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Abstract In this study, adsorption experiments on Cd(II)
ions in aqueous solution by biochars pyrolyzed from
millet bran (MBBC) at 400~800 °C were carried out
and MBBC had superior adsorption performance at py-
rolysis temperature of 600~800 °C. Then, biochars were
modified by potassium permanganate (MBBC-PP), po-
tassium ferrate (MBBC-PF), and citric acid (MBBC-
CA). The results showed that the adsorption capacities
of these adsorbents were in the order: MBBC-PP >
MBBC-PF >MBBC-CA >MBBC. FT-IR, XRD, and
Raman were used to determine the characteristics of
biochars and explore the main adsorption mechanism
causing by modification. These characterizations con-
firmed that manganese oxide and iron oxide particles
were loaded on the surface of MBBC-PP and MBBC-
PF, respectively. For MBBC-PP and MBBC-PF, the ad-
sorption sites generated by the loaded metal oxides play
more important role than other factors in Cd(Il) adsorp-
tion. For MBBC-CA, surface functional groups were the
main contributor during Cd(II) adsorption. Batch
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adsorption experiments demonstrate a Langmuir model
fit for Cd(I). The sorption kinetics of Cd(I) on adsor-
bents follows pseudo-second-order kinetics. Modified
biochars, especially the one modified by KMnO,, could
act as effective alternatives to enhance heavy metals
removal from aqueous solutions.
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1 Introduction

Rapid advance of industrialization and urbanization
causes serious environmental issues, which include a
large amount of industrial effluents containing heavy
metals (Barakat 2011). Cadmium (Cd) has been consid-
ered as one of the most toxic and non-biodegradable
heavy metals, which can be emitted into the aquatic
ecosystem and accumulated in the food chain through
industrial effluents, posing serious threats to aquatic or-
ganism and human health. Cd could cause various types
of disorders and even have a carcinogenesis (Bagchi et al.
2017; Yang et al. 2018). Hence, ecofriendly and sustain-
able suggestions are needed urgently, for eliminating Cd
contamination from the aqueous environment.
Numerous Cd(Il)-contaminated wastewater treatment
techniques include chemical precipitation, membrane
separation, ultrafiltration, electrolytic recovery, and ion
exchange (Chen et al. 2018; Ni et al. 2018). However,
these techniques have their inherent limitations, such as
high cost, sludge disposal, and secondary pollution (Fu
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and Wang 2011; Won et al. 2014). Adsorption is
regarded as a good alternative for heavy metal removal
(Peng et al. 2017). Adsorption, especially, still works at
medium or low ion concentrations (Inyang et al. 2012;
Xin et al. 2015). However, the practical application of the
well-known adsorbents like ion exchange resins and
activated carbon are limited by their high expenditure
and low efficiency (Wan et al. 2018). In recent years,
biochars have garnered great attention as an ideal adsor-
bent for contaminant removal owing to its low cost and
easy design (Demirbas 2008; Zhou et al. 2014).

Biochar produced by pyrolysis of biomass in an
oxygen-limited environment is a kind of carbonaceous
material with highly aromatization and recalcitrance
(Fan et al. 2018; Sizmur et al. 2015). Biomass feedstock
for biochar preparation has been extensively studied,
including forestry wastes, agricultural waste, and indus-
trial organic wastes, which can be utilized effectively
and converted into valuable green by-products (Li et al.
2017a; Shan et al. 2015; Vafakhah et al. 2014). Howev-
er, the adsorption ability of pristine biochars to remove
contaminants is restricted due to the physicochemical
properties of biochar (Li et al. 2017a).

