Novel Fe-Mn binary oxide-biochar as an adsorbent for removing Cd(II) from
aqueous solutions
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Highlights
e A novel Fe-Mn binary oxide-biochar (FMBC) was prepared.
e FMBC was effective for Cd(II) removal (95.23 mg/g) from aqueous phase .

¢ Dominant adsorption mechanism was Cd(II) precipitation with ferromanganese

oxides.



Abstract: In this study, a pristine biochar (BC) and Fe-Mn binary oxide-biochar
(FMBC) were prepared using Pennisetum sp. straw as the feedstock for Cd(II) removal
from aqueous solutions. Scanning electron microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and specific surface
area (SSA) analyses revealed the physico-chemical characteristics of the pristine and
designer adsorbents, suggesting that an ultrasonic treatment during synthesis enhanced
the SSA and pore volume of the BC, and assisted successful loading of Fe-Mn binary
oxide particles on the BC surface. The Cd(II) adsorption data of the adsorbents were
fitted to the Langmuir isothermal and pseudo-second-order kinetic models. At a system
temperature of 25 °C and pH 5, the maximum Cd(II) adsorption capacities of BC (30.58
mg/g) and FMBC (95.23 mg/g) were obtained. Multiple Cd(II) adsorption mechanisms
by FMBC were identified, including precipitation with minerals, complexation with

surface functional groups, Cd(II)-m interactions, and cation exchange. As the most

dominant adsorption mechanism, Cd-O bonds were formed on the FMBC surfaces
precipitating Cd(OH)2 (63.9 wt%) and CdO (36.1 wt%). The FMBC thus could be

potentially used as an effective adsorbent for Cd(Il) removal from aqueous solutions.

Keywords: Water treatment; Adsorption mechanism; Heavy metal removal; Designer

biochars.



1. Introduction

Cadmium (Cd) can enter into the aquatic ecosystem from both natural and
anthropogenic sources and accumulate in the food chain, posing serious threats to
aquatic organisms and human health [1,2]. Long-term exposure of Cd to humans can
cause various types of disorders such as softening of bones, renal failure and
neurological issues, and even can have a carcinogenic effect [3]. Therefore, it is
necessary to find an efficient and environmentally friendly adsorbent for removing Cd
from water which is one of the most important entry pathways for the heavy metal into
the human body. To address this problem, numerous Cd-contaminated wastewater
treatment techniques including chemical precipitation, membrane separation [4],
ultrafiltration [5], electrolytic recovery [6], and ion exchange [ 7] have been investigated
in the past. However, the application of these techniques is inherently limited because

of high cost, sludge disposal, and secondary pollution problems [8].

In the past few years, increasing number of researchers have investigated biochar
(a biomass-derived carbonaceous material) due to their high effectiveness, easy
application and regeneration during contaminant removal processes [9,10]. Biochars
have been reported as promising adsorbents for removing heavy metals from
wastewater [11]. Particularly, biochars modified with oxidic composites have been
reported as excellent adsorbents for heavy metal removal in aqueous solutions [12,13],
because biochars can form inner-sphere complexes with heavy metals through its metal
oxide and O-containing functional groups, and also via cation exchange, and cation-n
bonding [14,15]. The maximum adsorption capacity of Pb(Il), Cu(Il), and Cd(II) by
hickory wood biochar modified with KMnOj4 could reach 153.1, 34.2, and 28.1 mg/g,
respectively, much higher than that of the pristine hickory wood biochar [16].Recently,

Wu et al. (2019) revealed the dynamic interactions between amended biochar and soil



oxide minerals which significantly affected the immobilization pathways of metals in

contaminated soils [17].

