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A B S T R A C T   

Heavy metal pollution in water caused by industrial activities has become a global environmental issue. Among 
them, manganese mining and smelting activities have caused the combined pollution of Cr(VI) and Mn(II) in 
water, posing a serious ecotoxicological risk to ecological environments and human health. To efficiently remove 
Cr(VI) and Mn(II) from wastewater, a novel biochar supported nanoscale zerovalent iron-calcium alginate 
composite (CA/nZVI/RSBC) was synthesized by liquid-phase reduction and calcium alginate embedding 
methods. The adsorption performance and mechanisms of Cr(VI) and Mn(II) by CA/nZVI/RSBC were investi
gated. The maximum adsorption capacities of Cr(VI) and Mn(II) onto CA/nZVI/RSBC fitted by the Langmuir 
model were 5.38 and 39.78 mg/g, respectively, which were much higher than the pristine biochar. The iron 
release from CA/nZVI/RSBC was comparatively lower than that of nZVI/RSBC. Mn(II) presence enhanced the 
reduction of Cr(VI) by CA/nZVI/RSBC. The results of XRD, XPS, and site energy distribution analysis indicated 
that redox was the predominant mechanism of Cr(VI) adsorption, while electrostatic attraction dominated Mn(II) 
adsorption. This study provides a novel alternative way for the simultaneous removal of Cr(VI) and Mn(II) in 
wastewater.   

1. Introduction 

Water contamination has acquired prominence as a critical concern 
worldwide (Seliem et al., 2020). Natural water polluted by heavy metals 
can lead to disturbed ecosystems and threaten human health. Among 
them, the presence of Mn(II) and Cr(VI) in water is mainly attributed to 
metal smelting, leather and pigment manufacture, glass and ceramic 
industries, and mine mining (El-Korashy et al., 2016; Khan et al., 2020). 
In the environment, Cr is found mainly in hexavalent (Cr(VI)) and 
trivalent (Cr(III)) forms. Cr(VI) is much more hazardous than Cr(III), 
leading to serious medical disorders (such as human organ failure, 
chromosomal aberrations, and carcinogenesis) after enrichment through 

the food chain (Xu et al., 2021; Yüksel et al., 2021a). Meanwhile, 
excessive intake of Mn(II) can also cause problems in the central nervous 
system, liver, and lungs (Seliem et al., 2020). Therefore, exposure to 
heavy metals such as Cr(VI) and Mn(II) may cause an ecotoxicological 
risk (Topaldemir et al., 2023; Yüksel et al., 2021b). There is an urgent 
need for efficient treatment of Cr(VI) and Mn(II) composite polluted 
water. However, to date, limited research has been conducted on miti
gating Cr(VI) and Mn(II) compound pollution simultaneously. There
fore, a technology to simultaneously effectively remove Mn(II) and Cr 
(VI) in wastewater is of great significance for the ecological environ
ment, food safety, and human health. 

Heavy metals are treated in wastewater mainly through physical, 
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chemical, and biological routes (Zhao et al., 2021b). Adsorption is one of 
the chemical remediation methods (Zhao et al., 2023a). The added ad
sorbents can decrease the contents of heavy metals in wastewater 
through precipitation, complexation, ion exchange, and redox reactions 
(Zhao et al., 2020b; Ziarati et al., 2023). Recently, biochar has gained 
significant attention as an efficient adsorbent due to its substantial 
specific surface area (SSA), rich functional groups (FGs), and compli
cated pore structures (Feng et al., 2022a). Through surface complexa
tion, ion exchange, and the electrostatic effects mediated by negative 
charges on the biochar surface, biochar can attenuate the diffusion of 
metals in the environment and impede the migration of toxic substances 
(Feng et al., 2021b). Nonetheless, pristine biochar still exhibits a rela
tively constrained capacity for adsorbing pollutants compared with 
activated carbon. Therefore, a large number of studies have been 
directed at modifying biochar to enhance its adsorption capacity (Wang 
et al., 2017a; Zhao et al., 2022c). 

Nanomaterials are widely used in various fields in terms of envi
ronment, agriculture, and medicine due to their unique and excellent 
physicochemical properties (Gunashova et al., 2021; Liu et al., 2023; 
Nasibova, 2023; Zhao et al., 2023a). Previously, there have been a lot of 
reports on the modification of biochar with nanomaterials or metal nano 
oxides (Zhao et al., 2021). Among them, nano-zero valent iron (nZVI) 
has notable attributes such as low cost, high SSA, high reducibility, high 
reactivity, and nano-sized particle feature (Zhao et al., 2023a). Thus an 
increasing number of studies are using nZVI modified biochar to reme
diate both heavy metals and organic pollutants in the environment 
(Ahmad et al., 2018; Han et al., 2023; Zhang et al., 2023a). Meanwhile, 
immobilizing nZVI onto a carbonaceous carrier is also beneficial for 
mitigating the agglomeration and reducing reactivity resulting from the 
high surface energy and strong magnetic force of nZVI (Wang et al., 
2017b). However, it still faces some challenges during practical appli
cation. For example, nZVI is easily oxidized in the air, and may cause 
secondary pollution, producing toxic effects on organisms. So it is 
necessary to find a carrier to immobilize nZVI modified biochar. 

Sodium alginate, a natural polysaccharide polymer, comprises 
negatively charged carboxyl groups that enable the electrostatic 
adsorption of cations while simultaneously facilitating chelation (Feng 
et al., 2022a; Wang et al., 2018a; Wang et al., 2019c). It can form cal
cium alginate (CA) hydrogel after cross-linking with Ca(II). As a porous, 
green, and environmentally friendly material, CA can be used to 
immobilize functional materials to advance their mechanical strength 
(Wang et al., 2018b). CA hydrogels are insoluble in water and can be 
used to capture toxic heavy metals (Mousa et al., 2016; Wang et al., 
2019a). Nanoparticles embedded by CA not only have good mechanical 
strength and stability (Wang et al., 2018b), but also exhibit good 
adsorption effects on organic and inorganic pollutants (Bahrami et al., 
2020; Zhao et al., 2023a). For example, Bahrami et al. (2020) synthe
sized CA microspheres impregnated with nZVI, magnetite nanoparticles, 
and activated carbon for the remediation of nitrate-contaminated 
groundwater. The results demonstrated the CA microspheres achieved 
a removal rate of 48.0%–65.0% for nitrate (100 mg/L) in wastewater 
within 48 h. Javadian et al. (2020) prepared CA-embedded carbox
ymethyl chitosan magnetic bio-nanocomposites and used them to 
adsorb rare earth elements, and found that under the optimal conditions 
(pH 5.5 and reaction time 40 min), the highest adsorption capacity fitted 
using Langmuir model of Nd3+ onto the composites was 73.37 mg/g. 
Our previous research also found that CA-embedded ball-milled biochar 
composites have good adsorption effects on heavy metals (Wang et al., 
2018a; Zhao et al., 2023a), nutrients (Feng et al., 2022b; Wang et al., 
2018c), SO4

