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ARTICLE INFO ABSTRACT

Keywords: The magnetic biochar is prepared by one-pot method using waste wooden building formwork as feedstock in the
Mafl’%netic biochar existence of the FeClg for Cr®" removal form wastewater. Characterization analysis indicates that magnetic
G . biochar exists Fe304 with specific surface area of the 333.89-496.35 m?/g, contributing to Cr®" removal. Cr®*
::;z?;t;in removal process can be well analyzed by the Pseudo-second order and Hill models with adsorption capacity of

30.41 mg/g. The adsorption process analysis indicates that Cr®t removal mechanism includes surface
complexation, electrostatic attraction, reduction and pore filling. The influence of Fe** on Cr®" removal is
analyzed, indicating Fe?" participation into Cr®" removal by reduction. The magnetic biochar has excellent
reusability after three cycles. The Cr®* removal process is also investigated using column adsorption experiment,
indicating that magnetic biochar has column adsorption amount of the 56.64 mg/g. The economic feasibility of
the magnetic biochar is investigated and calculated with the production cost of $2.48/1kg. The waste wooden

Economic feasibility

building formwork is converted into the efficient magnetic biochar for Cr®" removal from wastewater.

1. Introduction

The heavy metals in water bodies have posed serious threat to the
human health and environment (Guo et al., 2024). Cr® is a common
heavy metals in the groundwater, which has highly toxic, soluble and
mobile in the environment (Qu et al., 2022). The wastewater containing
Cr%" is mainly produced from the tanneries, metal processing, electro-
plating and other basic industries (Xiao et al., 2024). The toxicity of the
Cr®" is much higher than the Cr3*, which can cause the skin cancer and
respiratory problems for human beings (Hong et al., 2024). Excess Cr®*
in the ecosystem is not only harmful to the humans but also inhibits the
growth and development of other organisms (Mao et al., 2024). The
maximum limited Cr®" concentration is 0.05 mg/L in drinking water
(Cai et al., 2023). Therefore, removal Cr® from above industries
wastewater is necessary.

In order to control the pollution of Cr®* wastewater, several treat-
ment methods such as electrochemical, membrane filtration and pho-
tocatalytic degradation have been used for Cr®" wastewater treatment
(Fu and Wang, 2011). However, compared with these costly and com-
plex methods, adsorption is the common and efficient methods for Cr®*
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removal from wastewater. Many adsorbents including activated carbon,
clay mineral and biochar are used for Cr%* removal from wastewater (Fu
and Wang, 2011; Zhao et al., 2021; Zou et al., 2021). For sustainably and
high efficient removing Cr®" from wastewater, it can be found that it is
essential for development of the low-cost adsorbents.

Biochar is produced at the temperature of 400-600 °C in the inert
atmosphere, which is also the byproducts of biomass pyrolysis. The
production cost of biochar is about $448.78/t (Qin et al., 2023). Biochar
can be an alternative for adsorptive elimination of Cr®" as the result of
its abundant functional groups and pore structure. Li et al. (2022) pre-
pared the Landfill leachate sludge-based biochar for Cr®* removal from
wastewater, exhibiting adsorption capacity of 17.46 mg g~! (Li et al.,
2022). Singh et al. (2022) prepared the biochar derived from Citrobacter
freundii bacterial biochar for Cr®* removal with adsorption capacity of
19.43 mg g~ ! (Singh et al., 2022). Mutabazi et al. 2024 prepared the
peanut shell-derived biochar for Cr®" wastewater purification with
adsorption capacity of 16.67 mg g~ ! (Mutabazi et al., 2024). Amin et al.
(2019) prepared marine Chlorella sp. Residue-based biochar for Cr®*
removal with adsorption amount of 15.94 mg g~ (Amin and Chetpat-
tananondh, 2019). However, the above literatures only investigate the
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Fig. 1. XRD pattern of the magnetic biochar.
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Fig. 2. Ny-adsorption/desorption isotherm of magnetic biochar.

Table 1
Pore structure of the magnetic biochar.

Item Surface area (m?/ Pore volume (cm® Average pore size
) gh (nm)
MB- 496.35 0.32 2.54
600 °C
MB- 350.73 0.29 3.36
500 °C
MB- 333.89 0.26 3.08
400 °C

Cr®* adsorption performance of original biochar with modest adsorption
capacity, which limits uptake ability for Cr®* removal from wastewater.