In recent years, Fe-Mn binary oxide adsorbents, which are effective for removing
heavy metals such as Cd(II), Pb(Il), Co(Il), and As(IIl), have attracted significant
attention [18,19]. Fe-Mn binary oxides are the combination of iron oxyhydroxides and
manganese dioxide, and they could enhance the adsorption capacity of anions due to
their physico-chemical characteristics, such as increased specific surface area (SSA),
undergoing concurrent redox reactions and oxyanion exchange phenomena [20].
Unfortunately, the weak mechanical strength of Fe-Mn binary oxide adsorbents is an
issue for practical use mainly because of the release of Mn(II). Serious diseases, such
as compulsive behaviors, emotional lability, hallucinations, and intellectual impairment
in humans, can be caused by Mn(Il) if present in the drinking water, which may limit
the widespread application of Fe-Mn binary oxide adsorbents for water treatment
[21,22]. Therefore, it is necessary to immobilize Fe-Mn binary oxides onto a host
material to prevent the Mn(II) release during water treatment application so as to reduce
the risk of secondary pollution [23]. Composites of Fe-Mn binary oxides with biochar
could combine the advantages of both materials, and were reported previously as an
excellent As(Ill) removing agent from contaminated water [254,25]. Only a few studies
have focused on the potential role of Fe-Mn binary oxides-biochar composites as an
adsorbent of Cd(Il) in aqueous solutions, and the mechanism of Cd(II) adsorption on

those composites is still unclear [26].

Therefore, the overarching purpose of this study is to develop a relatively simple
and innovative adsorbent derived from biomass and combined with Fe-Mn binary
oxides for the removal of Cd(II) from aqueous solutions. The specific objectives are:

(1) to explore the physico-chemical characteristics of the novel Fe-Mn binary oxide-



biochar (FMBC) adsorbent derived from Pennisetum sp. straw; (2) to determine the
removal capacity of Cd(II) by FMBC and the pristine biochar (BC); and (3) to unravel
the Cd(II) removal mechanisms by FMBC adsorbent. It is envisaged that the present
study would facilitate: (i) cleaner production of biomass-derived biochar from straws,
(i1) wastewater treatment using the designer biochar adsorbent, and (iii) mechanistic

understanding of heavy metal removal from water using designer biochar adsorbents.

2. Materials and methods

2.1 Materials

The Pennisetum sp. straw, obtained from Guangzhou, Guangdong Province, China,
was washed with deionized water, dried at 60 °C temperature, milled into particles with
a length of 2-3 c¢cm, and ground to pass through a 100-mesh sieve. The preparation of
biochar was described previously [27]. In the present work, we adjusted the pyrolysis
temperature at 600 °C to fabricate the BC. Approximately 5 g of the BC was immersed
in a mixture of KMnO4 (0.24 M, 40 mL) and Fe(NO3); (0.18 M, 40 mL) solutions,
ultrasonically dispersed for 2 h, dried in a water bath (95 °C), and finally pyrolyzed
again at 600 °C for 0.5 h under N> atmosphere to acquire the FMBC composite with an

Fe:Mn:BC mass ratio of 1:4:25.

2.2 Biochar characterization

The elemental analyses of BC and FMBC were conducted on a Thermo flash 3000
element analyzer (EA-3000, Eurovector, Italy). The Fourier transform infrared (FTIR)
spectra of both materials before and after Cd(II) adsorption were recorded within the

wavelength range of 4000-400 cm™!

with dehydrated KBr as the sample pelleting
matrix (iIS50R, Thermo Fisher, USA). The SSA was determined by N> adsorption

isotherm at 77 K using a Micromeritics ASAP 2460 surface area analyzer (USA), and



calculated by the Brunauer-Emmett-Teller (BET) method [28]. The pore size
distribution was calculated by the Barrett-Joyner-Halender (BJH) method. The Fe and
Mn bearing crystals on the biochar surfaces were identified using an X-ray diffraction
(XRD) instrument (D8 ADVANCE, Bruker, Germany) equipped with a CuKa radiation
source, and scans were carried out between diffraction angles 2 to 80 ° with cavity
mounting. Elemental composition of the absorbent surfaces and valence states for Fe,
Cd, Mn, C and O were analyzed by X-ray photoelectron spectroscopy (XPS) (Escalab
250Xi, Thermo Fisher, USA) with a 20 angular range spanning from 5 to 80° with the
spinning rate of 2 r/s. An Al X-ray source was used with a 93.90 eV passing energy
between binding energy ranging from 0 to 1400 eV. The surface morphology and
elemental distribution were analyzed using a scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectroscopy (EDX) unit (S-3400N(II),

Hitachi, Japan).