2− , and Fe3+ (Li et al., 2023) in water. However, current 
studies on CA-embedded biochar composites mainly focus on a single 
heavy metal in water, and lack of adsorption studies on multiple heavy 
metals (Abdelwahab et al., 2022). Especially, the effects and mecha
nisms of CA/nZVI/BC on the simultaneous removal of Cr(VI) and Mn(II) 
from water are still unknown. Using CA/nZVI/BC composites to adsorb 
Cr(VI) and Mn(II) from polluted water holds considerable promise for 

the remediation of pollutants in mining areas. 
Based on the above reasons, CA/nZVI/BC composites that dispersed 

nZVI and reduced iron (Fe) release into the environment were success
fully prepared and used to adsorb Cr(VI) and Mn(II) in polluted water. 
This study aims to (1) analyze the influencing factors of Mn(II) and Cr 
(VI) adsorption onto CA/nZVI/BC; (2) investigate the adsorption per
formance and behavior of Mn(II) and Cr(VI) by CA/nZVI/BC through 
adsorption models; (3) explore the adsorption mechanisms of Mn(II) and 
Cr(VI) on CA/nZVI/BC by combining XRD, XPS, and site energy distri
bution analysis. This study offers an alternative approach for addressing 
the removal of Cr(VI) and Mn(II) compound pollution in wastewater. 

2. Materials and methods 

2.1. Reagents and materials 

Rice straw used to prepare biochar was collected in the suburban 
Huaxi District, Guizhou Province, China. Reagents essential for the ex
periments included concentrated nitric acid, sodium alginate, anhy
drous calcium chloride, concentrated sulfuric acid, 1,5- 
diphenylcarbohydrazide, and hydrochloric acid (AR, Sinopharm 
Chemical Reagent Co., Ltd.), phosphoric acid, sodium hydroxide (AR, 
Chuandong Chemical Reagent Co., Ltd.), absolute ethanol, 95% ethanol 
(AR, Tianjin Fuyu Fine Chemical Reagent Co., Ltd.), potassium dichro
mate, hydroxylamine hydrochloride, and manganese chloride tetrahy
drate (AR, Tianjin Kermel Chemical Reagent Co., Ltd.). 

2.2. Preparation of CA/nZVI/BC composite 

The collected rice straw was pretreated according to the method of 
Zhao et al. (2022c). A tube carbonization furnace (SG-GL1200 K, 
Shanghai Institute of Optics and Precision Instruments, Chinese Acad
emy of Sciences) was used to carbonize rice straw. A 2.5 ◦C/min 
heatzing rate was applied to the furnace to raise the temperature to 300, 
450, and 600 ◦C in the presence of as N2 gas flow (Zhao et al., 2023b). 
The prepared biochar was milled and sieved through a 200 mesh sieve, 
which was labeled as RSBC. CA/nZVI/BC composite was prepared ac
cording to the method of Zhao et al. (2023a). 

For the production of nZVI/RSBC, 2.70 g of FeCl3⋅6H2O was dis
solved in 100 mL deionized (DI) water and 0.1 mol/L NaOH solution was 
adopted to adjust the solution pH. 5.04 g of RSBC was added to the 
three-necked flask, the prepared FeCl3 solution was poured, and N2 was 
aerated to exhaust air for 10 min. An electric stirrer was used to stir at 
500 rpm for 1 h, then a syringe was used to add 0.04 mol/L NaBH4 
dropwise. The speed of the stirrer was adjusted to 1000 rpm and stirred 
for 30 min. An absolute ethanol wash was followed by vacuum filtration 
and washing of the reacted solid after 1 h of precipitation. Following 
three rounds of washing, the material was introduced into a vacuum 
oven and subjected to drying at 70 ◦C for a duration of 24 h. The ob
tained solid was named nZVI/RSBC. 

Regarding the preparation of CA/nZVI/BC, 2.50 g of sodium alginate 
powder was introduced into 250 mL of DI water and thoroughly mixed 
by stirring to prepare a 1% (w/v) alginate suspension. Then the prepared 
nZVI/RSBC was weighed 1.0 g into the alginate suspension, stirred and 
mixed well, and then dropped into 0.1 mol/L 1.0 L CaCl2 solution by a 
peristaltic pump at a speed of 12.0 mL/min to form black microspheres 
(Feng et al., 2022a). After overnight stabilization, the microspheres 
were rinsed with DI water three times to eliminate any excess surface 
CaCl2 and then put into a vacuum oven to dry at 90 ◦C. The obtained 
microspheres were named CA/nZVI/RSBC. The sodium alginate solution 
mixed without biochar was prepared following the same procedure 
described above to obtain CA microspheres as a control. 

2.3. Characterization of RSBC and CA/nZVI/RSBC 

Scanning electron microscopy/energy dispersive X-ray spectrometer 
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(SEM-EDS) (QUANTA FEG 250, USA) was utilized to observe the surface 
morphologies and elemental composition of both RSBC and its com
posites at a working voltage of 25 kV (Yüksel et al., 2023). The chemical 
bonds in a molecule of RSBC and its composites were assessed by pro
ducing an infrared absorption spectrum by Fourier transform infrared 
spectrometer (FTIR) (Nicolet iS10, Thermo Fisher Nicolet). For both 
RSBC and the composites, the SSA was measured through SSA detectors 
(Jubo X1000, Beijing Bioelectronics Technology Co., Ltd.). The Zeta 
potentials of RSBC and its composites were assessed using a Malvern 
Zetasizer Nano ZSE (Malvern Instruments, UK) (Zhang et al., 2023b). 
X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Scientific) 
was adopted to evaluate the chemical state designations in CA/n
ZVI/RSBC (Yüksel et al., 2023), and the operating conditions of XPS 
were 1486.6 eV excitation source, 12 kV voltage, and 400 μm beam spot. 
X-ray diffractometer (XRD) (D8 advance, Bruker AXS) was utilized to 
examine the surface crystal composition of CA/nZVI/RSBC after 
adsorption of Cr(VI) and Mn(II) using Cu target radiation over a scan 
range of 2θ = 10–80◦ at a scanning speed of 10◦/min (Luo et al., 2022). 

2.4. Batch adsorption experiments 

The experimental procedures for batch experiments refer to our 
previous researches (Li et al., 2023; Zhao et al., 2023a). In a 50 mL 
centrifuge tube, 0.10 g of RSBC and its composites with varying pyrol
ysis temperatures (300, 450, and 600 ◦C), was carefully weighed. Sub
sequently, a 40 mL solution of MnCl2⋅4H2O (containing 100 mg/L Mn 
(II)) was added to the tube. Based on the pyrolysis temperature selection 
experiments mentioned earlier, the RSBC and its composites prepared at 
the optimal pyrolysis temperature were chosen. RSBC prepared at the 
optimum pyrolysis temperature was further used to prepare nZVI/RSBC 
and CA/nZVI/RSBC with different loading ratios of nZVI. The effects of 
different loading ratios (the mass ratios of RSBC and nZVI were 0, 0.05, 
0.1, 0.15, and 0.2 wt%, respectively) on Mn(II) adsorption were 
explored. Then the optimal loading ratios of CA/nZVI/RSBC were 
selected. According to the results of the above two experiments, the 
dosage selection experiment was carried out, and the dosages of CA/n
ZVI/RSBC were set to 0.25, 0.5, 1.0, 2.0, 5.0, and 10.0 g/L, respectively. 