There are many methods for modification biochar to improve its pore
structure, chemical surface functional groups, etc for improvement of
adsorption capacity. Combining Fe-based compounds such as FegOy,
FeCs and zero-valent iron with biochar to prepare the Fe-based biochar
is a kind of modification method to improve Cr®" removal capacity of
original biochar (Dong et al., 2021; Sun et al., 2023). The Fe-based
compounds can participate in cr®t removal by reduction (Zhang
et al., 2023; Sahu et al., 2022). Besides, the Fe-based biochar can be
quickly recycled from wastewater under extra filed. Yan et al. (2023)
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modified biochar with chitosan for Cr®" removal with adsorption
amount of 125.34mg g_l (Yan et al., 2023). Chu et al. (2023) modified
the Fe@CSBC by loading Fe3O4 on biochar derived from corn straw,
which is used for capturing Cr®" in wastewater with adsorption amount
of 138.8 mg g~ ! (Chu and Nguyen, 2023). Qiu et al. (2020) prepared
nano-zero-valent iron/sludge-derived biochar for Cr®* adsorption and
reduction with 64.13 mg g’l (Qiu et al., 2020). Wang et al. (2020) used
magnetic greigite/biochar composites to remove Cr®* with removal of
93 % by adsorption and reduction (Wang et al., 2020). However, the
preparation methods of the Fe-based biochar are more or less environ-
mentally unstable and complicated to synthesize, which limits their
practical application. It should be developed the simple and low-cost
method for preparation of the Fe-based biochar overcome these disad-
vantages. FeCls is a kind of the chemical activation agent, which can
improve the pore structure of biochar (Wang et al., 2020). FeClg can
generate the FesO4 on biochar after heat.

In this work, magnetic biochar is successfully prepared by pyrolysis
of waste wooden building formwork using FeCls as chemical agent for
Cr%" wastewater purification. The magnetic biochar is characterized to
analyze its physicochemical properties. Cr®* removal capacity of mag-
netic biochar is also investigated. The objectives of this work are: (1) to
analyze physicochemical properties of the magnetic biochar, (2) to
investigate Cr®" adsorption performance of magnetic biochar, (3) to
explore possible involved Cr®" removal mechanism, (4) to investigate
Cr®* removal capacity in column adsorption experiment.

2. Experimental section
2.1. Material

The waste wooden building formwork is collected from local con-
struction site, which is crushed with the particle size of the 2 mm. The
FeCl3 is obtained from Sinopharm Chemical Reagent Co China. Potas-
sium dichromate (K2Crs07) is purchased from the Yantai Shuangshuang
Chemical Co., Ltd, China.

2.2. Synthesis of the magnetic biochar

Waste wooden building formwork is mixed with 20 g FeCls in the
aqueous solution, which is stirred for 24 h. Subsequently, mixture is
dried using electric dry oven at the temperature of 80 °C for 24 h.
Finally, dried mixture is heated at 400-600 °C for 30 min in the mi-
crowave furnace under nitrogen atmosphere with nitrogen flow rate of
200 mL/min. Finally, the residue in the microwave furnace is named as
the MB-400 °C, MB-500 °C and MB-600 °C.

2.3. Adsorption experiment

The influence of the pH on Cr®" adsorption is investigated at pH of
2-7. The adsorption isotherm experiments are carried out as follows.
0.1 g magnetic biochar is mixed with 100 mL cr®t solution with
different concentration, which is stirred using the magnetic stirrer with a
shaking speed of 300 r/min (pH=2). The adsorption time is 24 h to reach
the adsorption equilibrium. Mixture solution is sampled to detected the
residue concentration after adsorption equilibrium. After adsorption,
the adsorbent and the adsorbed solution are separated by filtration using
a 0.22 pm filter. Cr®* concentration is obtained using UV-VIS spec-
troscopy at 540 nm. cré* adsorption amounts (qe and qg) in the
adsorption experiment are calculated from the following equation. Cr®*
adsorption behavior on MB-600 °C is investigated by Langmuir,
Freundlich, and Hill models, which are described in the Table S1.

