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A B S T R A C T   

The co-occurrence of arsenic and fluoride in the water environment has led to many health concerns for living 
beings. Simultaneous removal of such ions is crucial to the safety of water resources, and biochar has been 
extensively engaged to address this issue. Here four magnetic biochars (mBCs) including pristine magnetic 
biochar and three aluminum (Al) and/or magnesium (Mg) oxides-anchored magnetic biochar (i.e., Al-mBC, Mg- 
mBC, and MgAl-mBC) were prepared via a facile pyrolysis method and then comprehensively evaluated as ad
sorbents for enhanced co-uptake of arsenate (AsV) and fluoride (F− ) from synthetic water. The mBC shows a high 
specific surface area of 205 m2 g− 1, which dropped to 116, 80, and 114 m2 g− 1 upon the anchoring of Al, Mg, and 
Mg + Al, respectively. Our results suggest that the adsorption of either AsV or F− is highly pH-dependent, and pH 
4–6 is the optimal range for maximum adsorption. The adsorption isotherm data indicate that the MgAl-mBC 
adsorbent outranks all other mBCs for co-uptake of both AsV and F− . The adsorption capacity maxima of 
MgAl-mBC are 34.45, and 21.59 mg g− 1 for AsV and F− , respectively (pH = 5, T = 10 ◦C), also highly outstripping 
other biochars reported in the literature. The magnetic feature of these mBCs enables us to fast reclaim and 
regenerate the exhausted adsorbents by an external magnet and dilute NaOH. The Al- and Mg-anchored mBCs are 
expected to be used as highly efficient adsorbents for environmental remediation of waters contaminated by both 
AsV and F− .   

1. Introduction 

The pollution of arsenic (As) and fluorine (F) is widespread in natural 
surface and ground waters (Jadhav et al., 2015; Wasay et al., 1996). 
Co-occurrence of both arsenic and fluoride is widely found in ground
water (Kumar et al., 2020; Wang et al., 2021) and industrial wastewater, 
for instance, effluents from a fertilizer plant under normal operation 
were reported to contain 0–20 mg L− 1 arsenic, and 0–200 mg L− 1 

fluoride (Beg et al., 1982). A variety of industrial fabrication and/or 
processing, such as metal plating, mining operations, fertilizer in
dustries, tanneries, batteries, paper industries, and pesticides, generate 
effluents containing arsenic, fluoride, and other toxic heavy metals (Bibi 
et al., 2015, 2017). It has been reported that co-exposure to both As and 

F in drinking water supplies may result in more serious health effects 
and worse tissue damages to human beings compared to individual 
exposure to either As or F (Ma et al., 2017). World Health Organization 
(WHO) has regulated the maximum contaminant levels (MCL) of 10 μg 
L− 1 and 1.5 mg L− 1 for As and F, respectively. To address this issue, a 
wide variety of techniques have been developed in the past decades for 
the removal of both anions from water, including electrocoagulation 
(Thakur and Mondar, 2017), ionic exchange (Liu et al., 2002), mem
brane filtration (Xu et al., 2013), and adsorption by using lanthanum 
impregnated silica gel (Wasay et al., 1996), magnetic biochar (Mohan 
et al., 2014a), modified yak dung biochar (Luo et al., 2018), 
metal-organic frameworks (Haldar et al., 2020), and lanthanum-based 
materials (Koh et al., 2021; Merodio-Morales et al., 2020). 
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Because of its advantages of cost efficiency, versatility, high effi
ciency, easy operation without any secondary pollution, adsorption has 
been considered one of the most promising techniques for the co- 
removal of both arsenic and fluoride from waters (Cuong et al., 2021; 
Jadhav et al., 2015). Many adsorbents have already been innovated for 
co-removal of both As and F. Lanthanum-anchored silica gel, for 
instance, was found to adsorb over 99.9% of both arsenate (AsV) and 
fluoride (F− ) at neutral pH from synthetic water with initial adsorptive 
concentrations ranging from 0.55 to 0.2 mmol L− 1 (Wasay et al., 1996). 
Highly ordered mesoporous alumina and calcium-doped alumina were 
also reported for their superb adsorption capacities towards both AsV 

and F− in solution (Daughney et al., 2011). In general, AsV and F− have 
exhibited dissimilar adsorption behaviors in natural aquatic environ
ments due to the difference in their molecular properties, it is therefore 
rare to find a natural mineral that shows an excellent adsorption ca
pacity for both anions simultaneously (Jing et al., 2012). Anchoring 
metal oxides in porous solids has been, however, proved to be a prom
ising strategy to this end. For example, the titanium and lanthanum 
oxides anchored granular activated carbon (TLAC) has simultaneous 
adsorption capacities of 25.1 mg AsV g− 1 adsorbent and 17.0 mg F− g− 1 

at pH 7 (Jing et al., 2012). It was also shown that AsV and F− have 
concurrently exhibited a high affinity towards Fe and Al binary oxides 
(Liu et al., 2012) and (hydr)oxides (Qiao et al., 2014). 

Recently, biochars derived from pyrolysis of biomass at elevated 
temperatures have received increasing attention for potential use as 
superior adsorbents in water remediation applications, for instance, 
contaminant management in soil and water (Ahmad et al., 2014), 
aqueous heavy metal removal (Inyang et al., 2016), and decontamina
tion of wastewater (Mohan et al., 2014b; Tan et al., 2016). Several 
research efforts have been made to evaluate biochars as adsorbents in 
the removal of arsenic (Hu et al., 2015; Wang et al., 2017) and fluoride 
(Luo et al., 2018; Mohan et al., 2014a) from aqueous solutions. To 
enhance their adsorption capacities for both AsV and F− , the pristine 
biochars were often modified by metal anchoring (Hu et al., 2015; Tan 
et al., 2016). Additionally, both Al and Mg oxides were among the su
perior adsorbents with high affinity to both AsV and F− (Li et al., 2016; 
Purwajanti et al., 2016). However, few studies have focused on the 
simultaneous removal of AsV and F− by biochar adsorbents (Kumar 
et al., 2020). On the other hand, magnetic nanoparticles such as Fe3O4 
and/or γ-Fe2O3 were generally used as the magnet source incorporated 
into biochar, allowing the biochars to be fast and easily separated from 
solutions by an external magnetic field (Liu et al., 2017; Zhang et al., 
2013). Besides, the easy and fast recovery of exhausted adsorbents will 
facilitate the regeneration as well as the recycling processes, making the 
magnetic adsorbents more cost-effective as compared to other analogous 
adsorbents. 