Several studies indicated that chemically modified
methodologies on feedstock or biochar increase the
breadth of contaminants, including acids, bases, and
metal oxides (Rajapaksha et al. 2016). So far, a number
of methods for modifying biochar have been designed to
enhance its adsorption capacity of Cd(Il). Biochar mod-
ified by metal salts has been testified as a promising
method (Wang et al. 2012). Xiang et al. (2018) success-
fully prepared rice husk biochar and magnesium oxide
(MgO) composite using a MgO impregnation method
and the adsorption capacity of Cd(II) was 18.1 mg/g. In
previous studies, biochar modified by KMnO,4 impreg-
nation to load manganese oxides have been found and
demonstrated to be an effective modification method
(Wang et al. 2015). Potassium ferrate, also as a strong
oxidant, has not yet been extensively studied for Cd(II)
removal. Potassium ferrate is a dark orchid powdered
crystals with metallic luster and strong oxidizing, which
has potential uses as a novel modifying agent.
Additionally, acid modification is frequently applied to
remove various pollutants and enhance adsorption
capacity as well. Peng et al. (2017) carried out a simple
modification of biochars by phosphoric acid (H;PO,)
and found that the surface area was larger and the
contents of oxygen-containing functional groups of
modified biochars were more than pristine biochars.
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Compared to strong acid frequently applied, citric acid
is a kind of environment friendly organic acid, which
could avoid secondary pollution of the environment
during preparation (Sun et al. 2015). Several studies
had already reported that citric acid could be applied to
modify the surface of various biochars by introducing
additional functional groups onto their surfaces, which
may enhance their adsorption capacity (Xu et al. 2016).
Thus, this study used potassium permanganate, potassi-
um ferrate, and citric acid as the biochar modification
agent to remove Cd(Il) from aqueous solution and fur-
ther determine their sorption mechanism.

Therefore, this study was aim to comprehensively
evaluate several biochar modification methods for
Cd(II) removal. Specifically, the objectives of this
work were to (1) select three modification methods
including KMnO, impregnation, K,FeO, impregna-
tion, and C¢HgO, impregnation; (2) characterize the
modified biochars and test their sorption capacities of
Cd(I); and (3) comprehensively evaluate the mech-
anism governing the adsorption of Cd(II) on modi-
fied biochars.

2 Materials and Methods
2.1 Materials

Millet bran chosen as biochar feedstock were collected
from Baotou City, Inner Mongolia, China. In order to
ensure uniform heating of biomass for biochar prepara-
tion, the millet bran was washed and dried to constant
weight and sieved after grinding, controlling the particle
size in 0.8~0.15 mm. Potassium permanganate
(158.03 g/mol, KMnOy; 99.5%), potassium ferrate
(198.04 g/mol, K,FeO,), citric acid monohydrate
(210.14 g/mol, C¢HgO7-H,0; 99.8%), and cadmium
nitrate tetrahydrate (308.48 g/mol, Cd(NO;),4H,0;
99.0%) were purchased from Sinopharm Chemical Re-
agent Co., Ltd. (Shanghai, China). All chemicals and
reagents were of analytical grade.

2.2 Modified Biochar Preparation

The prepared biomass was, respectively, pyrolyzed in a
muffle furnace (SX2-5-12, Hubei JianLi Instrument
Co., Ltd., China) at 400~800 °C for 2 h in an oxygen-
limited environment. Then, the pristine biochars were
collected and milled into particles with diameters
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between 0.015 and 0.074 mm for the following adsorp-
tion experiments.

The millet bran feedstock was modified by
KMnO, impregnation, K,FeO, impregnation, and
C¢HgO- impregnation. Specific steps are as follows:
20 g millet bran was separately immersed using
250 mL of KMnO4 (0.1 mol/L)/K,FeO,
(0.1 mol/L)/CcHgO7-H,O (1 mol/L) solutions and
stirred vigorously, followed by ultrasonication for
2 h to ensure uniform contact. After being oven
dried, the biomass was milled, and sieved to parti-
cles with diameter between 0.15 and 0.80 mm and
then pyrolyzed in a muffle furnace at 600 °C for 2 h
under N, atmosphere. In order to exclude effects
from ash component produced during heating pro-
cess, the obtained biochar was washed three times
with deionized water and dried at 80 °C overnight.
The modified biochars were referred to as MBBC-
PP, MBBC-PF, and MBBC-CA, where suffix letter
PP, PF, and CA represent KMnO4, K,FeO,, and
C¢HgO4, respectively.