2.3 Adsorption experiments

The adsorption experiments were carried out in 50 mL polyethylene centrifuge
tubes at 25 °C. The Cd(II) solutions were prepared by dissolving its nitrate salt
(Cd(NO3)2:4H20) in 0.01 mol/L NaNOs as the background electrolyte. The initial
concentrations of Cd(II) in the solutions were in the range of 50-200 mg/L. For the
batch studies, the adsorbents (25 mg) and Cd(II) solution (25 mL) were added to the
centrifuge tubes. The initial pH of the solution was adjusted to 5.0 + 0.05 by adding 0.1
mol/L NaOH or HNOj3 solutions. All the tubes were sealed and shaken at 200 rpm in a
water-bathing constant temperature vibrator for 24 h to reach the apparent equilibrium
based on a preliminary study. For the adsorption kinetic studies, 25 mg sample (BC or
FMBC) was added to the Cd(II) solution (25 mL; 100 mg/L). The suspension was

sampled at different time intervals (1, 10, 30, 60, 120, 300, 480, 720, and 1440 min).



The suspension was filtered immediately through a 0.45-um polyether sulfone filter

membrane (PES, Syringe Filters, Germany) and subjected to Cd(II) analysis.
2.4 Analysis methods

Solution pH was measured using a PB-10 pH meter (Sartorius, Gottin-gen, Germany).
The cation exchange capacity (CEC) was determined using the hexamminecobalt
trichloride spectrophotometric method following the Environmental Protection
Standards of People’s Republic of China (HJ889-2017). The Cd(II) content in the
solution was determined by atomic absorption spectroscopy (AAS, Z2000, Hitachi,

Japan).

3. Results and discussion

3.1 Characterization of BC and FMBC
3.1.1 Specific surface area and pore volume

The SSA, total pore volume and average pore size of the adsorbents are listed in
Table 1. The SSA and pore volume of FMBC were 8.8030 m?/g and 0.0205 cm®/g,
respectively, about 4 times of the pristine BC (2.5137 m?%g and 0.0058 cm’/g,
respectively). The increase in SSA and pore volume might be due to the fact that
KMnOy caused destruction of some nanopore structures of BC and transformed some
of the nanopores into meso- or macropores because of the reagent’s strong oxidative
property [27]. The average pore sizes of BC and FMBC were 44.7 and 9.7 nm,
respectively. The Image J software was used to measure the Fe-Mn binary oxide particle
sizes of FMBC (Fig. S1: Supplementary Materials), which suggested that the particle
sizes varied from 0.10 to 0.50 pm. Compared with BC, the increase of SSA and total
pore volume as well as the decrease of average pore size were observed for FMBC,

which indicated that Fe-Mn binary oxide particles were probably loaded on FMBC.



3.1.2 Surface morphology characteristics

In order to investigate the morphological structures and surface elemental
compositions of BC and FMBC, both adsorbents were observed by SEM-EDX. The
SEM images (Fig. 1) showed that BC (Fig. la) had smaller porous structure and
smoother surface than that of FMBC (Fig. 1b). The surface of FMBC was uniformly
covered with small particles, as mentioned above (Fig. S1), and were thought to be
composed of ferromanganese binary oxides. The EDX analysis indeed confirmed that
Fe-Mn binary oxide particles were successfully loaded on the surface of the biochar
(Fig. S2). The FMBC clearly exhibited greater atomic percentages of Mn (1.27%), Fe
(0.93%) and O (18.08%) than BC (Mn = 0.04%, Fe = 0.03% and O = 5.24%) (Fig. S2).
According to Table S1 (Supplementary Materials), the Fe and Mn contents decreased
while Cd content increased after the adsorption experiment, which suggested that Fe
and Mn had big devotion to the adsorption of Cd(IT) on FMBC. The increase of Cd on
the surface of FMBC could be attributed to the cation exchange between Cd(I) and
metal ions (Ca(Il), K(I)) associated with the surface functional groups of the biochar

[29,30].

The elemental analysis also showed that total carbon (C), nitrogen (N), and
hydrogen (H) contents of BC and FMBC were 73.79, 0.86, 2.93%, and 46.96, 0.91,
2.43%, respectively (Table 1). The reduction of C and H contents in FMBC after the
addition of Fe-Mn binary oxide particles might be due to the strong oxidizing effect of
KMnOs on the feedstock. On the other hand, Fe-Mn binary oxide particles on the
surface of FMBC might also reduce the proportion of other elements, which was similar
to the results of previous studies on various biochar-based composites [31,32]. The
increase of N might be due to the introduction of N by Fe(NO3)3 during the modification

process.