In the present study, four magnetic biochars were prepared via py
rolysis of biomass (rice husk) pre-anchored with Fe, and/or Al, and/or 
Mg ions. The synthetic biochars were characterized by a variety of 
techniques and then evaluated for simultaneous adsorption of both AsV 

and F− from aqueous solution at varying pH, ionic strengths, and initial 
adsorptive concentrations. The adsorption isotherms were studied to 
obtain the maximum adsorption capacity. Besides, the adsorption 
mechanisms were also investigated via the Schindler diagram and 
spectroscopic analysis. The magnetic biochars are expected to be used as 
highly efficient adsorbents for decontamination of wastewaters polluted 
by both AsV and F− . 

2. Materials and methods 

2.1. Materials 

Aluminum chloride hexahydrate (AlCl3⋅6H2O, ≥ 97%), ferric chlo
ride (FeCl3, ≥98%), and magnesium chloride hexahydrate 
(MgCl2⋅6H2O, ≥ 98%) were purchased from Sinopharm Chemical Re
agent Co., Ltd. (Shanghai, China). Milli-Q ultrapure water (18 MΩ-cm at 

25 ◦C) was used to prepare solutions. The AsV and F− stock solutions 
(1.0 M) were prepared by dissolving a certain amount of Na2HA
sO4⋅7H2O (≥98%, JT Baker Chemical, USA) and NaF (≥98%, Sinopharm 
Chemical, Shanghai, China) into 100 mL of ultrapure water, respec
tively, and stored in a refrigerator at 4 ◦C for further use. All other 
chemicals are of A.R. grade or above unless otherwise stated. 

2.2. Preparation and characterization of magnetic biochars (mBCs) 

Magnetic biochars (mBCs) were prepared via the fast pyrolysis 
method (Zhang et al., 2013). Briefly, FeCl3, AlCl3⋅6H2O, MgCl2⋅6H2O 
were dissolved in 90 mL of ultrapure water by mass ratios of 1:0:0, 1:0:1, 
1:1:0, and 1:1:1, respectively. The rice husks were immersed in the 
above solutions for 2 h, followed by drying in an oven at 80 ◦C for 24 h. 
The resultant mixtures were placed in a tubular furnace and pyrolyzed at 
600 ◦C for 2 h under an N2 atmosphere. When cooling down with the 
furnace to room temperature, the samples were rinsed with ultrapure 
water several times and dried at 80 ◦C for 24 h. After grinding and 
sieving through a 100-mesh sieve, the samples were labeled as mBC, 
Mg-mBC, Al-mBC, and MgAl-mBC, respectively, and stored in a desic
cator for further use. 

X-ray diffraction analysis of these magnetic biochar samples was 
conducted on an XRD-6100 diffractometer (Shimadzu, Japan) at a tube 
voltage of 40 kV and a tube current of 30 mA with Cu-Kα radiation (step 
size: 0.02◦, scanning rate: 7◦ min− 1). Scanning electron micrography 
(SEM) was recorded using a Hitachi SU1510 microscope at an acceler
ating voltage of 1.5 kV. The Brunauer-Emmett-Teller (BET) surface areas 
were obtained by the N2 adsorption method using a Quantachrome gas 
adsorption analyzer (iQ-AG-MP). Zeta (ζ) potential data were collected 
on a Zetasizer Nano ZS 90 apparatus (Malvern, UK). Fourier Transform 
Infrared Spectroscopy (FT-IR) data were collected in the wavenumber 
range of 4000 to 400 cm− 1 on an Is5 infrared spectrometer (Thermo 
Nicolet, USA) using spectroscopic grade dried KBr (Aladdin Chemicals, 
Shanghai, China) as the matrix material. Before the FT-IR measure
ments, all the mBCs samples along with KBr were oven-dried overnight 
at 60 ◦C. 

2.3. Adsorption studies 

All the batch experiments were performed in triplicate at atmo
spheric pressure and room temperature (ca. 25 ◦C) unless otherwise 
mentioned. The adsorption suspensions were prepared in 15 mL poly
ethylene centrifuge tubes by combining adsorbents with the desired 
amount of AsV and/or F− stock solution and a NaNO3 solution (ionic 
strength (I) = 1, 10, and 100 mM), giving a total volume of 10 mL 
mixture with a final concentration of 1 g L− 1 of the adsorbent. The pH 
was adjusted with 0.5 or 1.0 M HNO3 and 0.5 or 1.0 M NaOH into the 
range of 4–11 (i.e., 4, 5, 6, 7, 8, 9, 10, and 11 ± 0.1). Then, the sus
pensions were bubbled with N2 for 5 min to exclude dissolved CO2 and 
equilibrated on a Lab quake tube rotator (Thermo Scientific, USA) at 60 
RPM for 24 h. Finally, the supernatants were collected by centrifugation 
(12, 000 RPM for 15 min) and filtration with 0.45 μm PES filters 
(Navigator, Tianjin, China). The equilibrium concentrations of AsV and 
F− in the supernatants were determined using an AFS 200T atomic 
fluorescence spectrometer (Tianrui, Jiangsu, China) and a JH723PC 
visible spectrophotometer (Jinghua, Shanghai, China), respectively. The 
pH values of solutions were measured using an Orion pH meter (Model 
868, Thermo Scientific, USA) pre-calibrated with standard pH buffers 
(Leici, Shanghai, China). The amount of adsorbate adsorbed was 
determined from the difference between the initial and the equilibrium 
AsV or F− concentrations. Adsorption isotherm experiments were per
formed at pH 5.0 ± 0.1 in solutions with initial adsorptive concentra
tions of 1–100 mg AsV L− 1 (i.e., 1, 5, 10, 20, 40, 60, 80, and 100 mg L− 1) 
or 1–50 mg F− L− 1 (i.e., 1, 2, 5, 10, 20, 30, 40, and 50 mg L− 1) in the case 
of single adsorptive test. In the dual adsorptive test, the initial concen
trations of AsV and F− of the solution varied simultaneously following 
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the above set of intervals. The experiments were conducted with a 
constant solid-liquid ratio of adsorbent (2 g L− 1) at 10 ◦C and 30 ◦C, 
respectively. The data were fitted by Freundlich and Langmuir models in 
the form of Eqs. (1) and (2). 

