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KEYWORDS Abstract The physicochemical properties of biochars derived from rice straw, eucalyptus leaves, and
Feedstocks: vetiver grass pyrolyzed at 400 °C were investigated. It was found that rice straw biochar (RSB) may
Biochar; possess more acidic functional groups than eucalyptus leaves biochar (ELB) and vetiver grass biochar
Cadmium; (VGB) while the specific surface area of VGB was the largest. Cd>* adsorption characteristics by the
Adsorption mechanisms three biochars were established under the effects of time, initial pH and concentration of solution.

Maximum adsorption capacities of RSB, ELB, and VGB calculated by Langmuir model were
57.87 mg/g, 50.21 mg/g, and 44.09 mg/g, respectively, reflecting adsorption mechanisms may be dom-
inated by chemical reaction than physical interaction. SEM-EDS, XRD, FTIR and XPS were
employed before and after adsorption to qualitatively explore possible adsorption mechanisms of
the three biochar. It was found that precipitation, ion exchange, complexation and cation = interac-
tion occurred in all the biochars. The relative contribution of the four main mechanisms to total
adsorption capacity was quantitatively determined, suggesting precipitation, ion exchange, and
cation 7 interaction were dominated for the three biochar, while complexation accounted for an
insignificant part. This study clearly demonstrated mineral constituents of biochar had significant
effects on Cd>* adsorption by plant-based biochars, shedding some light on their future application.
© 2021 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/).
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Cadmium (Cd) mainly come from mining, dyeing, electroplat-

ing, smelting, and fertilizer application, which was then trans-
ferred into rivers, lakes and agricultural land through

4 atmospheric deposition, rain wash, surface runoff, under-
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plants and human health (Hu et al., 2020; Yang et al., 2018). It
was discovered that Cd>™ could not only cause oxidative stress
to plants, also damage roots and leaves, reducing crop yields
(Liu et al., 2020). Moreover, human ingestion of food contam-
inated with Cd** could result in damage to bone and kidney
(Qin et al, 2021). Therefore, cleaning up cadmium-
contaminated wastewater is of great significance. Traditional
strategies for removing heavy metal polluted wastewater
mainly included chemical precipitation, ion exchange, adsorp-
tion, membrane filtration, etc. (Fu and Wang, 2011). Among
them, adsorption was increasingly popular due to its high effi-
ciency, low cost, and environmental friendliness (F. Wu et al.,
2021).

Biochar is produced by the pyrolysis of biomass under
oxygen-limited conditions, usually consisting of porous carbon
structures and ash, which are generated by decomposing
organic matter into gases like CO,, H,, etc. during the pyroly-
sis process (Ahmad et al., 2014; Tan et al., 2015). The carbon
structure of biochar is rich in oxygen-containing functional
and aromatic groups, while the ash contains a large number
of cations and anions (Xu et al., 2017). In addition, biochar
is generally negatively charged, in favor of attracting cationic
pollutants (Zhao et al., 2020). These characteristics also
enabled biochar to be utilized as an effective adsorbent for
cd’* adsorption (Yu et al., 2021). Moreover, previous studies
revealed that biochar adsorbed Cd*" mainly through four
mechanisms: (1) precipitation with CO3, PO, OH etc.
(Chang et al., 2019); (2) exchange with alkali metal ions K™,
Na*, Ca®*, Mg>" (Lian et al., 2020); (3) coordination with
structures rich in 7w electrons such as C—C, C=N, —CH
(Yu et al., 2018); (4) complexation with oxygen-containing
functional groups (OFGs) like —OH and —COOH (Chen
et al., 2021; Wang et al., 2020). For instance, the adsorption
of Cd** and Pb>" by ragweed biochar was mainly through
precipitation and ion exchange (Lian et al., 2020). Biochar
derived from biomass with high content of alkali metals pos-
sessed great adsorption capacity for heavy metals by means
of enhanced ion exchange (H. Li et al., 2020; J. Wu et al.,
2021). Precipitation and complexation were the main mecha-
nisms in Cd>* adsorption by both pinecone and wheat straw
biochar (Chen et al., 2020; Teng et al., 2020). Cation « interac-
tion of corn straw biochar contributed to 82.17% of total
Cd>" adsorption capacity because of low content of ash and
OFGs (Wang et al., 2018). Hence, it was apparent that mech-
anisms in plant-based biochar adsorbing Cd*>* were connected
to both feedstock types and the composition of their corre-
sponding biochar.