The experiment method of the adsorption kinetics is similar with the
adsorption isotherm. Pseudo-first/second order and Intraparticle diffu-
sion models are used to explain the Cr®" adsorption kinetics process,
which are presented in Table S2.
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Fig. 3. The microstructure analysis of the MB-600 °C (a-d) and the hysteresis loop of the MB-600 °C (e).

V, solution volume, L.

V(Co — C
g =& M
2.4. Characterization
¢ = V(Co - Ce) )
M The specific surface area of magnetic biochar is analyzed using the

Brunauer Emmett Teller (BET) method using the Autosorb instrument.
The surface properties of magnetic biochar are analyzed by the X-ray
photoelectron spectroscopy (XPS). The surface chemical composition is
investigated using the X-ray diffractometer (XRD). Scanning electron
microscopy (SEM) is used to analyze the surface morphologies of mag-
netic biochar. The chemical functional groups of samples are analyzed

qy, adsorption amount of Cr®* adsorbed over time, mg/g.
Qes cré* adsorption amount, mg/g.

Co, initial crét concentration, mg/L.

Cy, Cr®" concentration over time, mg/L.

Ce, CI%* equilibrium concentration, mg/L.

M, quality of the magnetic biochar, g.
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Fig. 4. Influence of the solution of the pH on Cr®" adsorption.

using the Fourier transform infrared spectroscopy (FTIR). Zeta potential
measurements are conducted using a ZetaPALS.

3. Results and discussions
3.1. Characterization analysis

Fig. 1 shows the XRD analysis of magnetic biochar. The characteristic
peaks of the Fe304 (260 = 18.23°, 30.01°, 35.4°, 43.04°, 56.89°, 51.8°and
62.51°) are appeared in the magnetic biochar with good crystallinity.
This result indicates that FeCl; is converted into the Fe3O4 at tempera-
ture of the 400-600 °C. It also means that the magnetic biochar has
magnetic, which can be quickly recycled from Cr® wastewater due to
existence of the Fe30y4.

Fig. 2 shows the Ny-adsorption isotherm of the magnetic biochar. The
pore structure parameter of the magnetic biochar is presented in Table 1.
As Fig. 2 shown, Ny adsorption amount of the magnetic biochar signif-
icantly increases at P/Py < 0.1, and then the curve tends to slowly in-
crease. “Hysteresis loop” appears on magnetic biochar, indicating the
mesoporous structure of magnetic biochar. As Table 1 shown, the MB-
600 °C has large surface area, which is acted as the candidate of the
magnetic biochar for further investigation.
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The microstructure analysis of the MB-600 °C is shown in the Fig. 3a-
d. As Fig. 3a-b shown, MB-600 °C has developed pore structure. Besides,
the surface of the MB-600 °C has gray particulate matter. EDS mapping
image analysis result indicates that C, O and Fe are found on MB-600 °C
(Fig. 3c-d). The gray particulate matter on the MB-600 °C is the Fe304
combined with XRD analysis.

Fig. 3e shows the hysteresis loop analysis of the MB-600 °C. As
Fig. 3e shown, the saturation magnetization of the MB-600 °C is 7.85
emu/g, indicating that MB-600 °C has certain of the soft magnetic
property. The MB-600 °C can be quickly separated and recovered from
aqueous solution under the action of applied magnetic field (Fig.S1). As
Fig.S1 shown, the MB-600 °C is gathered on the wall of the bottle under
the action of applied magnetic field, which is consistent with the hys-
teresis loop analysis.

Table 2
The calculated results of adsorption isotherm models.

Models Parameter

Isotherm models Fitting result

cré*

Langmuir qm (mg/g) 32.47

Ky (L/mg) 0.0299

R? 0.9927
Freundlich 1/n 0.2453

Ky ((mg/g).(L/mg)"/™) 7.42

R? 0.90083
Hill Qm 30.41

n 1.28

K 31.49

R? 0.9990

Table 3

The calculated results of adsorption kinetics models.

Models Parameter

Isotherm models Fitting result

cré*
Pseudo-first order Qe.cal (Mg/g) 25.21
K; (1/min) 0.028
R? 0.9448
Pseudo-second order Qe.cal (Mg/L) 29.17
K, (g/mg min) 1.077
R? 0.9989
Intraparticle diffusion C; 1.32
K31 (mg/g minl/z) 2.07
R? 0.9944
Cz 19.91
Ks; (mg/g min'/?) 0.35
R? 0.8976
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Fig. 5. The Cr®" adsorption data fitting the adsorption isotherm models (a) and The Cr6 + adsorption data fitting Pseudo-second-order equation (b).
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Fig. 6. FT-IR spectra of MB-600 °C before and after Cr®* adsorption.