Freundlich model: 

Qe =KFC1/n
e (1) 

Langmuir model: 

Qe =
KLQmCe

1 + KLCe
(2)  

where Qe (mg g− 1) is the adsorption capacity at equilibrium, Ce is the 
equilibrium AsV and F− concentration in mg g− 1, n and KF are the 
Freundlich constant; Qm is the maximum adsorption capacity in mg g− 1, 
KL is the Langmuir constant related to adsorption energy. 

2.4. Recyclability test 

MgAl-mBC and the pristine mBC were chosen for the recyclability 
test using the method specified elsewhere (Li et al., 2019). In brief, after 
equilibrating in an AsV+F− mixture solution ([AsV] = [F− ] = 10 mg L− 1) 
on a Lab quake tube rotator for 24 h, the exhausted adsorbents were 
magnetically separated from the suspensions using an external magnet 
for 10 s (inset of Fig. 7A) and rinsed with 5 mL of dilute NaOH (0.1 M). 
Then, the obtained adsorbents were further rinsed with 20 mL of ul
trapure water and magnetically separated from the rinsing water for the 
next adsorption cycle. The recyclability tests were performed at 25 ◦C for 
five successive cycles. 

3. Results and discussions 

3.1. Properties of magnetic biochars 

Fig. 1A presents the XRD patterns of the mBCs and the pristine bio
char (labeled as BC). The broad carbon peak over the 2θ range of 15–30◦

(orange curve) indicates that BC is mainly composed of amorphous 
carbon (Xiao et al., 2014). The XRD reflections of mBC (olive curve) at 
2θ = 24.1◦, 33.1◦, 35.6◦, 40.9◦, 49.4◦, 54.1, 57.5◦, 62.4◦, 63.9◦ and 71.9◦

are respectively attributed to the (012), (104), (110), (113), (024), 
(116), (122), (214), (300), and (1010) planes of hematite (JCPDS # 
89–0596). The peaks at 2θ = 35.6◦, 43.1◦, 57.3◦, and 62.8◦ are assign
able to the (311), (400), (511) and (440) planes of maghemite (JCPDS # 
39–1346), respectively. Besides, fayalite (JCPDS # 70–1861) was also 
evidenced by the peaks at 2θ = 25.2◦, 31.7◦, 37.3◦, 51.5◦, 61.1◦ and 
62.3◦, which can be attributed to the (111), (130), (222), (240), (062) 
and (321) planes, respectively. After anchoring of Al salt followed by 
pyrolysis, gibbsite (JCPDS # 33–0018) was observed for the Al-anchored 
magnetic biochar (Al-mBC, blue curve) besides hematite and maghe
mite. Unlike Al-mBC, Mg-anchored magnetic biochar (Mg-mBC, red 
curve) is featured with two different new phases, i.e., periclase (JCPDS # 
75–0447) and wuestite (JCPDS # 85–0625) along with maghemite. Note 
that a wealth of reflections assignable to spinel (JCPDS # 75–0447) was 
evident for MgAl-mBC (black curve) aside from both wuestite and 
maghemite. No strong and sharp reflection attributed to carbon was 
found for all the mBCs, indicating that the biochar matrices are probably 
in the form of amorphous and/or poor crystallized (Zhang et al., 2013). 

Fig. 1B shows the FT-IR spectra of the mBCs. The IR bands at 
3400− 3700 cm− 1 and peaks at 1577− 1625 cm− 1 are derived from the 
O–H stretching and bending vibration of hydrogen-bonded OH groups, 
respectively (Jung et al., 2015). The bands at 2922 and 2850 cm− 1 

correspond to polymeric C–H groups (Venkateswarlu et al., 2016). The 
bands at 1399 and 1384 cm− 1 are ascribable to polymeric –COO−

stretching and phenolic O–H blending respectively, whereas the band at 
1108 cm− 1 is attributed to aromatic C–O groups (Venkateswarlu et al., 
2016; Xiao et al., 2014). Besides, the aromatic C–H vibrations 

(deformation and/or bending) are also evident for the pristine mBC 
(bands at 815, 872, and 952 cm− 1) and Mg- and MgAl-mBC (695, 890, 
and 1005 cm− 1) (Keiluweit et al., 2010). The bands within 400–600 
cm− 1 including 535 and 470 cm− 1 were generally attributed to lattice 
stretching vibrations of M− O (i.e., Fe–O, Al–O, and Mg–O) (Ji et al., 
2017). These observations suggested that the magnetic biochar matrices 
are likely a blend of aromatic and aliphatic carbon in both amorphous 
and poor crystallized forms, which are derived from the pyrolysis pro
cess in the presence of metal salts (Xiao et al., 2014). 