Under optimal conditions, the effects of solution pH and coexisting 
ions on the adsorption of Cr(VI) and Mn(II) on CA/nZVI/RSBC were 
studied. In addition, adsorption kinetics and adsorption isotherms of Cr 
(VI) and Mn(II) were also conducted. K2Cr2O7 and MnCl2⋅4H2O were 
used to configure 50 mg/L Cr(VI) solution, 100 mg/L Mn(II) solution, 
and their mixed solution. A pH of 2.0, 4.0, 6.0, 8.0, and 10.0 was ach
ieved by adding 0.1 mol/L HCl or NaOH to the solution. The effects of 
competing ions on the adsorption of Cr(VI) and Mn(II) were investigated 
using 0.001, 0.01, and 0.1 mol/L NaCl, Na2CO3, Na2SO4, NaNO3, KCl, 
MgCl2, and CaCl2 solution, respectively. The adsorption kinetics exper
iment was conducted by measuring the concentrations of Cr(VI) and Mn 
(II) at 0.083, 0.5, 1, 2, 4, 8, 16, and 24 h, respectively. In the adsorption 
isotherm experiment, the initial concentrations of Cr(VI) were set to 20, 
40, 60, 80, and 100 mg/L, while those of Mn(II) were 40, 80, 120, 160, 
and 200 mg/L, respectively. 

These experiments were conducted under constant conditions of 
25 ◦C with continuous shaking at a rate of 200 rpm for 24 h (except 
adsorption kinetics), and the resulting mixture was filtered. A Flame 
Atomic Absorption Spectrometer (TAS-990, Puxi, Beijing) was used to 
determine the concentration of Mn(II) in the filtrate. The concentration 
of Cr(VI) was determined using the diphenylcarbohydrazide chromo
genic method, measuring the absorbance at a wavelength of 540 nm 
with a visible light spectrophotometer (7200, Unicosh, Shanghai). 

2.5. Regeneration performance evaluation 

The regeneration performance of CA/nZVI/RSBC was evaluated to 
explore its reusability for adsorbing Cr(VI) and Mn(II). In brief, in a 50 
mL centrifuge tube, 0.20 g of CA/nZVI/RSBC and 40 mL of mixed 

solution containing 50 mg/L Cr(VI) and 100 mg/L Mn(II) was added. 
After the adsorption reached equilibrium, the contents of Cr(VI) and Mn 
(II) in the solution were determined. CA/nZVI/RSBC was collected and 
extracted with 40 mL of 0.1 M HCl and NaOH for Mn(II) and Cr(VI), 
respectively. After 24 h of extraction, the concentrations of Mn(II) and 
Cr(VI) in the solution were determined, the collected CA/nZVI/RSBC 
was rinsed with DI water and vacuum dried at 50 ◦C. The above pro
cedures were repeated 6 times to explore the regeneration performance 
of CA/nZVI/RSBC. 

3. Results and discussion 

3.1. Characterization of CA/nZVI/RSBC 

The SSAs and pore volumes of RSBC, nZVI/RSBC, and CA/nZVI/ 
RSBC were measured. As shown in Table 1, the loading of nZVI increased 
the total pore volume and SSA of RSBC by 6.15 and 6.50 times, which 
could provide more adsorption sites. The single point average pore 
radius of the three adsorbents was less than 2 nm, and all belonged to 
microporous materials. It can be seen from the measured pH that RSBC 
was alkaline, pH decreased after loading nZVI, while electrical con
ductivity (EC) increased (Table 1). After the addition of CA, the pH 
dropped to weak acidity, and the EC greatly increased, while the cation 
exchange capacity (CEC) increased, probably attributed to the addi
tional Ca2+ in the adsorbent (Zhao et al., 2022c). However, the anion 
exchange capacity (AEC) of CA/nZVI/RSBC was lower than that of 
nZVI/RSBC, which might be due to the CA containing many acidic 
substances (Lawrinenko et al., 2016). 

The surface morphological features of the composites were observed 
by SEM as shown in Fig. 1. It was observed that the RSBC particles were 
evenly distributed, with occasional larger particles. Due to the high- 
temperature pyrolysis at 600 ◦C, excessive volatile gases were released 
from the RSBC surface, which expanded the pores, resulting in the 
partial pore destruction of rice straw. After loading nZVI, it was 
observed that the surface of nZVI/RSBC was full of fine particles. 
Meanwhile, the Fe content was higher than RSBC, which could prove 
that nZVI was successfully loaded on RSBC with uniform distribution, 
indicating that RSBC could prevent the aggregation of nZVI. This 
observation was similar to the findings of (Qian et al., 2017). CA/n
ZVI/RSBC was an irregular spherical material with an uneven surface. 
This was probably because of the nZVI particle protrusions on the sur
face of BC. According to the EDS analysis, the loading of nZVI and the 
addition of CA changed the elemental composition of the composites. 
After loading nZVI, the surface Fe content of RSBC increased, and the 
surface Fe content of nZVI/RSBC was 66.5 times that of RSBC, which 
also proved that nZVI was effectively loaded on RSBC. The Ca and Cl 
contents of CA/nZVI/RSBC increased, and the proportion of Fe was 
lower than that of nZVI/RSBC. At this time, the surface Fe content of 
CA/nZVI/RSBC was 43.7 times that of RSBC. 

The functional group changes of RSBC, nZVI/RSBC, and CA/nZVI/ 
RSBC are shown in Fig. 2. Six main peaks were observed, which were the 
stretching vibration peak representing –OH (3422–3441 cm− 1) (Zhao 
et al., 2020a), C––O (1591–1619 cm− 1), C–O (1030–1110 cm− 1), aro
matic C–H (2921–2927 cm− 1 and 700–885 cm− 1), and Fe–O (473–573 
cm− 1) (Fan et al., 2019). Compared with RSBC, the number of FGs on its 
surface was enhanced after modification. The vibration peaks of FGs–– 
in nZVI/RSBC and CA/nZVI/RSBC indicated that the modification 
increased the surface content of –OH and C––O. With the addition of CA, 
the aromatic C–H and C–O vibration peaks became stronger on the 
adsorbent surface, indicating that the addition of CA increased the FGs 
content on the adsorbent surface. The findings were similar to those of 
Wan et al. (2019). 

The Zeta potential of RSBC decreased when pH increased (Fig. S1), 
with a distinct decrease observed between pH 2.0 and 4.0. When pH >
10.0, the decrease became large again. The changing trend of nZVI/ 
RSBC was similar to that of RSBC, and its Zeta potential was positive at 
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pH 2.0. However, the Zeta potential of CA/nZVI/RSBC changed little 
with pH changing and remained negative within the pH range of 
2.0–12.0. The surface of biochar was found to be positively charged 
when the solution pH was below the point of zero charge of CA/nZVI/ 

RSBC. Conversely, the charge carried on the surface of biochar was 
negative (Zhao et al., 2021). Therefore, CA/nZVI/RSBC with consis
tently negative surface charge showed a better adsorption capacity on 
Mn(II). 

Table 1 
Physicochemical properties of RSBC, nZVI/RSBC, and CA/nZVI/RSBC.  