Previous studies of Cd** adsorption mechanisms by bio-
chars were mainly qualitative analysis without quantification.
Besides, the quantitative analysis of Cd>" adsorption mecha-
nisms usually compared biochars manufactured by feedstocks
with significantly obvious difference such as sludge, straws,
manure, husks etc (Gao et al., 2019; Wang et al., 2018; Wu
et al., 2019). There was a lack of studies focusing on biochars
with relatively less difference produced by different plant-
based biomass when it comes to the comparison of adsorption
characteristics and quantitative analysis of their respective
Cd>" adsorption mechanisms. The common types of plant-
based biomass can be classified into woods, straws, leaves,
grass etc. Generally, woods grow much slower than the others
and cost more to obtain compared to the other three. Rice,
eucalyptus, and vetiver grass are widely planted in southern

China in the paddy field, economic forest and cultivated lands,
respectively. In the autumn, the rice straw was often aban-
doned or burned while the eucalyptus leaves fell to the ground
without utilization. Although the roots of vetiver grass could
be used to make perfume, the aboveground parts were poorly
utilized. Therefore, the three feedstocks could be representa-
tives of the common types of plant-based biomass in southern
China, which were easy to obtain and had the potential to be
transformed into relatively cheap adsorbents such as biochar,
bringing huge economic and environmental benefits. It was
reported that adsorption mechanisms in biochar were more
affected by feedstock types than pyrolysis temperature (Gao
et al., 2019). Therefore, the three types of plant-based biomass
typical of southern china were selected as raw feedstocks car-
bonized at 400 °C for producing biochar in this study. The
research aims were to: (1) explore the adsorption characteris-
tics of the three biochars; (2) compare adsorption differences
in the three types of biochar considering their physicochemical
properties; (3) quantitatively estimate the relative contribution
of the four main adsorption mechanisms to the total adsorp-
tion capacity of each biochar.

2. Methods and materials

2.1. Biochar preparation and characteristics

Rice straw (RS), eucalyptus leaves (EL), and vetiver grass
(VG) were sourced from the Ecological Farm of South China
Agricultural University. The raw materials were oven-dried at
80 °C for 48 h and then ground to sieve through 2 mm sieve.
The powdered biomass was put into a stainless-steel reactor,
and then pyrolyzed in a muffle furnace filled with nitrogen.
The pyrolysis temperature was increased to 400 °C at a heating
rate of 10 °C/min and held for 2 h. The resultant biochar,
marked as RSB, ELB, and VGB, was pulverized through a
0.25 mm sieve for subsequent characterization analysis and
adsorption experiments. Demineralized biochar was prepared
by the raw biochar reacting with 1 M HCI, then rinsed with
deionized water until the pH was constant. Previous studies
had shown that this process did not significantly change OFGs
on the surface of biochar (Cui et al., 2016a).

The pH of biochar was measured by shaking biochar with
deionized water at 1:20 (w/v) for 24 h. Ash content was deter-
mined by burning biochar in a muffle furnace at 800 °C for 5 h.
BET specific surface area was determined by nitrogen adsorp-
tion method (ASAP2460, USA). The content of C, H, O, N, S
was detected by element analyzer (Vario EL cube, Germany).
Zeta potential at different pH values was measured by a poten-
tiometer (Malvern, Zetasizer Nano ZS90, UK). SEM-EDS,
XRD, FTIR, XPS were used to analyze the surface character-
istics of biochar before and after Cd*>* adsorption.