The specific surface areas and porosity of the mBCs were determined 
by the N2 adsorption analysis at 77 K and the results are given in Fig. 1C 
and D. The N2 adsorption and desorption isotherms of all mBCs can be 
classified as type II isotherms (IUPAC classification) with a hysteresis 
loop of type H3 at high relative pressures (0.45–1.0). This type of 
isotherm is indicative of mesopores derived from the stacking of flaky 
materials (Kaneko, 1994; Li et al., 2019). The specific surface areas of 
the pristine mBC, Al-mBC, Mg-mBC, and MgAl-mBC are 205, 116, 80, 
and 114 m2 g− 1, respectively, as calculated using the 
Brunauer-Emmett-Teller (BET) model. Note that the pore size distribu
tion data (Fig. 1D) of these samples were calculated by the 
Barrett-Joyner-Halenda (BJH) model using the adsorption isotherm 
data. The average pore sizes of all mBCs are in the range of mesopore (i. 
e., 2–50 nm), confirming the existence of mesopores in the materials. 

SEM images in Fig. 2 display the morphology of the magnetic bio
chars. All the magnetic biochars are composed of irregular rubble-like 
particulate carbon. A good dispersion of small micro-sized crystals 
corresponding to iron oxides including fayalite, hematite, and maghe
mite had been partly embedded in the biochar matrix of the pristine 
mBC sample (Fig. 2A). This is indicative of good mechanical bonding 
between the biochar matrix and the iron oxide particles and enhanced 
stability of the magnetic biochar (Zhang et al., 2013). With the 
anchoring of either Al or Mg salts, the surfaces of these mBCs seem to 
become smoother than the pristine mBC (Fig. 2B− 2D), leading to a 
gradual decrease in the specific surface areas of the mBCs as mentioned 
above. The smoothest magnetic biochar was found to be Mg-mBC 
(Fig. 2C) with the smallest specific surface area (i.e., 80 m2 g− 1). This 
observation is in good agreement with the above N2 adsorption analysis 
data. 

3.2. Points of zero charge 

The points of zero charge (PZC) values measured on a Zetasizer 
(Nano ZS 90, Malvern) in the presence of 1 mM NaNO3 were 7.4, 6.5, 
7.0, and 6.9 for mBC, Al-mBC, Mg-mBC, and MgAl-mBC, respectively 
(Fig. 3). These PZC data are comparable to those as reported in the 
literature, such as iron-anchored granular activated carbon (PZC = 7.3) 
(Dastgheib et al., 2004), and other metal-anchored biochars (PZC =
6.3–9.0) (Han et al., 2015; Jung et al., 2017). In the presence of 1 mM F−

ions along with 1 mM NaNO3, the adsorption of F− on these mBCs only 
produces small shifts (<0.6 pH unit) in the PZC (Fig. 3). However, the 
PZC values of mBC, Al-mBC, Mg-mBC, and MgAl-mBC have shifted 
apparently by − 2.6, − 1.7, − 2.0, and − 2.0 pH units as a result of AsV 

adsorption. Generally, a decrease in PZC values (i.e., PZC shifts) of a 
mineral as a result of adsorption reactions is macroscopic indicative of 
inner-sphere complexation of anion adsorbates caused by an increase in 
net surface charge (Goldberg, 2014). Considering that the mBCs are 
mixtures of organic and inorganic components (Fig. 1), it is thus un
convinced to deduce the actual adsorption mechanism simply by the 
PZC shifts. Nevertheless, the PZC shifts by the adsorption of AsV are 
greater than F− adsorption, implying that AsV has a higher affinity to
wards the mBCs. 

3.3. Adsorption envelops 

The influence of ionic strength (I) and initial adsorptive concentra
tion (C0) at varying pH values on the adsorption of AsV and F− on the 
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MgAl-mBC adsorbent are shown in Fig. 4. Besides the ‘PZC shifts’ 
method, ionic strength dependence is also widely used to distinguish 
between the inner-sphere and outer-sphere indirectly (Goldberg, 2014). 
Note that the AsV adsorption percentage of the MgAl-mBC at C0 = 10 mg 
L− 1 (ppm) decreases apparently and independently of ionic strength as 
pH increases from 4 to 11 (Fig. 4A). This behavior is indicative of the 
inner-sphere adsorption mechanism. Likewise, F− adsorption also shows 
slight ionic strength dependence at pH > 7, indicating that F− was likely 
to be sequestered via ligand exchange at pH > 7 (Li et al., 2019). At pH 
< 7, F− adsorption is ionic strength dependent and negatively correlated 
with ionic strength (Fig. 4C). Ions showing considerable ionic strength 
dependence were believed to be weakly adsorbed as outer-sphere sur
face complexes (Goldberg, 2014). It is, therefore, reasonable to specu
late that F− ions were likely to link to the protonated metal hydroxyls 
(>M-OH2

+) of the positively charged surface of the MgAl-mBC at pH < 7 
(approximately equal to PZC of MgAl-mBC, see Fig. 3D) via the Coulomb 
attraction. Note that adsorption of both AsV and F− on mBC exhibits 
marked ionic strength dependence (Fig. S1), implying that both anions 
were likely to form outer-sphere surface complexes. AsV adsorption on 
Mg-mBC and F− adsorption on Al-mBC (Figs. S2, S3), conversely, show 
weak ionic strength dependence, suggesting the formation of strong 
surface complexes. 

As shown in Fig. 4B, AsV adsorption is also highly dependent on the 
initial AsV concentration. The higher the initial AsV concentration over 
the range of 2–30 ppm, the lower the adsorption percentage. Similar 
trends have been observed in several earlier studies for AsV adsorption 
onto hydrous ferric oxide (HFO) and goethite (Dixit and Hering, 2003), 
and iron oxide impregnated activated carbon (FeAC) (Vaughan and 
Reed, 2005). However, the amount of F− adsorbed on MgAl-mBC in
creases slightly with pH from 4 to 6, and then decreases gradually at pH 
6–11 when the initial F− concentrations (C0–F) are 2 and 10 ppm, 
respectively (Fig. 4D). In the case of C0–F = 30 ppm, F− adsorption 
shows a similar trend as AsV. Note that the pHPZC of MgAl-mBC was 
shifted from 6.9 to 6.4 in the presence of 1 mM F− (i.e., 19 ppm) (see 
Fig. 3D). It can be expected that the pHPZC would be greater than 6.4 in 
the presence of 10 ppm or less F− . Therefore, when C0–F is respectively 2 
and 10 ppm, the surface of MgAl-mBC remains positively charged at pH 
4–6, leading to a slight increase of F− adsorption by the Coulomb 
attraction. When C0–F is 30 ppm, the positively charged surface would 
be neutralized quickly by the excess F− , and thus results in a decrease of 
F− adsorption in the pH range of the experiments. Similar trends were 
also evident for AsV and F− adsorption onto mBC, Al-mBC, and Mg-mBC 
(see Figs. S1-3, Supplementary data), implying similar adsorption 
mechanisms. 