2.3 Batch Adsorption Experiments

A dosage of 100 mg biochars were added into 50 mL
of solution containing 1 mmol/L Cd(II) concentration
at initial pH 4.0. The biochar samples were shaken
for 6 h in a constant temperature shaker at 160 rmp
under 25+ 1 °C conditions. After reaching the ad-
sorption equilibrium, the reaction mixture was cen-
trifuged for 15 min at the speed of 1500 rmp and
filtrated through 0.20-um microporous filter mem-
brane. The residual concentration of Cd(II) ions was
measured in the filtrate and determined by atomic
absorption spectrophotometer (AAS; ZEEnit700P,
Analytik-Jena, Germany). For the modified biochars,
the effect of initial pH (2.0~7.0) on Cd(II) adsorption
was investigated using the same procedure as de-
scribed above.

An adsorption isotherm experiment was carried out
by mixing 100 mg of adsorbent and 50 mL of aqueous
solutions with different Cd(Il) concentrations (0.16 to
6.00 mmol/L) for 24 h at 25+ 1 °C. For adsorption
kinetics, the mixture with 100 mg MBBC-PP and
50 mL of 1 mmol/L Cd(IT) aqueous solutions was shak-
enat25+ 1 °C. Sampling time was set to 10, 20, 30 min,
1,2,3,4,6,8, 12, and 24 h, respectively. The pH of
Cd(II) solution was adjusted to around 5.5. Samples
were immediately filtered and measured.

2.4 Analytical Methods

Surface functional groups on the biochars were identi-
fied by a Fourier transform infrared spectrometer (FT-
IR; Nicolet 6700, Thermo Electron Scientific Inc.,
USA). Spectra were obtained in a wavelength range of
500~4000 cm ' at a resolution of 0.019 cm™'. X-ray
diffraction (XRD) measurement was carried out to de-
termine the crystalline structure and surface chemical
composition of the adsorbents in a D8 Advance Bruker
spectrometer by using Cu K« radiation with a scanning
speed of 2°/min in the 20 range between 10° and 80°.
Raman spectra were recorded using a Renishaw Raman
spectrometer (LabRam HR Evolution).

3 Results and Discussions
3.1 Cd(Il) Adsorption of Pristine Biochars

Pyrolysis temperature is one of the most important
factors affecting biochar structure and composition,
and it can influence the adsorption characteristics of
biochar by changing surface area, surface functionality,
pore distribution, and mineral concentration of biochar
(Ahmad et al. 2012; Chen et al. 2011; Kim et al. 2012).
Adsorption capacities of pristine biochars (MBBC) to-
ward Cd (IT) were shown in Fig. 1. A higher pyrolysis
temperature will promote better adsorption capacity of
Cd(I) by biochar. The adsorption capacity reached the
largest at biochar produced temperature of 700 °C.
MBBC produced at 800 °C displayed a slightly de-
creased adsorption efficiency, which may be due to the
less oxygen-containing functional groups or the block-
age and collapse of the pore structure (Li et al. 2002;
Paethanom and Yoshikawa 2012).

In order to study the effect of pyrolysis temperatures
on pH and adsorption properties of MBBC, Cd(II) so-
lution and deionized water (control experiment) were,
respectively, mixed with appropriate amount of MBBC
at an initial pH of 4.0. After shaking for 6 h, the pH
values of the biochar suspension were detected. As
shown in Fig. 1, the ash components on the biochar
surface dissolved and released in the solution so that
the pH tend to be neutral or alkaline from acidic, when
MBBC was added into deionized water. It could be
prone to find that biochar pH simultaneously increases
with increasing pyrolysis temperature, which is mainly
due to the increasing of contents of total base cations
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Fig. 1 Effect of pyrolysis 25
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and carbonates in biochar and the separation of alkali
salts from organic matrix in the feedstock (Shinogi and
Kanri 2003; Yuan et al. 2011). In addition, the reduction
of O in biochar at high temperatures may lead to the
disappearance of various acidic functional groups such
as “COOH, resulting in a more alkaline surface of
biochars (Al-Wabel et al. 2013; Li et al. 2002).