3.2 Cd(II) adsorption performance of BC and FMBC
3.2.1 Adsorption isotherms

To evaluate the effect of initial Cd(II) concentrations (50-200 mg/L) on Cd(II)
adsorption, the Langmuir and Freundlich models were used to describe the adsorption
process (Fig. 2). The isotherm parameters obtained from these two models are
summarized in Table 2. The Langmuir and Freundlich models are described by Eq. (1)

and Eq.(2), respectively.

Ce/Q.=1/(Q,*Kp) +Ce/Q,, (1

InQ,=InKg+InC./n (2)

where, Q. (mg/g) is equilibrium adsorbent-phase concentration, Qm (mg/g) is maximum
monolayer adsorption capacity. Ki (L/mg) is the Langmuir constant related to the
affinity between an adsorbent and adsorbate, K¢ ((mg/ g) (L/ mg)"") is the Freundlich
constant that represents the adsorption capacity of the adsorbent, C. (mg/L) is the
equilibrium aqueous-phase adsorbate concentration, and 1/n represents the adsorption

intensity and determines the degree of non-linearity of the adsorption isotherm curve.

The Langmuir constant (Kr) describes the adsorption energy, which was 3.5 and
0.0234 L/mg for FMBC and BC, respectively. The adjusted regression coefficients
(R%j) of the Langmuir and Freundlich isotherm models were 0.9965 and 0.8970,
respectively, for FMBC. The Langmuir model was better fitted than that of the
Freundlich model with a higher R?,q; value and relatively lower root mean squared error
(RMSE) value (Table 2). Thus, the adsorption process of FMBC could be explained
through a monolayer adsorption mechanism. The Langmuir model was the best fit to
Cd(II) adsorption isotherm data, suggesting the existence of homogeneous active sites

for Cd(II) on FMBC surfaces [33]. The maximum Cd(II) adsorption capacity of FMBC
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(95.23 mg/g) was approximately 3 times higher than that of BC (30.58 mg/g). The
difference in adsorption capacities between BC and FMBC might be attributed to
variable adsorbent characteristics (e.g., pH, CEC, SSA and/or functional groups) (Table
1), and the variation in metal adsorption mechanisms as well [34]. The SSA of FMBC
(8.80 m?/g) was about 3.5 times of BC, which resulted in a larger total pore volume in
the surface of FMBC than BC, and thus increased the active adsorption sites on FMBC.
The CEC value of FMBC was two-fold higher than BC, which again increased the
amount of active sites to absorb the metal cation. These partly explained why FMBC
had much larger adsorption capacity than BC. Moreover, the adsorption capacity of
FMBC was larger than most of the previously reported adsorbents such as MnO»-
modified biochar (62.83 mg/g), peanut husk biochar (28.99 mg/g), municipal sewage

sludge biochar (>40 mg/g), and Hikory biochar modified by KMnO4 (28.10 mg/g) [35].

A dimensionless constant, called separation factor (RL) (Eq. 3), was used to

indicate whether the adsorption process was favorable or not [25].
Ry =1/(1+Kp)Co 3)

In this study, Ry values of BC (0.0049-0.0195) and FMBC (0.0011-0.0044) were
between 0 and 1; therefore, the adsorption process was favorable. In addition, the R
values of FMBC were lower than that of BC, implying a higher affinity between Cd(II)

and FMBC than Cd(II) and BC.

The Freundlich constant (Kr) represents the adsorption capacity of the adsorbent.
The Freundlich model parameter 1/n is another indicator for predicting the
thermodynamic favorability of an adsorption system. The adsorption of an absorbate
occurs mainly via chemisorption when 1/n < 1. The values of Kr and 1/n were 62.33

(mg/ g) (L/ mg)"" and 0.1095, respectively, for FMBC, and 3.4736 (mg/ g) (L/ mg)'™

11



and 0.3913 for, respectively, for BC. In the present study, the 1/n value for FMBC and
BC falling within the range of 0 to 1 indicated that chemisorption predominated in the

adsorption process of Cd(II) onto FMBC and BC (Table 2) [36].
3.2.2. Adsorption Kinetics

The Cd(II) adsorption by BC and FMBC was described by the pseudo-first-order

(PFO) (Eq. (4)) and pseudo-second-order (PSO) kinetic models (Eq. (5)):
In(Q-Q)=InQ, -K;t “

t/Q,=1/(K, Q. )+t/Q, (5)

where, t is the adsorption time, Q. (mg/g) is the equilibrium adsorption capacity, and Q;
(mg/g) is the adsorption capacity at time t, and K; (1/min) and K> (g/(mg-min)) are

adsorption rate constants for PFO and PSO models, respectively.