Fig. 1. Characterizations of the magnetic biochars. (A) XRD patterns; (B) FT-IR spectra; (C) N2 adsorption-desorption isotherms; (D) the corresponding BJH pore size 
distribution graphs. 
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To assess the contribution of dissimilar surface functional groups of 
the mBCs to the adsorption, both the AsV and F− adsorption under the 
same conditions (i.e., C0 = 2 ppm, and I = 10 mM NaNO3) are compared 
and the results are shown in Fig. 5. Quite clearly, the adsorption of either 
AsV or F− has been improved to some extent compared to the pristine 
mBC due to the presence of surface metal hydroxyls, >M-OH (M = Mg, 
Al). Note that the maximum AsV adsorption onto all mBCs occurred at 
pH 4, and adsorption percentages follow the order of MgAl-mBC > Mg- 
mBC > Al-mBC > mBC in the pH range of 4–11 (Fig. 5A), indicating that 
> Mg–OH might have a greater affinity towards AsV than > Al–OH. The 
AsV adsorption percentages have been enhanced by 39.8, 27.1, and 
19.8% for MgAl-mBC, Mg-mBC, and Al-mBC, respectively as compared 
to the pristine mBC. With respect to F− , the maximum adsorption 
occurred at pH 5–6. The F− adsorption percentage follows the order of 
MgAl-mBC > Al-mBC > Mg-mBC > mBC in the pH range of 4–6, 
whereas, in pH 6–11, it follows the order of Al-mBC > MgAl-mBC > Mg- 
mBC > mBC (Fig. 5B). This implies that F− would prefer to adsorb to >
Al–OH rather than > Mg–OH. 

3.4. Adsorption isotherms 

The adsorption isotherms of the target adsorbates (i.e., AsV and/or 
F− ) in solutions containing single and/or dual adsorptive (i.e., AsV and/ 
or F− in the bulk solution) on these mBCs are given in Fig. 6, S4 − S6. 
The isotherm data show a similar trend that the adsorption capacity (Qe) 
of the adsorbent increases with the equilibrium concentration (Ce) in a 
near-exponential fashion. In other words, the slopes of the isotherms 
decrease with Ce since the vacant binding sites decrease as the adsorp
tion proceeds. This behavior is a feature of the L-type isotherm, implying 
that the high affinity of the mBCs adsorbents for both adsorbates (i.e., 

AsV or F− ) at low concentrations, which then decreases as the concen
tration increases. The data could be fit using both the Freundlich and the 
Langmuir models (Eqn. (1) and (2)), and the corresponding fitted pa
rameters with standard error (SE) and the correlation coefficients are 
tabulated in Table 1. Note that the SEs of these fitted parameters in the 
brackets are relatively small and that the correlation coefficients (R2) of 
both models are high and comparable for all the metal-anchored mBC 
adsorbents, indicating that both models can well depict and predict the 
adsorption behaviors. In the case of the pristine mBC, it seems that the 
Langmuir model rather than the Freundlich model can well fit the 
adsorption isotherm data as indicated by the corresponding higher 
correlation coefficients (Table 1). Generally, the Langmuir model as
sumes a monolayer surface adsorption at specific homogeneous sites, 
whereas the Freundlich model presumes a multi-layer adsorption on the 
heterogeneous sites. Therefore, the adsorption of either AsV or F− on 
these mBCs is likely to occur on both homogeneous and heterogeneous 
surface sites. It is also observed that the 1/n values derived from the 
Freundlich model range from 0.25 to 0.62 (Table 1), yielding n values in 
the range of 1.6–4.0, indicative of favorable adsorption for both anions 
(Lin et al., 2019b). 

The influence of temperature (10, and 30 ◦C) was also considered in 
the adsorption isotherm experiments. Note that the effect of temperature 
on the maximum adsorption capacity (Qm) of a specific mBC adsorbent 
varied randomly with either the adsorbate or the solution (Table 1). This 
implies that AsV and F− adsorption onto the mBCs can be either endo
thermic or exothermic, in good agreement with previous reports (Deng 
et al., 2010; Li, 2013). In comparison to the pristine mBC, the maximum 
adsorption capacities (Qm) of metal-anchored mBCs towards both AsV 

and F have been greatly improved due to the formation of surface metal 
hydroxyls, >M-OH (M = Mg, Al) via metal anchoring to the pristine 

Fig. 2. SEM images of magnetic biochar: (A) mBC, (B) Al-mBC, (C) Mg-mBC, and (D) MgAl-mBC.  
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mBC. 
As shown in Table 1, the MgAl-mBC adsorbent exhibited the highest 

Qm among all mBCs. The maximum AsV and F− adsorption capacities 
(Qm-As and Qm-F) of MgAl-mBC at 10 ◦C in solutions with single 
adsorptive are 34.45 and 21.59 mg g− 1, respectively. In the case of 
adsorption in solutions with dual adsorptive, however, the Qm-As and 
Qm-F of MgAl-mBC decreased respectively to 18.86 mg g− 1 (a reduction 
of 45.2%), and 9.71 mg g− 1 (a reduction of 55.0%). This implies that 
both AsV and F− competed with each other for the binding sites, i.e., >M- 
OH (M = Mg, Al) during the adsorption process (Merodio-Morales et al., 
2020). This competitive adsorption between AsV and F− is also 
well-documented for other metal oxides (Li et al., 2019; Liu et al., 2012). 
Comparing the maximum adsorption capacities of all the 
metal-anchored mBCs with other biochars in the literature (Table 2) 
makes it clear that the metal-anchored mBCs outperform significantly 
other biochars and are promising for application in simultaneous 
removal of both AsV and F− from wastewater. 