After Cd(II) adsorption, the pH of result solutions
stabilized at 6.41~7.32, which were lower than that
of control group. Kim et al. (2013) and Regmi et al.
(2012) had reported that the removal of Cd(Il) was
significantly observed at pH 9.0 in the absence of
biochars as a result of the formation of Cd(OH),
precipitation. Hence, a hypothesis could be made
that alkaline substances may be released from bio-
char and converted into precipitates by combining
with Cd(II). Ion exchanges may occur during the
process as well, that is, the surface functional groups
of biochar complexed with Cd(II), replacing the
hydrogen ions, resulting in a decrease in pH. Com-
pared to the pristine biochar (MBBC) after a deash
treatment in Fig. 2, the adsorption capacity was
greatly improved, indicating that the Cd(II) removal
was mainly dependent on the surface precipitation
by ash component in the pristine biochar without
deashing. It could be concluded from Fig. 1 that
elevated temperature (600~800 °C) promotes the
biochar surface to be alkaline and facilitates the
removal of Cd(Il). By deashing treatment, MBBC
obtained at 600 °C exhibited relatively good
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adsorption performance (data not shown). Therefore,
600 °C was chosen as the optimum pyrolysis tem-
perature for subsequent studies.

3.2 Cd(II) Adsorption of Modified Biochars

3.2.1 Adsorption Capacity of Cd(Il) by Modified
Biochars

Adsorption capacity of pristine biochar (MBBC) and
modified biochars (MBBC-PP, MBBC-PF, MBBC-
CA) were presented in Fig. S1. It could be clearly
observed that all three modification methods greatly
enhance adsorption capacity of Cd(II) from aqueous
solutions compared with MBBC. Notably, the adsorp-
tion capacity of Cd(Il) on MBBC-PP reached 22.51 mg/
g approximately, which was five times than that of
MBBC. MBBC-PF was second, and its adsorption ca-
pacity was increased to 18.65mg/g. The adsorption ca-
pacity of MBBC-CA was 12.47 mg/g, but still better
than MBBC. The results indicated that modification
methods indeed had a great influence on the adsorption
properties of biochar, and KMnO, as oxidant modified
biochar was more suitable to remove Cd (II) from aque-
ous solutions.

3.2.2 Effect of Initial pH

When biochar is applied for metal removal, solution
initial pH strongly impacts biochar surface
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Fig. 2 The effect of initial pH on 50
Cd(II) adsorption by MBBC

(washed), MBBC-PP, MBBC-PF, 45 1
and MBBC-CA. Experimental

condition: MBBC = 100 mg, 40
CdI)=50 mL (1 mmol/L),

time=6h 35
30
25
20

154

Adsorption volume / (mg/g)

10 4

MBBC —#A— MBBC-PF
—#&— MBBC-CA —e&— MBBC-PP

properties, surface charge, and metal speciation (Li
et al. 2017c). Thus, the effects of initial solution pH
on Cd(II) adsorption by MBBC, MBBC-PP, MBBC-
PF, and MBBC-CA biochars were investigated at
different pH ranging from 2.0 to 7.0. As shown in
Fig. 2, it is clearly displayed that Cd(II) removal is
pH-dependent. The removal efficiency of Cd(Il) by
MBBC-PP and MBBC-PF were significantly higher
than those of MBBC and MBBC-CA, which could be
attributed to the properties of different surface mod-
ifier. The adsorption capacities of MBBC-PP and
MBBC-PF were observed to increase sharply when
initial pH was increased from 2.0 to 6.0, and reached
the maximum at pH 6.0. However, the adsorption
capacity slightly decreased with a further increase
of pH. In contrast, the adsorption capacity of MBBC
and MBBC-CA increased slowly and stabilized when
pH>4.0.