Adsorbents BET SSA 
(m2/g) 

Total pore volume per 
point (cm3/g) 

Single point mean pore 
radius (nm) 

BJH adsorption can be the most 
aperture (nm) 

pH EC (μS/ 
cm) 

CEC (cmol/ 
kg) 

AEC 
(mmol/g) 

RSBC 19.53 0.0114 1.17 2.40 10.59 2586.67 50.96 2.04 
nZVI/RSBC 126.95 0.0703 1.11 2.30 9.59 3486.67 42.08 2.83 
CA/nZVI/ 

RSBC 
21.61 0.0106 0.98 2.19 6.81 9513.33 73.76 1.59  

Fig. 1. SEM-EDS of RSBC (a), nZVI/RSBC (b), and CA/nZVI/RSBC (c).  
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3.2. Adsorption behaviors of Cr(VI) and Mn(II) by CA/nZVI/RSBC 

3.2.1. Pyrolysis temperature 
The influence of different influencing factors (solution pH, pyrolysis 

temperature of RSBC, loading ratio of nZVI, adsorbent dose, and coex
isting ions) on the adsorptive removal of Cr(VI) and Mn(II) onto CA/ 
nZVI/RSBC was investigated. Among them, the pyrolysis temperature, 
the loading ratios of nZVI, and the dosage were selected based on the 
influence on Mn(II). Fig. S2 shows the effect of RSBC, nZVI/RSBC, and 
CA/nZVI/RSBC on Mn(II) adsorption at various pyrolysis temperatures. 
The composites prepared from RSBC pyrolyzed at 600 ◦C showed the 
best adsorption capacities for Mn(II), probably due to the abundant pore 
structure of biochar pyrolyzed at elevated temperatures (Zhao et al., 
2021). A study found that the contents of C, H, and N elements on the 
surface of biochar dropped with an increase in pyrolysis temperature 
(Aktar et al., 2022), the organic FGs onbiochar decreased, and the 
inorganic FG increased. As increasing pyrolysis temperature, the pH of 
biochar increased due to the strong alkalinity of biochar pyrolysis at 
high temperatures, which allowed cationic pollutants to be adsorbed 
(Gao et al., 2021). According to the study of Zhao et al. (2022b), the pH 
of sewage sludge biochar increased from 5.87 to 10.50 with the increase 
of pyrolysis temperatures (300, 500, and 700 ◦C). Also, the SSA of bio
char increased from 5.26 m2/g to 15.23 m2/g. The pyrolysis enhanced 
the aromatization, stability, and decomposition of some 
oxygen-containing FGs of biochar. The elevated temperature facilitated 
the conversion of the bioavailable fraction to the more stable fraction, 
and the leaching rate of heavy metals was reduced by an average of 
5.5%. This may be related to the decomposition of FGs, the collapse of 
pores, and the formation of new crystalline phases. As the pyrolysis 
temperature increased, the surface active sites of biochar experienced a 
reduction, while the SSA increased. Moreover, the amount of loaded 
3-trimethoxysilylpropanethiol also increased. These changes contrib
uted to an enhanced adsorption capacity for Hg(II) by facilitating sur
face adsorption, electrostatic interaction, ligand exchange, and surface 
complexation mechanisms. 

3.2.2. Loading ratio of nZVI 
RSBC, nZVI/RSBC, and CA/nZVI/RSBC produced at 600 ◦C were 

chosen for subsequent experiments. With increasing nZVI loading ratios 
of nZVI/RSBC and CA/nZVI/RSBC (Fig. S3a), the adsorption capacities 
for the Mn(II) increased but then declined, which was in agreement with 
the results of (Feng et al., 2021a). With nZVI loading ratios increased 
from 0 wt% to 0.1 wt%, nZVI particles were distributed on the surface of 
RSBC, providing more adsorption sites to react with pollutants. The 

adsorption capacities increased at the same time, indicating that nZVI 
played a role in the reaction. When the loading ratios of nZVI exceeded 
0.1 wt%, excess nZVI particles might aggregate on the surface of RSBC. 
This blocked or even coated the active sites of RSBC, hindering electron 
transfer and resulting in a decline in the removal rate of Mn(II) (Dong 
et al., 2017; Yang et al., 2021a). According to Fig. S3 (b), the adsorption 
capacities of CA/nZVI/RSBC for Mn(II) increased first and then 
decreased with increasing nZVI loading ratios, reaching a maximum at 
nZVI loading ratio of 0.1 wt%, and higher than that of nZVI/RSBC, 
which could reach 17.91 mg/g for Mn(II). In the study of Yi et al. (2020), 
when the mass ratio between biochar and nZVI was 1:1, the elimination 
rate of Cr(VI) was 43.71%. When the mass ratio was 2:1, the elimination 
rate increased slowly, and then it was 100% after 2 h. A mass ratio of 3:1 
led to 100% removal of Cr(VI) within 1 h. The more dispersed the nZVI, 
the more amount of active sites were, thereby increasing the contact 
opportunities of Cr(VI) with the active sites. The Fe release experiment 
showed that the Fe release of nZVI/RSBC was higher than that of 
CA/nZVI/RSBC when the nZVI loading ratio was more than 0.1 wt%, 
indicating that the addition of CA inhibited the release of Fe in the 
environment. 

3.2.3. Adsorbent dosage 
The removal rates of Mn(II) by RSBC, nZVI/RSBC, CA/nZVI/RSBC, 

and CA microspheres improved with an increase in dosage (Fig. S4). 
With 5.0 g/L of RSBC, nZVI/RSBC, CA/nZVI/RSBC, and CA micro
spheres, the removal rates of Mn(II) almost reached the maximum. The 
removal rates of Mn(II) were less improved by increasing the dosage. As 
the dosage increased, the active sites and FGs of RSBC, nZVI/RSBC, CA/ 
nZVI/RSBC, and CA microspheres also increased, thus improving the 
removal rates of Mn(II) (Qiu et al., 2020). The adsorption sites of ad
sorbents could not satisfy the adsorption to Mn(II) in solution when the 
dosage was lower than 5 g/L, thus the Mn(II) removal rates were also 
relatively low. This result was similar to the findings of Lian et al. 
(2019). However, as the biochar dosage increased further, the removal 
rate of Cr(VI) enhanced slowly, and the authors finally selected 500 mg 
as the optimal dosage (Lian et al., 2019). Therefore, considering cost and 
pollutant removal rates, the optimal dosage of adsorbent was 5.0 g/L. 