The PFO and PSO models are used to evaluate the kinetic mechanism of the whole
adsorption process [37]. The kinetic model parameters in this study are summarized in
Table 3. For FMBC, the adjusted regression coefficient (R%,qj) of the PSO model was
0.9999, indicating that a chemical adsorption process (ion exchange and chelation)
dominated in the system [38]. Interestingly, the PSO model suggested that the
adsorption rate (K2) of BC (0.0325 g/(mg-min)) was slightly higher than that of FMBC
(0.0085 g/(mg-min)). This might be caused by the slower dispersibility of FMBC
particles than BC particles in the suspension, leading to a relatively lower instant
adsorption rate for FMBC than BC, and more time would be needed for FMBC than
BC for the same amount of Cd(II) adsorption under similar experimental conditions
[39]. The overall Cd(II) adsorption ability of FMBC was much higher than that of BC,

indicating that the FMBC surfaces were more easily accessible for binding Cd(II) in

12



the aqueous solution than BC surfaces. It might be resulted by different characteristics
of both materials, such as metal oxide contents, functional groups, micropores, charged

surfaces, and biochar mineral phases [32].

As illustrated in Fig. 3a, the adsorption process of Cd(II) on BC and FMBC could
be divided into two stages: a rapid initial adsorption during the first 50 min followed
by a much slower phase until an adsorption equilibrium was reached after
approximately 200 min. The solution diffusion of adsorbents and exterior surface
adsorption on adsorbents were the major driving forces for the rapid adsorption stage,
and the internal diffusion was the slow adsorption stage [40]. Moreover, a two-step
intra-particle diffusion model was also used in this study to give insights into the
mechanism and determine the rate-limiting phases during the Cd(II) adsorption process.

Here, the adsorbate uptake rate is proportional to the half power of time, as Eq. (6):
Q= Kiq * t”° +1 (6)

where, Q; (mg/g) is the amount of adsorbate per unit mass of adsorbent at time t (min),
Kid (mg/g/min'?) is the intra-particle diffusion constant, and I (mg/g) is a constant
associated with the thickness of the boundary layer, where a higher value of I

corresponds to a greater effect on the limiting boundary layer.

It could be observed from Fig. 3b that the curve edges were divided into two linear
periods. The rate constants are listed in Table 4. The adsorption rates exhibited the order
of ki1 > kip for Cd(II) adsorption onto BC and FMBC, which was consistent with
previous studies [35,41]. The rapid adsorption stage might be attributed to the fast Cd(II)
invasion into easily accessible outward surface adsorption sites on BC and FMBC,
probably through physical adsorption, e.g., electrostatic attraction[42,43]. During the

slow adsorption stage, the diffusion rate (ki2) declined, and the adsorption approached

13



a saturation state. As the abundant Cd(II) were adsorbed on the exterior surfaces, fewer
active sites were available for further adsorption, and then the adsorbed Cd(II) further
entered into the microporous interior of FMBC and BC, leading to an increased
diffusion resistance [44]. This stage might involve diffusion of the adsorbate molecules
from the exterior of the adsorbent into the pores of the adsorbent, along pore-wall

surfaces, or both [45].

3.2.3. Effect of initial pH on adsorption performance

Generally, pH values can promote/hinder electrostatic interaction between an
adsorbent and adsorbate by adjusting the surface charge density of the adsorbent or by
influencing metal speciation and precipitation in the aqueous solution [46]. The Cd
speciation diagram with pH values ranging from 1 to 12 are shown in Fig. S3. During

the strong ionic species stage (pH < 9), Cd species predominantly exist as Cd(II), which

appears to be little affected by the pH variation. The pH impact on Cd(II) adsorption
onto BC and FMBC was further evaluated by adjusting the initial pH of the solution to
the values of 2, 3, 4, 5, 6, 7, 8, and 9 (Fig. 4). The adsorption process was highly
dependent on pH as the removal efficiency increased continuously with an increase of
the initial pH. The Cd(II) removal increased sharply when pH value increased from 2
to 4 for BC and FMBC, because the low pH conditions were more favorable for
protonation on the surface of BC and FMBC, and hence elevated the positively charged
sites, strengthened the electrostatic repulsive-force between BC or FMBC surfaces and
Cd(II), reducing Cd adsorption at the low pH range [47]. In addition, MnOx and FeOx
supported on FMBC could dissolve into the solution as free ions at low pH, thereby
losing possible adsorption capacity for Cd(II) [39]. The positive charges of H(I) and
Cd(IT) were competitively trapped on the micelle surface at low pH conditions. With

the increase of pH (pH < pHpzc), the positive charge on the surface of BC and FMBC