3.5. Recycling performance 

Recyclability and/or reusability is one of the most significant con
cerns for the potential of industrial-scale applications as well as the cost- 

effectiveness when designing a specific adsorbent. The magnetic prop
erty of adsorbents enables them to be fast and magnetically separated 
from the suspensions after adsorption (Zhang et al., 2013). Fig. 7 shows 
the recyclability results of both mBC and MgAl-mBC adsorbents. The 
adsorption percentages of either AsV or F− decreased with the recycling 
cycle in a near-linear fashion. The AsV adsorption percentages of mBC 
and MgAl-mBC, for instance, have decreased respectively from 44.0, to 
63.2% to 18.8, and 32.5% after successive five recycling cycles (Fig. 7A). 
Likewise, the F− adsorption percentages of mBC and MgAl-mBC have 
reduced by 54.8, and 44.4%, respectively (Fig. 7B). The recyclability 
recession of both adsorbents is probably on account of the loss of surface 
metal hydroxyls, >M-OH (M = Mg, Al, and Fe), during the rinsing 
process using dilute NaOH. Nevertheless, it is worth noting that both 
adsorbents possess good magnetic properties, allowing them to be fast 
and easily recovered by an external magnet in approximately 10 s (inset 
of Fig. 7A). Additionally, the rinsing process with dilute NaOH and ul
trapure water can be done in less than 2 min, making the recycling 
process highly efficient. The high recycling performance and the high 
adsorption efficiency are convinced that the MgAl-mBC adsorbent has a 
good potential for large-scale applications in AsV and F− -polluted 
wastewater remediation. 

Fig. 3. Zeta (ζ) potential profiles of (A) mBC, (B) Al-mBC, (C) Mg-mBC, and (D) MgAl-mBC in the absence or presence of either arsenate or fluoride. (I = 1 mM 
NaNO3, adsorbent dosage = 0.1 g L− 1, T = 25 ◦C). 
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Fig. 4. Arsenate (A, B) and fluoride adsorption curves (C, D) on MgAl-mBC as a function of pH, ionic strength (I), and initial adsorptive concentration (C0).  

Fig. 5. Comparison of arsenate (A) and fluoride (B) adsorption onto mBC, Al-mBC, Mg-mBC, and MgAl-mBC at C0 = 2 ppm, and I = 10 mM NaNO3. Data are taken 
from Fig. 4 and S1− 3. 
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Fig. 6. Adsorption isotherms of AsV and F− on MgAl-mBC in solutions containing single (A, C) and/or duel (B, D) adsorptive at pH = 5.0 ± 0.1.  

Fig. 7. Recycling performance of the mBC and MgAl-mBC adsorbents for adsorption of (A) arsenate and (B) fluoride in successive five cycles.  
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3.6. Adsorption mechanism 

As the Schindler diagram can provide useful insight into the differ
ences between the Coulomb attraction (outer-sphere complexation) and 
the inner-sphere complexation, it has been adopted here to clarify the 
adsorption mechanisms (Fig. 8A, and B). The pKa of HF is approximately 
3.17, and the relevant PCZ of the mBCs adsorbents vary from 6.5 to 7.4. 
Therefore, the Schindler diagram is featured by bottom bands with a set 
of horizontal lines (indicating the pH range of Coulomb attraction) from 
pH 3.17 to PZC (e.g., 6.5, 6.9, 7.0, and 7.4). The adsorption reactions 
between F− and the mBCs adsorbents were observed to be very strong in 
the pH range of Coulomb attraction and decreased in a nearly linear 

fashion at pH > PZC due to the competition from the increasing OH− in 
solution (Fig. 4C, and D, and Figs. S1-S3 C, and D) despite a weak 
attractive van der Waals force between F− and the porous mBCs 
(Fulazzaky, 2011), implying that the Coulomb attraction mechanism 
dominates at pH < PZC and other reactions, such as ligand exchange or 
halogenation reaction probably predominate at pH > PZC. Likewise, AsV 

adsorption on these mBCs exhibits similar trends as F− (Fig. 4A, and B 
and Figs. S1-S3 A, and B). For instance, in the presence of AsV (pKa =
2.19, 6.94, and 11.53), the surface of MgAl-mBC is positively charged at 
pH < 4.9 (Fig. 3D), and the dominant AsV species is H2AsO4

− and 
H3AsO4

0. The Coulomb attraction between > M-OH2
+ of the positively 

charged surface and H2AsO4
− contributes significantly to the sequestra

tion of AsV. As the solution pH rose to 5–11, the MgAl-mBC surface 
became negatively charged, and AsV species was predominated by 
HAsO4

2− . Therefore, the Coulomb repulsion between the deprotonated 
surface metal hydroxyls (>M-O− ) of the negatively charged surface and 
HAsO4

2− will no doubt adversely affect AsV adsorption. Note that the 
inner-sphere complexation between the surface metal hydroxyls 
(>M-OH) and HAsO4

2− may remain in place, leading to a gradual rather 
than a sharp decline in AsV adsorption percentage (Fig. 4A, and B, and 
Figs. S1-S3 A, and B). This indicates that both Coulomb attraction and 
inner-sphere complexation mechanism are involved in the adsorption of 
AsV on the mBCs. 