3.2.4. Solution pH 
Adsorbent performance is greatly influenced by the pH of the solu

tion. The figures depicted in Fig. 3 (a and b) illustrate the Cr(VI) 
adsorption patterns of RSBC, nZVI/RSBC, CA/nZVI/RSBC, and CA mi
crospheres, while considering the presence of Mn(II). This phenomenon, 
referred to as Cr(VI) co-adsorption, was studied across a pH range of 
2.0–10.0. RSBC, nZVI/RSBC, CA/nZVI/RSBC, and CA microspheres 
have decreased adsorption capacities to Cr(VI) as pH increases. 
Maximum adsorption capacities were observed at pH 2.0. A solution pH 
of 2.0 could allow Cr(VI) to adsorb on CA/nZVI/RSBC at a capacity of 
22.67 mg/g. The observed variation in adsorption capacity can be 
attributed to the distinct forms of Cr(VI) in different solution pH con
ditions. At low pH, the primary species of Cr(VI) were HCrO4

− and 
Cr2O7

2− , which could be better adsorbed (Qian et al., 2017). Under acidic 
conditions, nZVI donated electrons to H+, HCrO4

− , and CrO4
2− in solu

tion, and reduced Cr(VI) to Cr(III), at which time Fe0 was oxidized to Fe 
(II) or Fe(III) (Xu et al., 2021). A high pH condition, however, led to a 
negative charge on the adsorbent surface, which resulted in electrostatic 
repulsion between the adsorbent and Cr(VI), which prevented the 
reduction as well as adsorption of Cr(VI) (Fan et al., 2019). nZVI 
passivation could also be alleviated by low pH, and Cr(VI) could be 
effectively removed (Zhuang et al., 2021). Among them, the process of 
the redox reaction of Cr(VI) with nZVI/RSBC could be shown as the 
following equations (1)–(4) (Zhou et al., 2022):  

3Fe0 + 2HCrO4
− + 14H+ → 3Fe2+ + 2Cr3+ + 8H2O                           (1)  

3Fe2++ HCrO4
− + 7H+→ 3Fe3+ + Cr3++ 4H2O                                  (2) 

Fig. 2. FTIR spectra of RSBC, nZVI/RSBC, and CA/nZVI/RSBC.  
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3Fe0 + 2CrO4
2− + 8H2O→3Fe2+ + 2Cr3+ + 16OH− (3)  

3Fe2+ + CrO4
2− + 4H2O → 3Fe3+ + Cr3+ + 8OH− (4) 

Adsorption of Mn(II) by RSBC, nZVI/RSBC, CA/nZVI/RSBC, and CA 
microspheres and the change in Mn(II) adsorption (hereafter referred to 
as Mn(II) co-adsorption) in the presence of Cr(VI) between pH 2.0–10.0 
is presented in Fig. 3 (c and d). The adsorption capacities of Mn(II) by 
RSBC, nZVI/RSBC, CA/nZVI/RSBC, and CA microspheres increased with 
increasing solution pH. At low solution pH, the adsorption of Mn(II) was 
inhibited. This could be attributed to the abundance of H+ in the solu
tion, which competed with Mn(II) for the adsorption sites on the 
adsorbent surface (Yang et al., 2018). The H+ concentration declined as 
the pH enhanced, and the competition between Mn(II) with H+ for the 
adsorption sites decreased. However, precipitation was observed in Mn 
(II) solution when pH > 8.0, and the precipitation of Mn(II) was more 
obvious when pH was 10.0. At this time, a large amount of OH− in the 
solution promoted Mn(II) conversion to Mn(OH)2 precipitation. The pH 
of the solution was chosen to be 6.0 for subsequent experiments. 

3.2.5. Coexisting ions 
Fig. S5 (a and b) shows the influence of typical coexisting ions in 

water on nZVI/RSBC and CA/nZVI/RSBC on the adsorption of Cr(VI). 
Among them, the coexistence of Cl− and NO3

− both inhibited the 
adsorption of Cr(VI) by nZVI/RSBC and CA/nZVI/RSBC. The higher the 
concentration, the more obvious the inhibition effect. The existence of 
SO4

2− in the solution accelerated the adsorption of Cr(VI), the higher the 

concentration, the more obvious the promotion effect. The coexistence 
of CO3

2− promoted the adsorption of Cr(VI) on nZVI/RSBC, but inhibited 
the adsorption of Cr(VI) on CA/nZVI/RSBC. Cr(VI) removal by nZVI/ 
RSBC and CA/nZVI/RSBC was minimally affected by solution cations. Cr 
(VI) adsorption by the adsorbents was not dominantly affected by 
elevated cations concentrations. Cations availability reduce Cr(VI) 
removal from the adsorbents due to their complexation with carboxyl 
groups in the adsorbents. Additionally, the complexation facilitated the 
attraction between nZVI particles, leading to accelerated aggregation 
and precipitation of nZVI, especially Ca2+ and Mg2+. The coexistence of 
Na+ had less effect, possibly due to the smaller redox potential of Na+

compared to Cr(VI) (Xu et al., 2021). The effects of increasing cation 
concentration on the Cr(VI) adsorption capacities ranged from 75.46% 
to 94.5%, and the findings were consistent with (Sun et al., 2021). 

The effects of commonly coexisting ions in wastewater on Mn(II) 
adsorption by nZVI/RSBC and CA/nZVI/RSBC are shown in Fig. S5 (c 
and d). The presence of cations in natural water inhibited the adsorption 
of Mn(II) by the adsorbents, and the effect was more obvious for ions 
with higher valence states. Possibly, the adsorption sites available on the 
adsorbent surface are more strongly bound to cations with higher 
valence states. When Na+, K+, Ca2+, and Mg2+ ionic concentrations 
were 0.001 mol/L, the adsorption capacities of Mn(II) on CA/nZVI/ 
RSBC were inhibited by 0, 10.68%, 19.47%, 15.85%, respectively. When 
the Na+, K+, Ca2+, and Mg2+ concentrations were 0.01 mol/L, the 
adsorption capacities of Mn(II) on CA/nZVI/RSBC were inhibited by 
3.93%, 17.59%, 33.91%, and 26.85%, respectively. When the Na+, K+, 
Ca2+, and Mg2+ concentrations were 0.1 mol/L, the adsorption capac
ities of Mn(II) on CA/nZVI/RSBC were inhibited by 17.27%, 23.87%, 

Fig. 3. Effect of solution pH on adsorption of Cr(VI) and Mn(II) by RSBC, nZVI/RSBC, and CA/nZVI/RSBC (a: Cr(VI); b: Cr(VI) co-adsorption; c: Mn(II); d: Mn(II) 
co-adsorption). 
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60.10%, and 52.56%, respectively. Except for CO3
2− , the anions in the 

solution had minimal impact not detrimental effect on the removal of 
Mn(II) by nZVI/RSBC and CA/nZVI/RSBC, but the increase of anion 
concentration appeared to have a negative effect on the removal of Mn 
(II) by nZVI/RSBC and CA/nZVI/RSBC. Mn(II) disruption was slightly 
inhibited at 0.1 mol/L. The addition of CO3

2− promoted the adsorption of 
Mn(II) on nZVI/RSBC and CA/nZVI/RSBC, probably because Mn(II) in 
solution first combined with CO3

2− to form MnCO3 precipitation, which 
promoted the adsorption of Mn(II). As the concentrations of CO3

2−

increased, the adsorption capacities of Mn(II) on CA/nZVI/RSBC were 
promoted by 2.97%, 8.10%, and 24.23%, respectively. 