2.2. Adsorption experiments

In batch adsorption experiment, 0.02 g of biochar was added
to a centrifuge tube containing 20 mL of Cd>* solution with
specific initial concentration. The mixed liquor was shaken at
25 °C and 150 rpm for 12 h, then passed through a 0.45 um
filter membrane. The residual Cd*>* concentration was mea-
sured by an atomic absorption spectrometer. In order to
explore the effect of initial solution pH value on adsorption,



Characteristics and quantification of mechanisms of Cd>* adsorption 3

Cd** solution (100 mg/L) was adjusted to the pH range of
2 ~ 8 with HCl and NaOH prior to biochar addition. For
adsorption kinetics experiment, biochar was added to Cd*"
solution with an initial concentration of 20 mg/L and
100 mg/L, respectively, and the remaining concentration of
the reaction solution taken out at different time points was
measured. Adsorption isotherm experiment was carried out
with different initial Cd®>" concentration ranging from 0 to
320 mg/L. All the experiments were done in triplicate. The
kinetics data was fitted with pseudo-first-order (1) pseudo-
second-order (2) and Elovich (3) models, and the isotherms
data with Freundlich (4) and Langmuir (5) models.

4, =q.(1 —e™) (1)
oy ©)
g = ln(o/;[ﬁt) 3)
q., = kFCLl)/" (4)
g = )

where t is time; q, (mg/g) and q. (mg/g) represent the adsorp-
tion capacity at time t and equilibrium, respectively; k; (1/min)
and k, (g/mg-min) are adsorption rate constants; o (mg/g-min)
and B (g/mg) stand for initial adsorption and desorption coef-
ficient, respectively; Kg (L/g) and K| (L/mg) are the adsorp-
tion rate constant of Freundlich and Langmuir, respectively;
1/n is the heterogeneity factor, C, (mg/L) is the Cd** concen-
tration at equilibrium; q,,, (mg/g) is the calculated maximum
adsorption capacity.

2.3. Contributions of different adsorption mechanisms

The relative contribution of four types of adsorption mecha-
nisms of biochar to the total adsorption capacity of Cd*>"
was quantitatively calculated through formulas (6), (7), (8),
(9) according to previous researches (Gao et al., 2019; Wang
et al., 2015).

where Qr is the total adsorption capacity of biochar; Q. is
the adsorption capacity of biochar by precipitation; Qp is
the adsorption capacity of demineralized biochar; Q.o and
Qg are the adsorption capacity of original and demineralized
biochar by complexation; Y is the yield of demineralized bio-
char; Qe is the adsorption amount of biochar by ion
exchange; Q, Qca, Qna and Qg represents the equivalent
adsorption amount of Cd>" by the net release amount of
K™*, Ca®", Na®, Mg>" from biochar; Qc, represents the
adsorption capacity of biochar by the interaction between
Cd?" and structures carrying 7 electrons.

3. Results and discussion

3.1. Biochar characterization

The physicochemical properties of the three biochars were
listed in Table 1. BET specific surface area (SSA) of RSB,
ELB, and VGB were 5.19, 4.60, and 92.88 m?/g, respectively.
Although the pore volume of RSB and VGB were similar,
the average pore size of RSB was 15.56 nm while that of
VGB was 2.54 nm. Thus, it could be inferred that the microp-
ore structures formed more in VGB than in RSB during the
pyrolysis process, resulting in higher surface area of VGB than
RSB (Liu and Fan, 2018). Similarly, compared with ELB, the
higher pore volume and smaller pore size of VGB was mea-
sured, leading to the higher surface area of VGB than ELB.
Besides, the lower SSA of RSB and ELB compared to VGB
may also result from the incomplete decomposition of organic
impurities of RSB as well as the broken and collapsed pores of
ELB, as suggested in SEM photographs (Fig. 1). The highest
and lowest ash content existed in RSB and ELB, respectively,
showing RSB had more inorganic mineral substance than the
remaining biochars, which agreed with its total content of sol-
uble K*, Na™, Ca?", Mg?>*. XRD was employed to establish
the crystalline minerals in the ash as shown in Fig. SA, and
except that MgSiOj; solely existed in RSB, the mineral peaks
of KCI and CaCOj; appeared in the three biochars, which
may exchange or precipitate with Cd>" during the adsorption
process (Huang, et al., 2018). Generally, there were few min-
eral peaks in VGB in XRD spectra in contrast to RSB and
ELB, which implied minerals in the ash of VGB were mainly
amorphous (J. Li et al., 2019). All the biochar was alkaline
with similar pH values, 8.59 (RSB), 8.68 (ELB), and 8.42
(VGB). Previous studies mentioned that alkaline matter in bio-
char’s ash as well as basic functional groups (BFGs) such as
—NH, and C=N and acidic functional groups (AFGs) like
carboxyl and hydroxyl on the surface of biochar influenced
pH values to a larger extent (Xu et al., 2017). However, the
ratios of N/C based on elemental analysis of the three biochars