FT-IR spectra were adopted to interpret the adsorption mechanism. 
Fig. 8C shows the FT-IR spectra of the MgAl-mBC adsorbent before and 
after the adsorption of AsV and F− . F− adsorption onto the MgAl-mBC 
has led to a decrease in bands at 1005, and 890 cm− 1, and the disap
pearance of bands at 695, and 535 cm− 1, indicating that the aromatic 
C–H groups and the surface metal hydroxyls (>M-OH) were involved in 
F− adsorption probably via halogenation and/or ligand exchange 
(Langlois et al., 1996). Likewise, the band at 535 cm− 1 was lost and two 
new weak bands at 751, and 830 cm− 1 ascribable to As–O vibration via 
Coulomb attraction and inner-sphere complexation, respectively 

Table 1 
Langmuir and Freundlich fitted parameters with standard error (SE) for AsV and F− adsorption onto the mBCs.  

Adsorbent Target adsorbate Solution T (◦C) Freundlich Langmuir 

KF 1/n R2 Qm (mg g− 1) b (L mg− 1) R2 

mBC AsV AsV 10 1.57 (0.29) 0.26 (0.05) 0.860 4.59 (0.16) 0.36 (0.06) 0.979 
30 1.19 (0.26) 0.30 (0.06) 0.865 4.32 (0.26) 0.20 (0.05) 0.954 

F− F− 10 1.23 (0.24) 0.34 (0.06) 0.890 4.28 (0.26) 0.27 (0.07) 0.958 
30 0.95 (0.18) 0.41 (0.06) 0.936 4.76 (0.36) 0.14 (0.04) 0.963 

AsV AsV + F− 10 1.00 (0.22) 0.28 (0.06) 0.840 3.36 (0.34) 0.22 (0.1) 0.863 
30 1.21 (0.23) 0.25 (0.05) 0.852 3.46 (0.13) 0.37 (0.07) 0.971 

F− - AsV + F− 10 0.90 (0.16) 0.27 (0.05) 0.852 2.35 (0.15) 0.52 (0.18) 0.905 
30 0.78 (0.13) 0.30 (0.05) 0.892 2.37 (0.12) 0.33 (0.07) 0.965 

Al-mBC AsV AsV 10 2.16 (0.32) 0.44 (0.04) 0.975 15.75 (0.89) 0.07 (0.01) 0.987 
30 2.19 (0.42) 0.45 (0.05) 0.959 16.45 (1.19) 0.07 (0.01) 0.981 

F− F− 10 2.53 (0.29) 0.47 (0.04) 0.982 14.64 (1.15) 0.12 (0.03) 0.984 
30 3.54 (0.50) 0.42 (0.05) 0.954 14.55 (0.58) 0.25 (0.03) 0.992 

AsV AsV + F− 10 2.17 (0.43) 0.35 (0.05) 0.922 9.52 (0.72) 0.17 (0.05) 0.949 
30 2.21 (0.47) 0.30 (0.06) 0.871 7.81 (0.29) 0.24 (0.04) 0.984 

F− - AsV + F− 10 3.47 (0.65) 0.42 (0.07) 0.922 14.70 (0.99) 0.24 (0.05) 0.978 
30 2.62 (0.06) 0.54 (0.01) 0.999 19.41 (1.88) 0.10 (0.02) 0.986 

Mg-mBC AsV AsV 10 2.76 (0.44) 0.41 (0.04) 0.965 16.66 (0.95) 0.09 (0.01) 0.986 
30 2.47 (0.50) 0.46 (0.05) 0.958 20.27 (2.61) 0.06 (0.02) 0.958 

F− F− 10 2.48 (0.25) 0.48 (0.03) 0.987 14.38 (2.08) 0.13 (0.05) 0.950 
30 1.43 (0.15) 0.57 (0.04) 0.991 13.03 (1.87) 0.08 (0.02) 0.978 

AsV AsV + F− 10 2.92 (0.69) 0.33 (0.06) 0.870 11.30 (0.39) 0.22 (0.03) 0.989 
30 2.87 (0.64) 0.36 (0.06) 0.907 13.41 (0.50) 0.15 (0.02) 0.990 

F− - AsV + F− 10 2.15 (0.24) 0.54 (0.04) 0.987 17.02 (1.13) 0.09 (0.01) 0.993 
30 3.66 (0.80) 0.34 (0.07) 0.849 11.43 (1.04) 0.39 (0.13) 0.928 

MgAl-mBC AsV AsV 10 7.34 (0.90) 0.40 (0.04) 0.972 34.45 (2.16) 0.19 (0.04) 0.970 
30 5.01 (0.79) 0.46 (0.05) 0.966 32.87 (2.66) 0.10 (0.02) 0.977 

F− F− 10 2.14 (0.53) 0.58 (0.09) 0.953 21.59 (7.70) 0.06 (0.04) 0.919 
30 1.65 (0.18) 0.62 (0.04) 0.990 22.11 (4.82) 0.05 (0.02) 0.970 

AsV AsV + F− 10 3.57 (0.55) 0.39 (0.04) 0.963 18.86 (0.68) 0.12 (0.01) 0.993 
30 3.14 (0.31) 0.46 (0.03) 0.990 24.30 (1.83) 0.07 (0.01) 0.982 

F− - AsV + F− 10 2.67 (0.38) 0.37 (0.05) 0.943 9.71 (0.20) 0.29 (0.02) 0.997 
30 2.50 (0.21) 0.44 (0.03) 0.989 11.92 (0.78) 0.19 (0.04) 0.980  

Table 2 
Comparison of the maximum adsorption capacities of mBCs with other biochars 
reported previously in the literature.  

Adsorbent Experimental 
conditions 

Qm (mg g− 1) Ref. 