3.3. Adsorption kinetics 

The changes of single and co-adsorption of Cr(VI) by RSBC, nZVI/ 
RSBC, and CA/nZVI/RSBC over time are presented in Fig. S6 (a and b). 
The single adsorption leveled off after 2 h and the co-adsorption reached 
equilibrium after 1 h. At the onset of adsorption, the adsorption ca
pacities of Cr(VI) on RSBC, nZVI/RSBC, and CA/nZVI/RSBC experienced 
a rapid surge, as Cr(VI) swiftly filled the adsorption sites on the CA/ 
nZVI/RSBC surface. Subsequently, a gradual saturation of the adsorp
tion sites on the surfaces of RSBC, nZVI/RSBC, and CA/nZVI/RSBC 
followed, and the increasing trend of Cr(VI) adsorption capacity ceased. 
The single adsorption and co-adsorption of Cr(VI) on CA/nZVI/RSBC 
were examined through an experiment, and the obtained data was fitted 
to the pseudo-first-order kinetic model (PFM) and pseudo-second-order 
kinetic model (PSM). Table S1 displays the fitting parameters. The PSM 
better fitted the adsorption process of Cr(VI) on CA/nZVI/RSBC (R2 =

0.9819 and 0.9959), indicating that the adsorption processes of Cr(VI) 
on CA/nZVI/RSBC were predominantly driven by chemical adsorption 

(Teng et al., 2020). 
The changes of single and co-adsorption of Mn(II) by RSBC, nZVI/ 

RSBC, and CA/nZVI/RSBC over time are shown in Fig. S6 (c and d). The 
single adsorption of Mn(II) by RSBC, nZVI/RSBC, and CA/nZVI/RSBC 
reached equilibrium after 2 h, the co-adsorption leveled off after 1 h, and 
the changing trend was similar to that of Cr(VI). The kinetic experi
mental data of single adsorption and co-adsorption of Mn(II) by RSBC, 
nZVI/RSBC, and CA/nZVI/RSBC were fitted by using the PFM and PSM. 
Table S1 illustrates the fitting parameters. The PSM could better fit the 
adsorption process of CA/nZVI/RSBC on Mn(II) (R2 = 0.9764 and 
0.9918), indicating that the single adsorption and co-adsorption of CA/ 
nZVI/RSBC onto Mn(II) were dominated by chemisorption (Teng et al., 
2020). 

3.4. Adsorption isotherms 

Fig. 4 (a and b) illustrates the adsorption isotherms of Cr(VI) by 
RSBC, nZVI/RSBC, and CA/nZVI/RSBC at room temperature. Langmuir 
and Freundlich adsorption isotherm models were used to fit the exper
imental data. Among them, the Langmuir model is mainly used to 
describe homogeneous monolayer adsorption, there is no interaction 
between the adsorption molecules, and the adsorption process involves 
chemical and physical adsorption. The Freundlich model represents an 
empirical approach to describe the multi-layer chemical adsorption on 
heterogeneous surfaces (Zhang et al., 2022). As the initial concentration 
of Cr(VI) increased the adsorption of Cr(VI) by RSBC, nZVI/RSBC, and 
CA/nZVI/RSBC increased, but the increased range gradually decreased. 
At this time, the adsorbent surface had abundant adsorption sites, which 
could be fully contacted with Cr(VI), so that Cr(VI) could be easily 
adsorbed onto the adsorbents. Cr(VI) and adsorbents were able to fully 

Fig. 4. Adsorption isotherms of Cr(VI) and Mn(II) on RSBC, nZVI/RSBC, and CA/nZVI/RSBC (a: Cr(VI); b: Cr(VI) co-adsorption; c: Mn(II); d: Mn(II) co-adsorption).  
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contact as Cr(VI) concentration increased, but the adsorption sites of the 
adsorbents gradually reached saturation, so adsorption capacities flat
tened out. Based on the regression coefficients R2 in Table 2, both 
Langmuir and Freundlich models provided a good fit to the experimental 
data for RSBC, nZVI/RSBC, and CA/nZVI/RSBC adsorption of Cr(VI). 
The higher R2 value of the Freundlich model suggested that the 
adsorption process occurred on the multi-molecular layer. CA/n
ZVI/RSBC exhibited a single adsorption maximum of 5.53 mg/g for Cr 
(VI) and a co-adsorption maximum of 5.38 mg/g by isotherm model 
fitting, which was higher than those of RSBC (2.36 and 1.17 mg/g) and 
nZVI/RSBC (2.58 and 4.14 mg/g), indicating that the presence of Mn(II) 
was favorable for Cr(VI) adsorption by CA/nZVI/RSBC. 

Similarly, Fig. 4 (c and d) depicted the changes in Mn(II) adsorption 
capacities by RSBC, nZVI/RSBC, and CA/nZVI/RSBC at different initial 
Mn(II) concentrations. The adsorption capacities of Mn(II) by RSBC, 
nZVI/RSBC, and CA/nZVI/RSBC also increased, and the increasing trend 
was gradually flattened with the rise in the initial concentration of the 
solution. With increasing initial concentrations, the adsorbent became 
more in contact with Mn(II), but the adsorption sites on the adsorbent 
gradually became saturated. As indicated by R2 (Table 2), both Lang
muir and Freundlich models fit the experimental data well for Mn(II) 
adsorption by CA/nZVI/RSBC. In the case of Mn(II) single adsorption, 
the higher R2 value of the Freundlich model suggested that the 
adsorption process took place on a polymolecular layer. However, for 
the co-adsorption of Mn(II), the Langmuir model was more accurate in 
predicting the adsorption process, demonstrating that the process 
occurred on the monomolecular layer. CA/nZVI/RSBC exhibited the 
maximum capacity of 21.49 mg/g for single adsorption and 39.78 mg/g 
for co-adsorption for Mn(II) by the isotherm model, which was higher 
than those of RSBC (17.79 and 21.01 mg/g) and nZVI/RSBC (18.28 and 
25.19 mg/g). The 1/n value in the adsorption process was in the range of 
0–1, reflecting that both Cr(VI) and Mn(II) were easily adsorbed by CA/ 
nZVI/RSBC, and chemisorption was dominant (Wang et al., 2018d). 

3.5. Adsorption thermodynamics 

Different environmental temperatures affected the adsorption of Cr 
(VI) and Mn(II) by CA/nZVI/RSBC. Fig. S7 reflects the single adsorption 
and co-adsorption of Cr(VI) and Mn(II) by CA/nZVI/RSBC at reaction 
temperatures of 15, 25, and 35 ◦C as a function of the initial solution 
concentration. Fitting the experimental data using the Langmuir 
adsorption isotherm model was performed. The findings suggested that 
the adsorption capacities of both Cr(VI) and Mn(II) by CA/nZVI/RSBC 
increased as the initial concentrations of Cr(VI) and Mn(II) increased. 
However, the extent of this increase gradually diminished. This was 
assigned to the numerous adsorption sites on the adsorbent surface, 
which were able to make sufficient contact with Cr(VI) and Mn(II) at the 
lower initial solution concentration. With increasing reaction tempera
ture, it was observed that the adsorption capacities of CA/nZVI/RSBC 

for Cr(VI) and Mn(II) reached their maximum at 35 ◦C. The possibility 
and extent of the adsorption reaction can be inferred by studying the 
thermodynamic parameters. Table S2 displays the thermodynamic pa
rameters associated with the adsorption of pollutants by CA/nZVI/ 
RSBC. At these temperatures, ΔG0 valves were negative during the 
adsorption process of pollutants by each adsorbent, progressively 
decreased as the temperature increased, suggesting that both the single 
adsorption and co-adsorption of Cr(VI) and Mn(II) were feasible and 
spontaneous on CA/nZVI/RSBC. A more negative value indicated a more 
thorough reaction, and the adsorption capacities for Cr(VI) and Mn(II) 
improved with increasing temperature. ΔS0 valves were all positive, 
indicating the good affinity of Cr(VI) and Mn(II) for CA/nZVI/RSBC and 
the spontaneous increase of liquid-solid-phase interactions on the sur
face of CA/nZVI/RSBC during the adsorption process. ΔH0 ＞ 0, 
reflecting that the removal processes of Cr(VI) and Mn(II) by CA/nZVI/ 
RSBC were mainly endothermic and chemical (Wang et al., 2019b). 