3.2. Influence of pH

Cr®" has various of forms at different PH (Asoubar et al., 2023).
Fig. 4 presents Cr®" adsorption behavior on MB-600 °C at pH of 2-7.
Fig. 4 shows that MB-600 °C has large Cr®" adsorption amount at pH of
2-4. There exists lots of H' in the aqueous solution, which makes MB-
600 °C have positive charge. Therefore, MB-600 °C can adsorb Cr®* by
electrostatic adsorption. The H™ concentration is general decrease as pH
increases. Therefore, Cr®" adsorbing amount is generally decrease with
increasing in pH. The zeta potential value of the MB-600 °C is about 5.2
(Fig.S2). This result indicates that MB-600 °C has positive potential at
pH<5.2, and becomes negative potential at pH>5.2. The MB-600 °C has
large Cr®* adsorption amount at pH=2. Therefore, the desire pH for MB-
600 °C adsorption Cr®* is 2.

3.3. Adsorption isotherms investigation

The Cr®" adsorption behavior on MB-600 °C is investigated by
Langmuir, Freundlich, and Hill models. Fig. 5a shows the Cr®" adsorp-
tion data fitting adsorption isotherm equations, and fitting parameters
are listed in Table.2. As Table 2 shown, compared with Freundlich
model, the R? value of Cr%" adsorption data fitting the Langmuir/Hill
equation has large R2. Cr®* adsorption amount obtained from Hill model
is 30.41 mg/g. The parameter (K;) of Langmuir model is used to
calculate the dimensionless factor Ry that can investigate feasible of Cr®*
adsorption on MB-600 °C (Cheng et al., 2021). Calculated method is in
the following equation.

1

Ro=—
T 14K.Co

3
If the Ry belongs to 0-1, Cr®" adsorption process is feasible. Ry values
of Cr®* adsorption on MB-600 °C is 0.0872-0.4009, indicating that MB-
600 °C is feasible for Cr®* adsorption. Besides, the values of the het-
erogeneity (1/n) calculated from Freundlich that can represent the bond
distribution (Tang et al., 2018). The 1/n value of crét adsorption on MB-
600 °C is 0.2453, which is less than 1. This result confirms that Cr®*
adsorption process is feasible and favorable (Xiang et al., 2019).

The Cr®" adsorption amounts of other adsorbents are also compared
with MB-600 °C (Table S3). Cr®* adsorption amount of MB-600 °C is
larger than that reported adsorbents. These results prove that the MB-
600 °C is the promising adsorbent for Cr®" wastewater purification.
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3.4. Adsorption kinetics investigation

The Cr" adsorption data is analyzed by the Pseudo-first/second
order and Intraparticle diffusion equations. The calculated results are
listed in Table 3. Correlation coefficient (R?) value of Cr®* adsorption
process fitting Pseudo-second order is 0.9989, which is higher than other
adsorption kinetics models (Table 3). Thus, Pseudo-second order is
better to describe Cr®" adsorption kinetic process, indicating that
chemical adsorption influences crét adsorption (Cheng et al., 2022).
Fig. 5b shows Cr®" adsorption data fitting Pseudo-second-order equa-
tion. The Intraparticle diffusion fitting result has two stages (Fig.S3).
The C; and C, value of Cr®* calculated from Intraparticle diffusion
model are 1.32 and 19.91, respectively. The calculated C value isn’t
zero, indicating that crét adsorption on MB-600 °C isn’t alone
controlled by Intraparticle diffusion.

3.5. Removal mechanism

The zeta potential of the MB-600 °C is about 5.2. The surface po-
tential of the MB-600 °C is positive charge at pH of 2. Therefore, MB-
600 °C can adsorb Cr® by electrostatic attraction. As Fig. 6 shown, MB-
600 °C has the OH, C=0, C-O and Fe-O group, demonstrating that MB-
600 °C has abundant functional group. Besides, the oxygen-containing
functional groups can easily obtain the protons at pH of 2 (Liang
et al., 2023). The oxygen-containing functional groups can be used as
the electron donor, contributing to Cr®" removal by adsorption/reduc-
tion (Singh et al., 2022; Zhao et al., 2024). After crét adsorption, the
peak intensity and peak location of oxygen containing functional groups
have changed, indicating that these groups involve in Gr®" removal.
Fe?" comes from the dissolution of Fe304, which might be an important
reaction pathway for Cr® removal by reduction (Zhao et al., 2024).