To further illustrate the effects of pH, the zero
point of charge (pH,,.) of modified biochars was
evaluated by reference to Jung et al. (2016), based
on the ApH of pre- and post-adsorption. As shown in
Fig. 3, the experimental pH,,. for MBBC-PP,
MBBC-PF, and MBBC-CA was 6.3, 6.0, and 5.1,
respectively. When solution pH is lower than pH,,,.
(6.3, 6.0, 5.1), biochar is positively charged and
produces electrostatic repulsion that occurred be-
tween biochar and Cd(II) ions, preventing their

bonding. At the same time, excessive proton ions in
solution strongly compete with Cd(II) for adsorption
sites. In addition, MnO, and FeO, supported on
biochar could dissolve into solution as free ions at
low pH, thereby losing the possible complexation
between metal oxides and Cd(Il). This is why the
adsorption capacity of all biochar is negligible at
pH 2.0. With pH increasing from 3.0 to 5.0, the
deprotonation of functional groups releases more
binding sites, thus exhibiting an enhanced adsorption
capacity. When solution pH is more than pH,,,. (6.3,
6.0, 5.1), biochar is negatively charged to bind with
Cd(II) and the metal species on the biochar is pre-
sented in the form of oxides. The pH,,. of MBBC-PF
is smaller than that of MBBC-PP, which is consistent
with the previous observation that the loading of iron
oxide will increase the acidic groups on biochar
surface (Li et al. 2017a). It can be seen from Fig. 2
that when the pH exceeds 6, the adsorption site of
biochar has been fully occupied. Even if the biochar
is negatively charged, the removal quantity of Cd(II)
could not increase, which may be due to the forma-
tion of Cd(II) precipitates affecting the adsorption
process. Therefore, the adsorption sites provided by
MnO, and FeO, were more important than electro-
static interactions. MBBC-CA has the smallest pHy,,.
(5.0), and when the solution pH is more than 5.0, the
adsorption capacity did not significantly reduce,
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Fig. 3 pH,,. of MBBC-PP,
MBBC-PF, and MBBC-CA
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indicating that electrostatic interaction is one of the
possible mechanisms.

3.2.3 Adsorption Isotherms and Kinetics

Langmuir and Freundlich equation models were used to
fit the adsorption isotherms of Cd(I) adsorption by four
biochars (MBBC, MBBV-PP, MBBC-PF, MBBC-CA)
in this study. Langmuir and Freundlich equation models
are described in the following Egs. (1) and (2), respec-
tively.

_ Qmaxbc@
0, = 1100, (1)
0, =kp (2)

0. (mg/g) is the amount of metal adsorbed per unit
weight of adsorbent, C, (mg/L) is the equilibrium solu-
tion concentration phase of the adsorbate, Q. is the
maximum adsorption capacity (mg/g), b is the Langmuir
constant related to the sorption energy (L/mg), # is the
Freundlich constant related to surface heterogeneity, and
K is the Freundlich constant related to sorption capacity
(mg'~"L"g).

Figure S2 shows curves of the adsorption capacities
of the adsorbates as functions of Cd(Il) solution equi-
librium concentration. When the equilibrium solution
concentration of Cd(II) was less than 50 mg/L, the
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Initial pH

amount of Cd(II) adsorption was increased dramatically.
On the other hand, when the equilibrium concentration
of Cd(Il) was greater than 100 mg/L, the amount of
Cd(Il) adsorption tended to plateau. Compared with
the MBBC, the adsorption capacities of MBBC-PP,
MBBC-PF, and MBBC-CA were 8.45, 7.32, and 3.65
times greater than that of MBBC, respectively. The
adsorption capacities of these biochars were in the order:
MBBC-PP > MBBC-PF > MBBC-CA > MBBC.