3.6. Adsorption mechanisms 

The morphological changes of CA/nZVI/RSBC before and after 
adsorption were detected. As shown in Fig. S8, before the adsorption of 
pollutants, the surface of CA/nZVI/RSBC was uneven, and large parti
cles of nZVI/RSBC were observed on the surface. It was monitored that 
the surface of CA/nZVI/RSBC was covered by a layer of material with 
metallic luster after the adsorption of Cr(VI). Based on the SEM-EDS- 
mapping images (Fig. S9), it was evident that the distribution of Cr el
ements appeared on the surface of CA/nZVI/RSBC following the 
adsorption of Cr(VI), indicating the successful adsorption of Cr(VI). 
More particles were monitored on the surface of CA/nZVI/RSBC after 
the adsorption of Mn(II). After co-removal of Cr(VI) and Mn(II), the 
above two results were simultaneously observed on the CA/nZVI/RSBC 
surface. Combined with the SEM-EDS-mapping images of the CA/nZVI/ 
RSBC surface, Mn(II) and Cr(VI) were simultaneously adsorbed. 

As shown in Fig. S10, the compositional changes of the surface 
particles of CA/nZVI/RSBC before and after the adsorption of Cr(VI) and 
Mn(II) were analyzed by XRD patterns. It could be seen that the 
diffraction peaks of CA/nZVI/RSBC after the adsorption of pollutants 
were quite different from those before adsorption. For CA/nZVI/RSBC, 
diffraction peaks of FeOOH, Fe2O3, Fe3O4, and Fe0 were observed at 2θ 
= 21.1◦, 30.1◦, 35.2◦, and 44.7◦ (Yang et al., 2021a; Yi et al., 2020). This 
indicated that the nZVI in the adsorbent was oxidized. It was a typical 
nZVI core-shell structure, in which the peak at 44.7◦ was not obvious, 
which might be due to the increase of the molecular distance and the 
amorphous degree of the adsorbent by the addition of CA (Wan et al., 
2019). After single adsorption of Mn(II) on CA/nZVI/RSBC, it was 
observed that the diffraction peaks of C15H21MnO6, Mn3O4, MnFe2O4, 
and MnCO3 increased at 2θ = 15.8◦, 34.1◦, 43.1◦, and 60.1◦ (Yankovych 
et al., 2021). It showed that Mn(II) in solution reacted with Fe com
pounds in CA/nZVI/RSBC and formed MnFe2O4 species, and 

Table 2 
The adsorption isotherm fitting parameters of RSBC, nZVI/RSBC, and CA/nZVI/RSBC.  

Adsorbents Adsorbates Langmuir Freundlich 

Qm (mg/g) kL R2 kF 1/n R2 

RSBC Cr(VI) 
(without Mn(II)) 

2.36 0.0220 0.9955 0.1587 0.5187 0.9988 
nZVI/RSBC 2.58 0.0391 0.9872 0.3534 0.3963 0.9799 
CA/nZVI/RSBC 5.53 0.0654 0.9872 1.2320 0.3113 0.9924 
RSBC Cr(VI) 

(with Mn(II)) 
1.17 0.0524 0.9955 0.2297 0.3262 0.9993 

nZVI/RSBC 4.14 0.0162 0.9917 0.1769 0.5938 0.9839 
CA/nZVI/RSBC 5.38 0.0355 0.9938 0.6035 0.4394 0.9990 
RSBC Mn(II) 

(without Cr(VI)) 
17.79 0.0127 0.9996 0.9223 0.5089 0.9974 

nZVI/RSBC 18.28 0.0370 0.9788 2.8666 0.3452 0.9927 
CA/nZVI/RSBC 21.49 0.0379 0.9725 3.1427 0.3639 0.9952 
RSBC Mn(II) 

(with Cr(VI)) 
21.01 0.0112 0.9937 0.8932 0.5407 0.9845 

nZVI/RSBC 25.19 0.0105 0.9966 0.9157 0.5689 0.9857 
CA/nZVI/RSBC 39.78 0.0083 0.9842 0.9420 0.6379 0.9771  
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ion-exchanged with CO3
2− in adsorbent to form MnCO3 precipitation 

(Yankovych et al., 2021). After single adsorption of Cr(VI) on CA/n
ZVI/RSBC, it was observed that the diffraction peaks of C15H21MnO6 and 
FeCr2O4 were increased at 2θ = 15.0◦ and 63.0◦, which were attributed 
to the stable compound formed by Cr(III) and Fe(II) (Qiu et al., 2020). 
After CA/nZVI/RSBC co-adsorbed Mn(II) and Cr(VI), the diffraction 
peaks of the compounds contained in the above spectra were observed 
on the spectrum, indicating that the above reactions occurred during the 
co-adsorption process. 

To better analyze the overlaid adsorption mechanisms of Cr(VI) and 
Mn(II), the XPS spectra of CA/nZVI/RSBC before and after the adsorp
tion of Cr(VI) and Mn(II) were compared (Fig. S10). The C 1s, O 1s, and 
Fe 2p associated peaks were noticed at the positions of about 285.0 eV, 
530.0 eV, and 710.0 eV from the XPS total spectrum of CA/nZVI/RSBC 
before the reaction. The Cr 2p peak was observed around 580 eV and the 
Mn 2p peak was observed around 630 eV after the reaction. Indicating 
that the Cr(VI) and Mn(II) were successfully adsorbed onto CA/nZVI/ 
RSBC. The C 1s peaks can be assigned to C–C (284.5 eV), C–O (285.3 eV), 
and C––O (286.3 eV), respectively. The O 1s peaks correspond to C–O 
(532.1 eV), C––O (531.3 eV), and metal oxides (536.1 eV) (Yang et al., 
2021a); Ca 2p peaks correspond to Ca–O (346.7 and 350.1 eV) and 
Ca–OH (350.8 eV), respectively. The areas of C–C and Ca–OH increased 
while those of C–O, C––O, and Ca–O peaks decreased after the Cr(VI) 
and Mn(II) were adsorbed, indicating that the above chemical bonds all 
participated in the reaction in the adsorption process, especially the 
oxygen-containing FGs. After Cr(VI) adsorption, the proportion of Fe(II) 
on the surface of CA/nZVI/RSBC decreased and the proportion of Fe(III) 
increased. It indicates that Fe participated in the redox reaction during 
the adsorption of Cr(VI), and Fe(II) was oxidized by Cr(VI) to produce 
more Fe(III) (Zhang et al., 2020). The proportion of Fe with different 
valence states on the surface of CA/nZVI/RSBC after Mn(II) adsorption 
was as follows: 55.98% Fe(II) and 44.02% Fe(III), which indicated that 
Fe and Mn conjugates on the adsorbent existed in the form of 
mixed-valence states after Mn(II) adsorption (Chen et al., 2020). The 
proportion of Fe with different valence states on the surface of CA/n
ZVI/RSBC after co-adsorption was: 45.51% Fe(II) and 54.49% Fe(III), 
indicating that Fe contributed in the redox reaction of Cr(VI) and Mn(II) 
at the same time. After Mn(II) was single adsorbed by CA/nZVI/RSBC, 
92.89% of them participated in redox reactions and existed on the sur
face of CA/nZVI/RSBC in the form of Mn(III) as well as Mn(VI), while 
84.08% of Mn(II) was oxidized after co-adsorption. Based on the find
ings from XRD analysis, Mn(II) was oxidized to Mn(VI) by redox reaction 
with Fe during the adsorption process, and combined with Fe to form 
MnFeO4 precipitation. Following the single adsorption of Cr(VI) by 
CA/nZVI/RSBC, approximately 75.02% of Cr(VI) underwent reduction 