AsV F−

Magnetic corn 
stover biochar 

pH = 2.0, T =
25 ◦C 

– 4.11 Mohan et al. (2014a) 

Ni/Mn-LDH/ 
Biochar 

pH = 8.0, T =
22 ◦C 

6.52 – Wang et al. (2016) 

Perennial grass 
biochar 

pH = 7.0, T =
26 ◦C 

8.67 1.25 Saikia et al. (2017) 

Yak dung biochar pH = 5.0–6.0, T 
= 25 ◦C 

3.93 2.93 Luo et al. (2018) 

Fe–Mn–La 
loaded biochar 

pH = 4.0–7.0, T 
= 25 ◦C 

14.9 – Lin et al. (2019a) 

Bone char – 0.056 2.33 Alkurdi et al. (2020) 
La-loaded char pH = 7, T = 30 ◦C 26.37 2.42 Merodio-Morales 

et al. (2020) 
Al-mBC pH = 5, T = 10 ◦C 15.75 14.64 This work 
Mg-mBC pH = 5, T = 10 ◦C 16.66 14.38 This work 
MgAl-mBC pH = 5, T = 10 ◦C 34.45 21.59 This work  
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(Castaldi et al., 2010) were arisen after AsV adsorption, indicating that 
the surface metal hydroxyls (>M-OH) were probably associated with AV 

adsorption. Note that the intensity of the band at 1399 cm− 1 (polymeric 
–COO− group) has decreased after AsV adsorption. This was possibly 
due to the exchange between the carboxyl groups on the mBC surface 
and the AsV anions in the bulk solution (Lin et al., 2019a). 

Another consideration in addition to the adsorption by the surface 
metal hydroxyls (>M-OH), is the uptake by the organic functional 
groups, including aromatic C–H, and polymeric –COO− groups as evi
denced by the above FT-IR spectra interpretations (Fig. 8C). Therefore, 
the proposed adsorption mechanisms for AsV and F− can be categorized 
into i) Coulomb attraction (Eqn. (3) – (4)); ii) inner-sphere complexation 
(Eqns. (5) and (6)); iii) ligand exchange (Eqns. (7)–(9)); and possibly iv) 
halogenation (Eqn. (10)) as illustrated in Fig. 8D and formularized as 
follows.  

i) Coulomb attraction (outer-sphere complexation): 

> МΟН2 ++Н2АsO4 − ↔ > МΟН2 + Н2АsO4− (3)  

> МΟН2 ++F − ↔ > МΟН2 + F− (4)    

ii) inner-sphere complexation:  

>MOH2
+ + H2AsO4

− ↔ >(MO)AsO(OH)2 + H2O                                (5)  

2>MOH2
+ + H2AsO4

− ↔ >(MO)2AsO(OH) + H+ + 2H2O                    (6)  

iii) ligand exchange:  

>R–COO− + H+ + H2AsO4
− ↔ >R–H2AsO4 + HCOO− (7)  

>R–COO− + H+ + F− ↔ >R–F + HCOO− (8)  

>MOH + F− ↔ >M-F + OH− (9) 

Fig. 8. Schindler diagram for (A) F− , and (B) AsV adsorbing onto the mBCs adsorbents; (C) FT-IR spectra of MgAl-mBC before and after the adsorption of AsV and F− ; 
(D) the proposed adsorption mechanisms. 
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iv) halogenation: 

(10)  

4. Conclusions 

Magnetic biochars (mBCs) anchored with aluminum (Al) and/or 
magnesium (Mg) have been prepared via a facile pyrolysis method. It 
was observed that the adsorptions of either Asv or F− on these mBCs are 
pH-dependent, and that both Asv and F− are competing with each other 
for the surface binding sites of the mBCs, which led to a relatively lower 
adsorption efficiency in the dual adsorptive (AsV + F− ) systems as 
compared to that of the single adsorption (AsV or F− ) ones. Both the 
Langmuir and the Freundlich models can well describe the adsorption 
isotherm data in light of the relatively high correlation coefficients. The 
MgAl-mBC shows the highest adsorption capacities for both AsV and F−

for single adsorptive tests, i.e., 34.45 mg AsV g− 1 (pH = 5, T = 10 ◦C), 
and 22.11 mg F− g− 1 (pH = 5, T = 30 ◦C), respectively. In the case of 
dual adsorptive systems, the Al-mBC displays the highest adsorption 
capacity for F− (i.e., 19.41 mg F− g− 1 at pH = 5, T = 30 ◦C), while the 
MgAl-mBC outstrips other mBCs in AsV adsorption, showing an 
adsorption capacity as high as 24.30 mg AsV g− 1 (pH = 5, T = 30 ◦C). 
Nevertheless, these mBCs exhibit much higher adsorption capacities for 
both AsV and F− than other biochars reported in the literature under 
ambient conditions. Besides, the mBCs adsorbents can be fast reclaimed 
by magnetic separation and regeneration with dilute sodium hydroxide, 
allowing them to be used as alternative adsorbents for enhanced 
simultaneous removal of both AsV and fluoride from aqueous solution. 
Further work for environmental remediation may include the utilization 
of these mBCs adsorbents in bench-scale bed reactors for simultaneous 
removal of arsenate and fluoride from natural water matrices, and 
optimization of reaction and operational parameters, such as co- 
occurring competing ions, dissolved organic matters (DOMs), flow 
rate, and temperature, etc. 
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Nomenclature 

AFS atomic fluorescence spectroscopy 

Al aluminum 
As arsenic 
AsV arsenate 
BC the pristine biochar 
BET Brunauer-Emmett-Teller 
BJH Barrett-Joyner-Halenda 
C0 the initial adsorptive concentration 
Ce the equilibrium concentration 
DOMs dissolved organic matters 
F fluorine 
F− fluoride 
FeAC iron oxide impregnated activated carbon 
FT-IR fourier Transform Infrared Spectroscopy 
HFO hydrous ferric oxide 
I ionic strength 
JCPDS Joint Committee Powder Diffraction Standards 
Mg magnesium 
mBC magnetic biochar 
MCL maximum contaminant level 
PZC the points of zero charge 
Qe the adsorption capacity 
Qm the maximum adsorption capacity 
RPM revolutions per minute 
SE standard error 
SEM scanning electron micrography 
TLAC titanium and lanthanum oxides anchored granular activated 

carbon 
WHO World Health Organization 
XRD X-ray diffraction 
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