The Langmuir and Freundlich parameters and corre-
lation coefficients (R*) were known from Table S1. Ob-
viously better fits were obtained using the Langmuir
model than were obtained from the Freundlich model,
suggesting that the mechanism of Cd(II) adsorption onto
these biochars is more consistent with the Langmuir
model. Therefore, the four adsorption behaviors mainly
occurred in monolayers, including chemical and physi-
cal adsorption.

The pseudo-first-order and pseudo-second-order ad-
sorption kinetic equation models were used to verify the
sorption kinetics. Pseudo-first-order and pseudo-second-
order adsorption kinetic equation models can be depicted
in the following Egs. (3) and (4), respectively.

a9, _ _

o= h(0:0) ()
th _ _ 2

i k(0.-0) )
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0. and Q, (mg/g) are the amounts of Cd(I) adsorbed
onto biochar at equilibrium and at extraction time, re-
spectively; ¢ (min) is the time; k; (min_l) is the rate
constant of pseudo-first-order model; and £,
(g/(mg min)) is the equilibrium rate constant of
pseudo-second-order model.

Figure S3 illustrates the amounts of Cd(II) adsorbed
by MBBC, MBBC-PP, MBBC-PF, and MBBC-CA, as
functions of the contact time (0~24 h) and the parame-
ters determined from two kinds of kinetic models for
Cd(I) adsorption are listed in Table S2. Adsorption
capacity of Cd(Il) by four adsorbents increased with
time and then stabilized as equilibrium was reached.
The adsorption of Cd(I) was fast in the initial stages
and then reached equilibrium after only 2 h, presumably
because adsorption primarily occurs on the outer sur-
faces of these biochars. With increasing time, Cd(II)
gradually diffuses into the carbon pores, further reacting
with internal active sites of the carbon, where the ad-
sorption process is relatively slow.

The kinetic adsorption data of Cd(Il) was well fitted
to the pseudo-second-order kinetic model, which can be
seen from both the fitting curve and rate constants. The
pseudo-second-order equation model provided high cor-
relation coefficients with experimental results (R* equal
to 0.982, 0.968, 0.989, and 0.993 for MBBC, MBBC-
PP, MBBC-PF, and MBBC-CA, respectively). This re-
sult further proves that the adsorption of Cd(II) by
biochar is more attributed to chemisorption, which
may be due to the coordination reaction and complexa-
tion reaction of Cd(II) ions with the functional groups
(carboxyl, hydroxyl, etc.) on the biochar surface.
Among them, MBBC-PP has the highest adsorption
capacity, probably because of the inner coordination
between MnO, and Cd(II).

3.3 Characterizations and Mechanisms for Cd(II)
Adsorption on Modified Biochars

FTIR spectroscopy was used to obtain information on
the variety of functional groups present on the surfaces
of adsorbents. Figure 4a reveals the changes of pre- and
post-modification biochars in surface functional groups.
The FT-IR spectrum of MBBC demonstrates the char-
acteristic peaks at 3340 (-OH), 1693 (aromatic C=0),
1580 (aromatic C=C), 1385 (aromatic —OH), 1090 (C—
0), 875, and 800 (aromatic C—H) cm L, indicating that
the surface of pristine biochar was enriched with func-
tional groups. A distinct similarity was found between

MBBC-CA and MBBC, which presented they shared
resemble types of surface functional groups and
abundance. Xu et al. (2016) reported that citric acid
could be applied to modify the surface of various adsor-
bents by introducing additional carboxyl groups onto
their surfaces. However, no obvious stretching vibra-
tions of carboxyl groups were found on the surface of
MBBC-CA, probably due to the properties of biomass
that difficult to bind with biochar. For MBBC-PF, the
stretching vibrations of MBBC-PF decreased slightly,
which implied the amount of functional groups de-
creased. With an increasing content of aliphatic structure
in MBBC-PF, the surfaces became more hydrophilic, so
that the surface of the material may wrap a layer of
hydrated film to block the proximity of Cd(II). The
FT-IR spectra of MBBC-PF did not find significant
Fe—O vibration band, but the presence of FeO, was
confirmed by XRD and Raman later. By contrast, only
a small quantity of oxygen-containing aliphatic groups
was still retained on MBBC-PP, thus exhibiting obvious
aromatic properties and hydrophobic surfaces, which
was favorable for adsorption. Additionally, a new band
at 600 cm ' appeared, which was perhaps attributed to
the Mn—O bond stretching (Wang et al. 2012). The C-O
stretching band was not prominent in MBBC-PP, which
suggests that carboxyl, ketone, and other carbonyl-
containing moieties declined after KMnO, modified
(Li et al. 2017a). Reduction of peak intensity of
MBBC-PP may be due to the oxidation on the biomass
surface by KMnQy,, or complexation functional groups
on biochar surface with Mn during heating.