Qpre = QT - QD xY (6)

Qcom = QH x Y (7)

Qexc = Qk + QCa + QNa + QMg (8)

QCT[ = QT - Qpr'e - Q('um - Qe.\’(' (9)
Table 1 The main physicochemical properties of the three biochars.

Sample pH Ash Sggr Pore Average

Elemental content %

Atomic ratio Soluble cations content (mg/g)

(%) (mz/g) v01113me pore size C H o
(cm’/g) (nm)

RSB 8.59 26.65 5.19 0.021 15.56 48.70 2.74
ELB 8.68 10.53 4.60 0.012 12.29 65.56 2.44 18.71
VGB 8.42 19.84 92.88 0.023 2.54 62.06 2.01

19.93

15.24

N S H/C O/C NC K" Na" Ca?* Mg" Total
136 034 0.68 031 0024 31.72 ND 030 095 3297
205 0.19 045 021 0027 892 0.82 156 0.72 12.02
129 082 039 0.18 0.018 1471 033 134 119 17.57

ND stood for not detected.
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Fig. 1

were similar, reflecting a similar content of BFGs, which was
verified by similar intensity of peaks attributed to —C—N at
786 cm~! (RSB), 779 cm~' (ELB) and 811 cm~' (VGB) of
FTIR spectra in Fig. 5B (Wang et al., 2021). It was thus
inferred that more AFGs for RSB might be required to neu-
tralize its higher amount of alkaline matter in the ash. The dif-
ference in the content of AFG was reflected by the significantly
distinct Cls and Ols spectra of the three biochar as seen in
Figs. 6 and 7. Elemental analysis also demonstrated that
RSB had the lowest carbon percentage, which meant ELB
and VGB were relatively more aromatic and hydrophobic
(Wang and Wang, 2019). Moreover, RSB had the highest con-
tent of O and H, leading to the highest ratio of H/C and O/C.
This further revealed RSB may carry more AFGs than ELB
and VGB (Cui et al., 2016b). This was also supported by FTIR
spectra (Fig. 5B), where RSB displayed the highest intensity of
C=0O0 stretching vibration of carboxyl at 1611 cm~' (RSB)
compared to peaks at 1580 cm™' (ELB) and 1598 cm™'
(VGB) (Chang et al., 2019).

3.2. Adsorption characteristics

3.2.1. Influence of pH

Initial pH of solution affected both Cd>" speciation and the
zeta potential of biochar (Chang et al., 2019), which usually
decreased with the increasing pH value. pHgp was the initial
pH of solution at which zeta potential of biochar equaled zero
(Mukherjee et al., 2011). The pHigp of the three biochars was
in the range of 2 ~ 3 (RSB, VGB) and 3 ~ 4 (ELB), respectively
(Fig. 2B).
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SEM images and EDS energy spectra of the three biochar before and after Cd>* adsorption.

When the initial pH of Cd*>* solution was 2, the adsorption
capacity of all the biochar was close to zero (Fig. 2A). The rea-
son was probably that when pH < pHgp, biochar was posi-
tively charged due to the protonation of functional group,
causing electrostatic repulsion, and H" would compete with
Cd>™ for adsorption sites as well (Yin et al., 2019). As the ini-
tial solution pH rise to 4, the adsorption capacity of the three
biochars increased rapidly and approached equilibrium. This
was because AFGs of the biochar were deprotonated with
alkalinity increasing, giving rise to a negatively-charged sur-
face (Guo et al., 2019). However, the adsorption capacity
began to increase again at pH = 8, which may result from pre-
cipitation of Cd(OH), emerging under alkaline condition
(Zhang et al., 2018). The optimal pH of RSB and VGB for
cd** adsorption was 6, while that of ELB was 5, which was
in line with what had been stated in literature that the best ini-
tial solution pH for cations adsorption by biochar was in the
range of 4-7 (X. Li et al., 2020).