14



gradually diminished. At this time, the repulsive force between BC or FMBC and Cd(II)
gradually decreased, so the adsorption capacity increased. With the elevation of pH (pH

> pHpzc), the surface electrical properties changed from positive to negative, and the

repulsive force became attraction force, which was favorable for adsorption.
Furthermore, Cd(II) removal rates showed no apparent changes when pH ranged from
4 and 9 for FMBC, which could be attributed to the deprotonation of hydroxyl and
carboxyl groups reaching their saturated adsorption [35], indicating acidic aqueous

condition was not required during Cd(II) adsorption process on BC and FMBC.
3.3. Cd(IT) Adsorption mechanisms on BC and FMBC
3.3.1. FTIR analysis

FTIR spectra of FMBC and BC surface functional groups before and after Cd(II)
adsorption are illustrated in Fig. 5. The bands at 3446 and 1564 cm™! were assigned to
—OH stretching vibration of alcohol/phenol and COOH stretching of carboxylic acid,
respectively, whereas bands at 1122 cm™! were generated by C-O stretching vibrations
being in ether and carboxyl groups [48, 49]. The bands at 582 and 626 cm ™! were likely
due to the presence of O-Fe (Fe304) and O-Mn groups, respectively [26, 50], and the
presence of the ferromanganese oxides was also confirmed by XRD (Fig. S4) and SEM-
EDX investigations (Fig. S2). The intense band at 1385 cm™' was produced by
symmetrical stretching vibration of carboxyl C=0 groups [39]. The band intensity also
showed that FMBC had stronger carboxyl functional groups than BC, which was
conducive to Cd(II) adsorption, and thus the Cd(II) adsorption capacity of FMBC was
much higher than that of BC. However, the Cd(II) adsorption weakened these bands to
a large extent, revealing that hydroxyl groups contributed to strong mono- or

multidentate inner-sphere complexes (e.g., COO-Cd) and (Mn-O-Cd) during the

15



adsorption of Cd(II) [51]. The hydroxyl groups of FMBC associated with both Fe and
Mn participated in Cd(II) adsorption. In comparison with FMBC before and after
adsorbing Cd(II), the Mn-O band at 626 cm™! almost disappeared, which might be
related to Cd(II) precipitation with MnOy. This implied that MnOx also played a

critical role in Cd(II) adsorption performance of FMBC.
3.3.2. XRD analysis

To further explore the plausible Cd precipitation mechanism, FMBC and Cd(II)-
loaded FMBC samples were comparatively analyzed with XRD. Several new
reflections appeared in Cd(II)-loaded FMBC samples, which were associated with
Cd>Mn;30g, CdsP2, CdP2 and Cd(OH),, respectively (Fig. S4), and this finding agreed
with the results of Wang et al. (2018) [52]. The above precipitates formed in Cd(II)-
loaded biochar might be attributed to the precipitation reactions occurring between
Cd(II) and the dissolved anions (e.g., phosphate) releasing from minerals in the biochar

[53].
3.3.3. XPS analysis

XPS was used to characterize the chemical composition and electronic structure
of elements in FMBC before and after Cd(Il) adsorption. The XPS spectra of C 1s, O
Is, Fe 2p, Mn 2p and Cd 3d are shown in Fig. 6. Compared with BC, the surface C
content of FMBC decreased (Fig. S5), which was confirmed by the elemental
composition analysis using EDX (Fig. S2). The O content of FMBC, however,
increased greatly after the modification because the KMnO4 treatment introduced
MnOx particles and/or additional oxygen containing groups on the surface of FMBC
[54]. As displayed in Fig. 6a, the C 1s peaks were at 284.75, 285.81, 286.75 and 289.08