Fig. 7a-b shows the C 1 s peaks of MB-600 °C before and after Cr®*
adsorption. The peaks at 288.58, 285.21 and 284.60 eV are C=0, C-O
and C-C group, respectively (Tang et al., 2021; Wang et al., 2020). For
MB-600 °C, upon reaction with Cr®*, the C-O percentage decreases from
35.29 % to 28.27 %, which indicates that -CHO is an electron donor that
is oxidized into -COOH by Cr®* (Zhang et al., 2020). Generally, the C-O
group is the adsorption and reduction site of the MB-600 °C, and
adsorption and reduction occur simultaneously (Liu et al., 2023) (Eq.4).
However, C=0 proportion decreases, which maybe C=0 involves in
Cr6+removal(Eq.5) (Mutabazi et al., 2024).

R-CH,0H+Cr,0% + H >R-COOH+Cr** + H,0 4)
R-CHO-+Cry0% + H"—3R-COOH+2Cr>* + H,0 (5)

As Fig. 7c shown, the two peaks of Cr 2p; /2 and Cr 2pg,» correspond
to the 587.24 eV and 577.04 eV, respectively. The peaks at 576.89 eV
and 586.80 eV indicate the presence of Cr>*, suggesting that Cr®" is
partially reduced into crit (Luo et al., 2021). Fig. 7c-d shows the Fe 2p
spectra of the MB-600 °C before and after Cr®" adsorption, which can be
divided in four peaks. The peaks at 710.85 eV and 724.21 eV correspond
to Fe?*, while Fe3" appears at peaks of 712.74 eV and 725.98 eV. Peak
area ratio of Fe?'/Fe® decreases by 0.37 after Cr®' adsorption,
implying that the dissolved Fe?" involves in Cr®" reduction process. The
analysis result is consistent with Gr2p spectrum analysis. The Fe" is
reducing substances, which can reduce Crzo% into Cr* (Eq.6) (Lietal,
2019).

FeZ* + Cry0% +Ht-Fe®t + cr¥t + Hy0 6)

Furthermore, MB-600 °C can also realize Cr®" removal by the pore
filling (Su et al., 2022; Yang et al., 2020). The MB-600 °C shows flour-
ishing pore structure that plays a vital role in Cr®" removal process. The
summary of Cr®" adsorption mechanism is shown in the Fig. 8.
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Fig. 7. The detail survey of the Cls before (a) and after cr®

adsorption Cr®" (d-e).
3.6. Reusability investigation

Fig.54 shows reusability results of MB-600 °C. As Fig.54 shown, the
Cr®" adsorption capability of MB-600 °C decreases as cycle number in-
creases. The Cr®* adsorption amount is dropped to 19.84 mg/g after
three cycles, which decreases by 28.32 %. The reason is that part of
active sites of MB-600 °C loses adsorption capacity after regeneration.
MB-600 °C still shows large Cr®" adsorption capacity after regeneration,
which has practical application potential in Cr®" wastewater
purification.

3.7. Effect of Fe®"

The Fe 2p spectra analysis of the MB-600 °C before and after Cr®*
adsorption indicates that Fe?* involves in Cr®" removal. Besides, the
electron transfer occurs between Fe?* and Cr®™. Fe304 can dissolve to
generate Fe?" because the pH of Cr®* adsorption solution is 2. This result
indicates that the Fe?' exists adsorption solution and participates in

adsorption (b), detail survey of the Cr2p after adsorption Cr®" (¢) and detail survey of the Fe2p after

Cr%* reduction. Fe?" is an important reductant with a low standard
electrode potential of 0.77 V/SHE and can transform cr®t to et (RO
(HCrO;;/Cr3+) = 1.35 V/SHE) (Jiang et al., 2019). Therefore, the in-
fluence of Fe>* on Cr®* removal is analyzed in existence of 1,10-phenan-
throline that make Fe?* cannot participate in Cr®* removal (Liu et al.,
2019). As Fig. 9a shown, the Cr®" removal is decrease in existence of the
1,10-phenanthroline compared to without adding 1,10-phenanthroline.
The analysis result demonstrates that Fe?* participates in Cr®* removal.