3.2.2. Adsorption kinetics

As illustrated in Fig. 3, the adsorption capacity of the three
biochars added to two different initial concentrations of
Cd?”" solution increased rapidly in 30 min, and reached equi-
librium within 3 h for all the biochar. Overall, RSB had the lar-
gest adsorption capacity, followed by ELB and VGB. Three
kinetic models were used to fit the adsorption data
(Table S1). It was found that Elovich model fitted the best
for the three biochars, with all the regression coefficients
greater than 0.99, indicating that the adsorption process was
via heterogeneous diffusion mechanism (Tang et al., 2019).
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Fig. 2 Influence of initial pH on Cd>" adsorption by the three
biochars (A). Zeta potential of the three biochars at different
initial pH (B).

Moreover, all the regression coefficients of pseudo-second-
order model exceeded 0.97. The calculated adsorption capacity
(Qe.car) of the three biochars obtained by pseudo-second-order
model were very close to their actual adsorption capacity.
These indicated that chemisorption also occurred in the
adsorption process of the three biochars (Zhou et al., 2019).

3.2.3. Adsorption isotherms

With the increase of the initial concentration of Cd>* solution,
the adsorption capacity of the three biochars for Cd?"
increased rapidly (Fig. 4). When the initial concentration was
greater than 200 mg/L, the adsorption capacity began to stabi-
lize. The maximum adsorption capacity of the three biochars
was 60.55 mg/g (RSB), 43.25 mg/g (ELB), and 33.1 mg/g
(VGB), respectively, indicating biochar produced from rice
straw had the greatest potential in removing Cd>" from con-
taminated wastewater compared to the remaining two bio-
chars. Although the specific surface area of VGB was the
largest along with its bigger pore volume than ELB, its adsorp-
tion capacity was the smallest. Previous studies had also shown
that Cd>* adsorption capacity of biochar produced at a tem-
perature below 500 °C had little to do with specific surface
area, implying the adsorption mechanisms may be dominated
by chemical reaction such as precipitation, ion exchange and
so forth rather than physical interaction (Peng et al., 2017).
The adsorption data was fitted with Freundlich and Lang-
muir model (Table S2). The fitting coefficients of the former
were all greater than 0.98, while that of the latter were all less
than 0.96, indicating that chemical adsorption by the three bio-
chars was multilayer (Y. Li et al., 2020). In addition, the max-
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Fig. 3  Adsorption kinetics of the three biochars at two different
initial concentrations of Cd** solution.

imum adsorption capacity of the three biochars calculated by
Langmuir model was 57.87 mg/g (RSB), 50.21 mg/g (ELB),
44.09 mg/g (VGB), respectively. Compared with other pristine
biochars (Table S3), the maximum adsorption capacity of the
three biochars was superior to husk-based biochars (6.36—
28.99 mg/g) (Cheng et al., 2016; Xiang et al., 2018), but infe-
rior to sludge-based and other straw-based biochars (57.88—1
10.20 mg/g) (Gao et al., 2019; Liu and Fan, 2018; Ni et al.,
2019; Sui et al., 2021; Xue et al., 2019). Besides, it seemed dif-
ferent manure-based biochars had significant difference in
their adsorption capacity (31.30-149.55 mg/g) (Deng et al.,
2018; Huang et al., 2018; Wang et al., 2020). On the whole,
straw-based biochar may possess better adsorption efficiency
towards Cd?>" than other plant-based biochar.

3.3. Quantification of adsorption mechanisms

3.3.1. Precipitation

XRD were performed to determine the difference in crystalline
mineral of the three biochars before and after adsorption
(Fig. 5A). The number and intensity of mineral peaks of the
three biochars changed obviously after adsorption, showing
precipitate made contributions to their Cd*>* adsorption. On
the whole, there were four mineral peaks belonging to cad-
mium precipitate, CdCO3, CdSiO3;, CdP, and Cd,(OH);Cl.
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adsorption by the three biochars and isotherms fitting.