The crystalline structures were investigated by XRD
analysis. The powder X-ray diffraction patterns of
MBBC, MBBC-PP, MBBC-PF, and MBBC-CA were
shown in Fig. 4b. It should be noted that the XRD
patterns of MBBC and MBBC-CA show no diffraction
peaks, while MBBC-PP and MBBC-PF existed, indi-
cating that MBBC was loaded with different crystal
structures after modification with KMnO,4 and
K,FeO,4. Obvious diffraction peaks at 20 values of
27.38°, 35.20°, 35.48°, 42.84°, and 62.38° in MBBC-
PF indicated the presence of Fe;04 and FeO(OH), dem-
onstrating that FeO, was successfully loaded within
biochar composite. In case of MBBC-PP, from the
XRD patterns, it showed diffraction peaks at 34.91°,
40.34°, 58.58°, and 36.26, which can be assigned to
MnO and Mn;QO,, respectively.

In Raman spectra (Fig. 4¢), two characteristic peaks
at 1350 cm™ " and 1600 cm ™, corresponding to D and G

@ Springer
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Fig. 4 a FTIR transmission
spectra of MBBC, MBBC-PP,
MBBC-PF, and MBBC-CA; b
XRD patterns of MBBC, MBBC-
PP, MBBC-PF, and MBBC-CA;
and ¢ Raman spectroscopy of
MBBC-PP, MBBC-PF, and
MBBC-CA
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bands, respectively, were observed in the spectra of
MBBC-PP, MBBC-PF, and MBBC-CA. D band repre-
sents the disorder and defects in the carbon lattice or the
existence of amorphous carbon, while G band reveals
in-plane tangential stretching of ordered sp2 bonded
carbon. The intensity ratio (Ip/Ig) indicates the degree
of graphitization and the amount of functionalization in
a carbon material (Narzari et al. 2017; Zhang et al.
2018). The intensity ratio (Ip/Ig) was 1.23, 1.11, 0.98,
and 1.29 for MBBC (shown in Fig. S4), MBBC-PF,
MBBC-PP, and MBBC-CA, respectively, suggesting
that a considerable amount of functional groups were
present on the surface of the biochar. The Ip/Ig ratio for
MBBC-PP (0.98) was the lowest, indicating that the
biochar had formed a high degree of graphitization.
And the amount of functional groups in MBBC-PP
was less than the other modified biochars owing to the
oxidation of KMnQO, on biomass stock or chemical
interactions between MnOy and functional groups,
which was consistent with the findings of the FT-IR
spectra (Fig. 4a). The Ip/Ig for the MBBC-PF is 1.11,
higher than that of MBBC-PP (0.98), which demon-
strates that MBBC-PF has large defect sites in its struc-
ture due to the stronger oxidation of K,FeOy,. In case of
MBBC-CA, the Ip/Ig ratio was the highest, which re-
veals that a high number of functional groups are present
on the surface of MBBC. It suggested that the modifi-
cation of citric acid has a slight positive impact on the
surface functional groups of biochar.

