the aromatic structure of biochar surfaces formed during
the high temperature pyrolysis (> 500 °C), rendering m donations during Cd**
adsorption (Harvey et al., 2011). The binding energy (405.8 eV) of BC might be related
to the Cd**-m interaction, indicating that Cd** bonded to the graphene-like aromatic
structures of the biochar (Wang et al., 2018). The peak width of C=C (m electrons)
increased after Cd** adsorption, and the binding energy of Ols on biochar increased
slightly (Fig. S7), demonstrating that the O atom participated in the Cd** adsorption
process (Zhang et al., 2017a). These results were ascribed to the high degree of
graphitization in high-temperature biochar, which enhanced the n donating properties
(Xie et al., 2014). The effects of Cd**- interactions (Qcz) on Cd** adsorption could be
expressed as Eq. 22 and 23 (Li et al., 2020).
Crn+2H,0 — Cn-H;0" + OH’ (22)
Crn-H;0" + Cd*" - Cr-Cd*" + H;0" (23)

5. Conclusions

MBC was prepared by modifying a Pennisetum sp. straw biochar with MgClz, and
the Cd** adsorption mechanisms of both the pristine (BC) and modified (MBC)
biochars were studied. The maximum theoretical adsorption capacity of Cd*>" on MBC
was 763.12 mg/g, and the adsorption data of MBC fitted the Langmuir isotherm and
pseudo-second order kinetic models. After the adsorption of Cd**, a precipitation of
Cd(OH), on MBC surfaces, and formation of --COO-Cd and -O-Cd complexes
releasing Mg?*, Ca?" and K' into the solution, were observed. Moreover, aromatic

structures of the biochar (= 500 °C) surface acted as m donors during the Cd**

adsorption process. The contribution of Cd*" adsorption mechanisms on MBC was in
the order of Qcmp (73.43%) > Qcme (22.67%) > Qcr (3.88%). The results suggested that

MgCl,-modified biochar has a good potential for Cd** removal from contaminated
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water. This paper thus shows the possibility of preparing a highly efficient Cd**-
adsorbing material via engineering biochar surfaces with MgCl,, encouraging the

development of novel biochar materials via simple and eco-friendly methods.
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Table 1
Physical and chemical properties of the pristine and MgCl,-modified biochars

Elemental content (%) Atomic ratio Pore Pore
. Ash SeeT .
Biochar pH o .y Volume diameter
H 0] N S H/C o/C (O+N)/C 0 g cm¥g nm
BC 6185 219 3365 021 252 043 041 0.41 10.71  25.44 1.90 0.0042 8.94
MBC 50.22 267 4405 024 282 064 0.66 0.66 10.46  31.67 202.75 0.1689 3.33
Table 2
Kinetic parameters of Cd*>" adsorption on BC and MBC fitted to the pseudo-first (PFOM) and pseudo-second (PSOM) order models
PFOM PSOM
Adsorbents k k
Ge 2 R? R%; RMSE  RPD e L 2 R%Zs; RMSE  RPD
(mg/g)  (9/(mg-min)) (mg/g)  (min*)
BC 43.2 0.2267 0.9999 0.9999 0.8652 4.75 43.6 0.0096 0.9999 0.9999 0.0828 49.64
MBC 759.5 0.0050 0.9989 0.9988 1.1450 3.90 866.7 8.9230 0.9990 0.9989 0.0483 92.34
Table 3
Isotherm parameters of Cd?* adsorption fitted to the Langmuir and Freundlich models
Langmuir model Freundlich model
K K
Adsorbents " am R2 Rk RMSE  RPD 1/n " .. R Ruj RMSE RPD
(L/mg)  (mg/g) ((mg/ g)(L/ mg)™")
BC 0.0927 68.4 0.9940 0.9930 0.0372 52.69 0.1483 30.5 0.9618 0.9557 0.1220 16.07
MBC 2.8115 763.1 0.9809 0.9782 0.0112 314.29 0.2122 211.6 0.9417 0.9333 04944 7.12
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718  Table 4
719  Adsorption capacity and estimated contribution of each adsorption mechanism for Cd?>* adsorption by pristine and MgCl,-modified biochars

Adsorption capacity (mg/g) Proportion of each mechanism (%)
Adsorbent
Qcmp Qcme an Qp Qe Qco Qcmp Qcme an Qp Qe Qco
BC 38.50 22.90 6.51 0.21 0.26 0.03 56.28 33.47 9.52 0.31 0.38 0.03
MBC 560.38 173.00 29.63 0.04 0.00 0.07 73.43 22.67 3.88 0.00 0.00 0.00

720
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723 Fig. 1. SEM images (left) and EDX spectra (right) of (a) pristine biochar (BC), and (b) MgCl-modified biochar
724 (MBC)
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776 Table S1

777 Thermodynamic parameters for the adsorption of Cd*" by biochars

Sample Temperature AG° AH° AS°
(°C) (kJ/mol) (kJ/mol) (J/(mol-K))
BC 25 -8.52 -0.8 259

35 -8.78
45 -9.04

MBC 25 -1.81 8.9 35.93
35 -2.17
45 -2.53

778
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782  Fig. S1. SEM images of (a) pristine biochar (BC), and (b) MgCl,-modified biochar
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