to Cr(III). In the case of co-adsorption, a slightly higher reduction of 
75.72% was observed. These results suggest that the majority of Cr 
existed in the form of Cr(III). Moreover, negatively charged Cr(VI) was 
reduced to Cr(III) upon migrating to the surface of CA/nZVI/RSBC. 
Combined with the results of XRD analysis, Cr(III) joined with Fe(II) to 
form FeCr2O4 precipitates. Following co-adsorption, there was a 
reduction in the peak area of Mn(VI) and an increase in the peak areas of 
Fe(II) and Cr(III). This observation suggests that the simultaneous 
presence of Fe and Mn potentially enhances the reduction of Cr(VI). The 
presence of Mn(III) can be attributed to Cr(VI) reduction by H2C2O4, 
–COOH, and –OH with Mn(II) oxidized to Mn(III) form (Huang et al., 
2022). 

Site energy distribution analysis was conducted to further examine 
the mechanisms involved in the adsorption of Mn(II) and Cr(VI) by CA/ 
nZVI/RSBC. As shown in Fig. 5(a and b), the frequency distributions of 
adsorption site energy for Cr(VI) and Mn(II) by CA/nZVI/RSBC were all 
asymmetrical monomodal shapes, and the F (E*) value increased with 
increasing temperature, indicating that increasing temperature would 
raise the overall site energy distribution. The adsorption site energy 
distribution curve area simultaneously increased, so that more binding 
sites on CA/nZVI/RSBC were activated and thus the adsorption capac
ities of CA/nZVI/RSBC for Cr(VI) and Mn(II) were also improved (Yang 
et al., 2021b; Zhao et al., 2022a), which was in agreement with the 
experimental results. When E* = 20–30 kJ/mol, a significant number of 
chemical bonds existed between the surface of CA/nZVI/RSBC and Cr 
(VI) and Mn(II) (Cheng et al., 2021), a higher E* indicated more 
chemisorption participation as well as a more homogeneous adsorbent 
surface (Li et al., 2021). The adsorption sites of CA/nZVI/RSBC for Cr 
(VI) were concentrated at 18–26 kJ/mol, which indicated that the 
adsorption process was mainly through Cr(VI) binding with 
oxygen-containing FGs (-OH, –COOH, etc.) (Zhao et al., 2022b). CA/n
ZVI/RSBC bound to Fe0 on the surface of CA/nZVI/RSBC through a weak 
electrostatic interaction with Cr(VI), and this result was consistent with 
the study carried out by (Liao et al., 2020). Then redox and complexa
tion reactions took place between Cr(VI) and oxygen-containing FGs on 
the surface of CA/nZVI/RSBC. Electrostatic attraction was found to be 
the dominant factor in the adsorption of Mn(II) by CA/nZVI/RSBC, with 
chemical bonding playing a secondary role in the adsorption process for 
both pollutants. The primary adsorption mechanisms of Cr(VI) and Mn 
(II) on CA/nZVI/RSBC are illustrated in Fig. 6. 

3.7. Stability and regeneration 

Considering the economic effect of CA/nZVI/RSBC, its stability and 
reusability should also be considered when applied in practical 

Fig. 5. Site energy distribution analysis of Cr(VI) (a) and Mn(II) (b) adsorption onto CA/nZVI/RSBC.  
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situations. As depicted in Fig. S11 (a), the adsorbed Cr(VI) on CA/nZVI/ 
RSBC was desorbed using 0.1 mol/L NaOH, followed by six cycles of Cr 
(VI) adsorption. After the first adsorption-desorption, CA/nZVI/RSBC 
maintained a good adsorption capacity for Cr(VI). During the sixth 
adsorption cycle, CA/nZVI/RSBC exhibited the ability to adsorb 0.31 
mg/g of Cr(VI), demonstrating its potential for reusability in the 
removal of Cr(VI) (Sahu et al., 2022). The decrease of adsorption ca
pacity of CA/nZVI/RSBC by Cr(VI) could be attributed to the surface 
passivation caused by the formation of precipitated species on the sur
face of CA/nZVI/RSBC, and the continuously reduced active sites were 
also responsible for the decreased Cr(VI) adsorption by CA/nZVI/RSBC 
(Zhuang et al., 2021). This result was comparable to that of (Jia et al., 
2021), and the removal rate of Cr(VI) by almond husk BC could still 
reach 48.5% after five desorption times. As shown in Fig. S11 (b), 
CA/nZVI/RSBC after adsorption of Mn(II) was desorbed by 0.1 mol/L 
HCl, and then Mn(II) was cyclically adsorbed for six cycles. After the 
third adsorption-desorption, CA/nZVI/RSBC maintained a good 
adsorption capacity (14.88 mg/g) for Mn(II). At the sixth adsorption, the 
Mn(II) adsorption of CA/nZVI/RSBC remained at 5.91 mg/g, which 
proved that CA/nZVI/RSBC was an excellent Mn(II) reusable adsorbent 
(Abd El et al., 2019). 

Therefore, from the above results, it can be seen that CA/nZVI/RSBC 
has good application potential in simultaneously reducing Cr(VI) and 
Mn(II) from wastewater. This further indicates that CA/nZVI/RSBC can 
greatly reduce the risks that Cr(VI) and Mn(II) pose to the ecological 
environment. 

4. Conclusions 

In this research, nZVI/RSBC was synthesized using a liquid-phase 
reduction method and embedded with CA to obtain CA/nZVI/RSBC 
microspheres. The application of CA/nZVI/RSBC had demonstrated a 
favorable efficacy in the simultaneous removal of Cr(VI) and Mn(II). The 
iron release exhibited by the CA/nZVI/RSBC was comparatively lower in 
comparison to the iron release observed in the nZVI/RSBC. The inclu
sion of Mn(II) facilitated the reduction of Cr(VI) by the use of a 

composite consisting of CA, nZVI, and RSBC. The primary adsorption 
mechanism of Cr(VI) by CA/nZVI/RSBC was reduction, while these of 
Mn(II) was electrostatic attraction. In general, CA/nZVI/RSBC exhibits 
promising potential as an efficient and environmentally friendly com
posite for the concurrent removal of Cr(VI) and Mn(II) from polluted 
water. 
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