eV, which represented the C-C/C=C, C-O-C/C-OH, C=0O and —-COOH groups,

16



respectively [55]. The O 1s spectrum (Fig. 6b-c) could be divided into four peaks (529.2,
530.4, 531.5, and 532.5 eV), due to the existence of metal oxide (M-O), hydroxyl
bonded to metal (M-OH), hydroxyl on FMBC surface (C-OH), and adsorbed H>O in
the adsorbent, respectively [56]. Moreover, the area ratios of C-OH decreased from
26.01 to 12.87% after Cd(II) adsorption by FMBC. However, the area ratio of M-OH
and M-O increased after Cd(II) adsorption (M-OH 39.16-40.37%; M-O 21.82-23.00%),
on account of the formation of Mn-O-R (R: functional groups), or Cd-O groups on the
FMBC surface after Cd(II) adsorption. The reduction of oxygen in C-OH suggested that
hydroxyl groups existing in FMBC had participated in the adsorption process. As
shown in Fig. 6d, a high resolution XPS scan of the Mn 2p of FMBC displayed double
peaks at the binding energy values of 641.0 and 652.6 eV. The separation between Mn
2p3,2 and Mn 2py2 of 11.6 eV indicated that Mn(IV) was the predominant Mn oxidation
state in FMBC. There was no satellite peak between the peaks of Mn 2pi2 (653.8 €V)
and Mn 2p32 (642.0 eV), which were characteristics of Mn(IV) [57]. As for Fe(IIl), the
XPS peaks were Fe 2p1/2 (723.8 eV) and Fe 2p3/2 (710.2 eV) [58]. In addition, the energy
difference between the Fe 2p3» and Fe 2p12 spin-orbit levels was approximately 13.6
eV (Fig. 6e), which was agreed with previous reports analyzing Fe(II) solids [59].
Meanwhile, a comparison of the shape and centroid before and after adsorption of Cd(II)
implied that Fe 2p peaks were nearly as same as BC, while Mn 2p32 peak was subjected
to a change with the centroid shifted towards the lower-binding-energy side (Fig. 6d,
e). This result revealed that the chemical state of Fe was not changed, whereas Mn(IV)
was partly transformed to Mn(II) [60]. After adsorption, peaks of Cd 3d appeared (Fig.
S5), confirming the capture of Cd(II) onto the adsorbent. Deconvolution of the Cd 3d
peaks (Fig. 6f) indicated that Cd(I) on FMBC presented in the form of Cd(OH); (63.9

wt%) and CdO (36.1 wt%). Thereby, the precipitation and chelation of Cd(II) had
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influenced the adsorption process significantly. The Cd(II)-r bonding with the soft
oxygenated functional groups such as -C=0O might become the predominant mode of
Cd(II) adsorption [61]. In addition, FMBC has stronger electron-rich domains of C=C
than BC. Thus, the Cd(I)-m interaction might have enhanced, and resulted in the higher
adsorption of Cd(II) on the modified biochar [62]. In general, FMBC had a better Cd(II)
adsorption ability than BC because both MnOyx and oxygen-containing functional

groups on FMBC exhibited a strong binding affinity to Cd(II) in aqueous solutions.

4. Conclusions

Through this study, we demonstrated successful fabrication of a designer biochar
(FMBC) for Cd(II) removal from aqueous solutions by loading Fe-Mn binary oxide
particles on a biochar (BC) derived from the straw of Pennisetum sp. The FMBC
exhibited a rougher surface, larger SSA, and higher pore volume than BC, and the
maximum Cd(II) adsorption capacity of FMBC (95.23 mg/g) was approximately 3
times higher than that of BC (30.58 mg/g). Enhanced O content, MnOx particles as well
as the additional oxygen containing functional groups were introduced on the surface
of FMBC, which contributed to remarkably higher adsorption efficiency of FMBC than
BC. The predominant adsorption mechanism was Cd(II) precipitation with
ferromanganese oxides accompanied with Cd(II)-m bonding via the soft oxygenated
functional groups (-C=0), complexation (e.g., COO-Cd and Mn-O-Cd), and cation
exchange (between Cd(II) and Ca(Il), K(I)).These results have provided a solid
theoretical foundation for the practical application of designer biochar in removing
Cd(II) from aqueous solutions. Based on the evidence of the adsorption mechanisms in
this work, future studies could be focused on the quantitative contribution of various
mechanisms of Cd(II) adsorption by Fe-Mn binary oxide-biochar, as well as its further

application to the practical wastewater treatment, even extending to Cd(I)-

18



contaminated soil remediation.
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Table 1
Main properties of pristine biochar (BC) and ferromanganese binary oxide-BC composite (FMBC).