In addition, compared to MBBC-CA, new peaks
were found in MBBC-PF and MBBC-PP. For
MBBC-PP, the result of Raman spectra showed a
peak at 650 cm ', indicating that manganese oxides
were loaded on MBBC-PP. The XRD patterns and
the FT-IR spectra all confirmed the existence of the
MnO, and Mn was present in the form of various
oxides. According to the results of FT-IR and Raman
spectrum, the oxygen-containing functional group
was not a main contributor of Cd(II) adsorption by
MBBC-PP. It has been reported that MnO, has a
strong affinity to heavy metal ions and forms an
inner-sphere complexation with Cd(Il), which is re-
lated to the contents of organics and mineral oxides
containing in the biochar (El-Banna et al. 2018; Jiang
etal. 2018). In addition, the cation-7t bond interaction
also contributed during the adsorption of Cd(Il) by
biochar produced at high temperatures (Li et al.
2017a). Therefore, the main adsorption mechanism
of Cd(IT) for MBBC-PP could be summarized as the

interaction between MnQO, and Cd(II) and cation-7t
bond interaction caused by the oxidation of KMnOy4
on biomass.

For MBBC-PF, peaks in Raman spectrum at
214.77 em ', 284.54 ¢m ', and 403.56 ¢cm ' indicated
the presence of FeOy, suggesting that the iron oxide was
successfully loaded on biochar, which was consistent
with XRD. Similar to MBBC-PP, the adsorption sites
generated by the loaded metal oxides play a key role in
Cd(II) adsorption, but the effect of iron oxides was not
so satisfactory compared to MBBC-PP. As revealed in
the Raman spectra, KMnO, exhibited better surface
oxidation ability of biomass than K,FeO,. MBBC-PF
would become more hydrophilic due to the increase in
aliphatic structure, which hindered the approach of
Cd(Il), leading to the reduced adsorption of Cd(II). In
turn, MBBC-PP had an increased aromatic structure and
a more hydrophobic surface, which is beneficial to the
interaction of Cd(II). In addition, it is reported that the
biochar pores are easy to be blocked by iron oxides
during iron oxide formation and consequently not pro-
vide sufficient adsorption sites. These reasons may re-
sult that the K,FeO,4 modification is not so as KMnOQOy.

In the case of MBBC-CA, different adsorption mech-
anisms of Cd(II) governed the adsorption process due to
their modifier properties. A considerable amount of
functional groups still existed on the surface of the
biochar after modification according to the FT-IR and
Raman spectra. Additionally, well-developed aromatic
Tr-structures can act as 7t-electron donors and abundant
oxygen-containing groups on the surface, participating
in the sorption process (Ahmed et al. 2018). Therefore,
the adsorption mechanism for MBBC-CA was mainly
dependent on functional group complexation, electro-
static attraction, and its aromatic 7t-structures.

4 Conclusions

Millet bran biochars modified by potassium permanga-
nate, potassium ferrate, and citric acid were successfully
prepared for Cd(Il) removal. For pristine biochar, a
better adsorption capacity can be expected with higher
pyrolysis temperature and solution pH. Compared with
MBBC (5.2 mg/L), the adsorption capacities of biochar
on Cd(Il) were improved after KMnO, impregnation
(36.5 mg/g), K,FeO, impregnation (32.5 mg/g), and
citric acid impregnation (18.5 mg/g), so MBBC-PP
exhibited the highest uptake capacity. Three modified
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biochars were pH-dependent. For MBBC-PP and
MBBC-PF, a certain degree of decline in oxygen-
containing functional groups indicated that the contri-
bution of surface functional group complexation with
Cd(Il) is insignificant. Therefore, the metal oxides on
the biochar that provide more adsorption sites played the
most important roles for Cd adsorption. However, the
hydrophilicity and hydrophobicity of biochar surface
were the main reason for their different adsorption ca-
pacity. For MBBC-CA, the surface functional groups
had hardly changed after modification. It enhanced ad-
sorption capacity for Cd(IT) because of surface complex-
ation and its aromatic structures. Therefore, KMnQO,
impregnation was the most effective way to enhance
Cd(II) removal from aqueous solutions.
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