As Fig. 9b shown, the total Cr and Cr®t concentration rapidly
decrease with increasing in adsorption time without adding 1,10-phe-
nanthroline. The total Cr concentration is gradual decrease and Cr3*
concentration exhibits an increasing trend, indicating that Cr®*
adsorption and reduction simultaneously occur. While, Cr®* concen-
tration increases as time continues to increase. However, cr®* concen-
tration gradually decreases as adsorption time continues to increase,
indicating that part of Cr>* is adsorbed on MB-600 °C. The equation of
Fe?* involves in Cr®" removal is listed in Eq. (6). Cr®" removal by MB-
600 °C is restrained in existence of 1,10-phenanthroline, demonstrating
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that Fe?* plays an important in Cr®* removal.

3.8. Explore using DFT calculations

Combined with the results of XPS and FTIR, it could be found that the
oxygen-containing functional group on the MB-600 °C mainly included
hydroxyl, COOH, -OH and Fe-O groups. Thus, the MB-600 °C model
with various oxygen-containing functional groups is constructed (Cheng
et al., 2021). Binding energies of the COOH, ~OH and Fe-O groups in-
teractions with Cr®" are calculated using DFT. Fig. S5 shows the calcu-
lated result. According to the calculation result in the Fig.S5, it exists
energy barrier in Cr®" adsorption process. Compared with the binding
energies of Cr®" interactions with —OH and -COOH group, the —Fe-O
group is more negative. The analysis data demonstrates that-Fe-O group
plays a critical role in Cr®* removal by surface complexation.

3.9. Column adsorption

Thomas and Yoon-Nelson equation are employed for cr®t adsorption
process using fixed-bed adsorption (Table S4). The fitting analysis re-
sults are presented in Table S5. As Table S5 shown, Cr®* breakthrough

curves can be analyzed using the Thomas and Yoon-Nelson equation
with high R2. Yoon-Nelson equation is better to describe Cr®* adsorption
process because of large R2. According to Thomas equation calculation,
Cr®* adsorption amount of the MB-600 °C is 56.64 mg/g. It demon-
strates that MB-600 °C has enormous potential in governing environ-
mental concerns of wastewater. Fig.S6 presents breakthrough curve of
Cr®* adsorption on MB-600 °C.

3.10. Economic feasibility

Preparation cost of the MB-600 °C is very important parameter for
actual application on an industrial scale. According to previous litera-
ture, the total production cost of MB-600 °C is presented in Table S6
(Jiang et al., 2019). As Table S6 shown, the approximate preparation
cost is about $2.48 for 1 kg MB-600 °C. However, production cost of 100
mesh activated carbon is estimated as $ 40/1kg. Compared with com-
mercial activated carbon, the production cost of MB-600 °C is cheap.
Cr®* adsorption amount of activated carbon and nZVI/sewage sludge
co-pyrolyzed magnetic biochar are 23.35 and 13.27 mg/g, respectively
(Mutabazi et al., 2024; Liu et al., 2020). Estimated treatment cost of 1 Kg
Cr’* is $ 81.55 for MB-600 °C. Compared with the above adsorbent, the
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estimated treatment cost of the 1 Kg Cr®* is cheap. Therefore, MB-600 °C
can be acted as low-cost adsorbent for Cr®" removal.

4. Conclusions

The magnetic biochar is successfully prepared using the simple one-
step pyrolysis method for Cr®" removal from wastewater. The Cr®*
adsorption capacity is 30.41 mg/g at pH=2. The electrostatic attraction,
surface complexation, reduction and pore filling are responsible for Gr®*
removal, based on mechanism analysis. Existence of Fe>" contributes to
Cr®" removal by reduction in aqueous solution. The —Fe-O group is
important in Cr®" removal process compared to -COOH and —~OH groups
based on DFT calculation. The magnetic biochar has large column
adsorption amount of 56.64 mg/g. The production cost of the magnetic
biochar is about $2.48/1kg, based on preliminary economic analysis.
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