Particularly, it could be seen that new mineral peaks of CdCO3
appeared on the surface of the three biochars after adsorbing
Cd**. This was also confirmed by the XPS spectra of Cls in
Fig. 6, where peaks of CO3 at the binding energy of
290.14 eV (RSB), 289.12 ¢V (ELB) and 289.56 eV (VGB)
increased from 1.90% to 5.29%, 5.77% to 10.10%, 2.73% to
6.67%, respectively (Cai et al., 2021). In FTIR spectra
(Fig. 5B), the peaks attributed to CO3 from 1420 cm™! to
1435 cm™! shifted after adsorption by the three biochars
(Huang, et al., 2018). These indicated that soluble CO3 in
the three biochars was consumed in the adsorption process.
Mineral peaks ascribed to CdSiO; and Cd,(OH);Cl solely
arose in RSB, while CdP, in ELB. It had been reported that
biochar derived from rice straw was abundant in silicon, which
was also verified by EDS, showing that RSB had the highest
silicon content (J. Li et al., 2019). The participation of silicon
compounds in Cd*>* adsorption by RSB was also proved by
the XPS spectra of Si2p, which was divided into three peaks,
C—Si—O at the binding energy of 102.83 eV, C—Si
(103.49 eV), Si—O (104.99 eV) (Cai et al., 2021). The peak of
C—Si—O disappeared after Cd>" adsorption, and the ratio
of C—Si and Si—O increased from 22.42% and 51.82% to
35.59% and 64.41%, respectively, demonstrating SiO3” precip-
itated with Cd>* (Fig. 7). The observed Cd,(OH);Cl may
result from the co-precipitation between cations and anions,
as described by the following equation (Kim et al., 2014):

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5 XRD (A) and FTIR (B) spectra of the three biochar
before and after adsorption.

2Cd** +30H + Cl — Cd,(OH),Cl |

CdP, in ELB was formed by reacting Cd>* with reductive
P, which synchronized with the release of CHy, H,, and CO in
the pyrolysis process (Huang et al., 2020). It was certain that
biochar produced from different biomass could bring differ-
ences in adsorption products due to their different
composition.

The majority of biochar minerals could be removed by
washing with HCI. Therefore, the quantitative contribution
of precipitation to Cd*>* adsorption could be determined by
the adsorption difference between original biochar and dem-
ineralized biochar (Gao et al., 2019). It was rather remarkable
that the results of quantitative analysis disclosed that precipi-
tation contributed the most to the total adsorption capacity
of the three biochars, with the ratio of 55.94% (RSB),
52.25% (ELB), and 52.41% (VGB), respectively (see Fig. 8).
This also made it clear that ash in the three biochars had great
effects on Cd>* adsorption.

3.3.2. Ion exchange
Cd>* could exchange with K, Na*, Ca®>*, Mg?" within bio-
char through electrostatic attraction of its negative charge,
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Fig. 6 Cls spectra of the three biochar before and after adsorption.

complexation with hydroxyl and carboxyl and precipitation of
MgCO;5; and CaSQOy in the ash, which were released into aque-
ous solution as a result (Deng et al., 2020). This was confirmed
by EDS spectra, in which the contents of K™, Na™, Ca™,
Mg?* obviously changed in the three biochar after adsorption
(Fig. 1). By calculating the net release amount of the four
cations, the adsorption capacity of Cd*>* by ion exchange of
the three biochars could be quantitatively measured
(Table S4). The experimental results showed that ion exchange
accounted for 25.20% (RSB), 29.71% (ELB), 17.88% (VGB)
of their total adsorption capacity.

3.3.3. Complexation

XPS and FTIR were conducted to characterize the changes of
functional groups of the three biochars before and after
adsorption. In the XPS spectra, the binding energy of Cd3d
appeared in the three biochars, demonstrating that Cd?>"
had been successfully adsorbed (Fig. S1). In the Cls spectra
(Fig. 6), the ratio of C—O (285.95 ¢V) of RSB decreased from
62.54% to 44.14%, while that of C—0 (286.94 eV) increased
from 15.34% to 37.67% (J. Wu et al., 2021). The ratio of
C=0 (286.52 eV) of ELB decreased from 76.50% to
63.23%. The C—O (285.78 eV) of VGB disappeared after
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Fig. 8 Relative contribution of four main mechanisms to the
total Cd>™ adsorption by the three biochars.