SSA Total pore Average
Adsorbents ) volume pore size pH CEC C(%) H(%) N(%) S(%) H/C C/N
(m7/g) (cm?/
g) (nm)
BC 2.5137 0.0058 44.7132 9.5 27.95 73.79 2.93 0.86 0.28 0.47 100.10
FMBC 8.8030 0.0205 9.6667 10.1 44.50 46.96 243 0.91 0.20 0.62 60.20
Table 2
Cd(II) adsorption isotherm parameters fitted with Langmuir and Freundlich models.
Langmuir model Freundlich model
Kr
Adsorbents J(L Q‘? > R% RMSE RPD I/m  (mg/g) R> Rihg RMSE RPD
(L/mg)  (mg/g) (L/ mg)!"")
BC 0.0234 30.5810 0.9985 0.9999 0.0580 3.4643 03913 34736  0.9939 0.9854 0.0304 0.9613
FMBC 3.5000 95.2381 0.9999 0.9965 0.0034 3.4639 0.1095 62.3336  0.8992 0.8970 0.0800 0.9608
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Table 3
Kinetic model fitting parameters of Cd(II) adsorption by different adsorbents.

Pseudo first-order Pseudo second-order

Adsorbents Qe Ki ) Qe K> R2

. R%4 RMSE RPD .
(mg/g) (g/(mg-min)) 4 (mg/g) (g/(mg-min))

R%4 RMSE RPD

BC 12.4571 0.9097 0.4620 0.5131 1.6000 0.9760 13.6110 0.0325 0.9996 0.9990 0.2634  42.7160
FMBC 70.8421 2.8919 0.3284 0.2930 1.4000 0.9759 72.9927 0.0085 0.9999 0.9999 0.0488 642.69

Table 4
Intraparticle diffusion model fitting parameters of Cd(II) adsorption by different adsorbents.

Intraparticle diffusion

Adsorbent
sorbents Ki; (mg/g/min'?) R Ki2 (mg/g/min'?) R

BC 0.9571 0.9905 0.0562 0.7737

FMBC 0.8460 0.9659 0.0761 0.9024
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Fig. 1. SEM images of (a) pristine biochar (BC); and (b) ferromanganese binary

oxide-BC composite (FMBC).
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Fig. 2. Cd(IT) adsorption isotherms fitted with (a) Langmuir model, and (b) Freundlich

model.

BC: the pristine biochar; FMBC: ferromanganese binary oxide-BC composite.
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Fig. 6. XPS spectra of BC and FMBC before and after adsorption for Cd(II): (a) C 1s,
(b) O 1s for FMBC, (c) O 1s for FMBC-Cd(II), (d) Mn 2p, (¢) Fe 2p, and (f) Cd 3d

regions.
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Table S1
Atomic percentage of elements on FMBC before and after adsorption of Cd(II).

Material C(%) O®%) Cl(%) K(®%) Fe(%) Mn(%) Cd(%)

FMBC 72296 18.081  1.519 5.910 0.925 1.270 0.000

F'V(':'zc' 58.757 23.658 0.000 0406 0787 1134  15.258

Frequency
S

0.1 0.2 0.3 0.4 0.5
Particle size (um)

Fig. S1. Size of Fe-Mn binary oxide particles on the surface of FMBC.

37



Atomic(%)
88.6550
77130
04740
0.7310
23010
0.0410
0028
0.0290
0.0280

8 10 ke'

Atomic(%)+
75.809¢
15.4640
0.546¢
12260
4.802¢
0.112¢
L1se
0.891¢
0.036¢

8 10 keV|

Fig. S2. Scanning electron micrographs and EDX spectra of BC (a, b) and FMBC (c,
d).
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Fig. S3. Effect of pH on Cd speciation. Initial feed concentration of Cd* = 100 mg/L.
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Fig. S4. XRD patterns of BC and FMBC before and after adsorption of Cd(II).
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Fig. S5. XPS spectra of BC and FMBC before and after adsorption for Cd(Il): wide
scan
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