adsorption, and the ratio of C=0 (286.18 e¢V) decreased from
34.91% to 18.56% (M. Li et al., 2019). In the Ols spectra
(Fig. 7), at least one peak in each biochar disappeared after
adsorption, with the ratios of the remaining peaks changed sig-
nificantly. These indicated that OFGs of the three biochars
participated in the adsorption by all the biochar. In the FTIR
spectra (Fig. 5B), the peaks at 3386 cm™' (RSB), 3348 cm ™!
(ELB), 3389 cm ™! (VGB) represented O—H stretching vibra-
tion (Wu et al., 2019). The peaks at 1611 cm~' (RSB),
1580 cm ™! (ELB), 1598 cm ™' (VGB) were attributed to either
the C—C structures in aromatic groups or the C—O0 stretching
vibration of carboxyl (Cui et al., 2016b). Those peaks shifted
after adsorbing Cd*>", suggesting that hydroxyl and carboxyl
of the three biochars may participate in complexation reaction.
Nevertheless, the FTIR spectrum of the three biochars did not
obviously change, which meant that the complexation may not
play an important part in the adsorption process.

Previous work demonstrated that organic functional
groups of biochar involved in adsorbing Cd** mainly included
carboxyl and hydroxyl, which would release H" after com-
plexing with Cd>*, leading to a decrease in the pH of Cd*>"
solution (Lu et al., 2012). Thus, the contribution of complexa-
tion could be calculated by the net release amount of H" of
the demineralized biochars before and after adsorption
(Table S5). The results showed the contribution ratios were
1.85% (RSB), 1.36% (ELB), 0.27% (VGB), respectively,
which further verified that the contribution of complexation
to the total adsorption capacity in the three biochars was very
small. In addition, this result also accorded with their corre-
sponding rates of O/C and H/C.

3.3.4. Cd-n interaction

The aromatic structures in biochar such as —CH, C=C etc.
could coordinate with cations by providing m electron (Li
et al., 2017). As seen in the FTIR spectrum (Fig. 5B), in addi-
tion to the shift of C—=C peaks mentioned above, the peaks at
2925 cm~! (RSB), 2923 cm ™!, 2930 cm ™! (VGB) belonging to
the —CH structures in aromatic groups shifted after adsorp-
tion, indicating that cation 7 interaction between biochar
and Cd*>" occurred (Peng et al., 2017). This was further con-
firmed by XPS spectra of Cls, where the ratio of C—C at
the binding energy of 284.8 ¢V changed obviously in the three
biochars after adsorption. The relative contribution of cation nt
interaction could be obtained by subtracting the adsorption
contribution of the above three mechanisms from total adsorp-
tion capacity, with the results being 17.01% (RSB), 16.68%
(ELB), 29.43% (VGB), respectively.

4. Conclusions

This study compared the Cd*" adsorption characteristics and
mechanisms of biochars derived from three different plant-
based biomass. The results showed that the order of adsorp-
tion capacity was RSB > ELB > VGB. The optimal initial
pH of Cd*>" solution for adsorption was 6 (RSB, VGB) and
5 (ELB), respectively. Kinetics studies showed that the adsorp-
tion behavior of the three biochars could be well fitted by
pseudo-second-order and Elovich model, indicating that the
adsorption was heterogeneously chemical adsorption. Iso-
therm experiments suggested that Freundlich fitted better for
the three biochars than Langmuir, revealing that the adsorp-
tion was multilayer. Maximum adsorption capacity calculated
by Langmuir model was 57.87 mg/g (RSB), 50.21 mg/g (ELB),
44.09 mg/g (VGB), respectively. The quantitative analysis of
four main mechanisms revealed that Cd>" adsorption by the
three biochar was dominated by precipitation, ion exchange,
and cation w interaction, while complexation had negligible
contribution to total adsorption capacity. Thus, the prepara-
tion of engineered biochar to enhance the adsorption capacity
of Cd*>™ by the complexation may be conducive to plant-based
biochars playing a greater role in the treatment of wastewater
contaminated by Cd*".
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