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Abstract
Among the arsenic removal technologies, the adsorption method is found to be an e�cient, inexpensive
and simple method with obvious advantages and application value for arsenic removal in water. While,
each method has its limitations, the traditional adsorption method used for arsenic removal due to its
high operating cost and low adsorption e�ciency. Consequently, this study explicitly designed sludge
biochar (SB) adsorbed for arsenic removal with lower operation costs and higher adsorption e�ciency
properties. Generally, biochar only relies on micropores for pollutant adsorption, but physical adsorption
is not highly e�cient for arsenic removal. Therefore, in order to improve the removal e�ciency of arsenic
by SB, diethylenetriamine (DETA) and FeCl3 were used in this study to modify the surface of SB by an
immersion method. The modi�ed SB has not only pore adsorption characteristics but also electrostatic
adsorption, oxidation-reduction and complexation characteristics. The objectives of this research are to
obtain optimum operation conditions by assessing the effect of different Fe content, pH and initial
concentration on adsorbing arsenic. The arsenic adsorption mechanism on SB was studied using Density
Functional Theory (DFT) to understand the functional effect on arsenic adsorption. Results showed the
presence of amine and iron oxyhydroxides functional greatly promoted SB surface activity and its arsenic
adsorption potential. DFT model result is the same as the result of arsenic adsorption performance with
the high adsorption energy. The reaction mechanism is divided into four pathways, including oxidation-
reduction, complexation, electrostatic adsorption and pore adsorption.

1. Introduction
Arsenic is a concern in groundwater or wastewater treatment because of its health effects. Arsenic was
classi�ed as a substance that causes serious eye damage (Level 1), cancerogen (Level 1), skin irritating
substance (Level 2), reproductive toxic substances (Level 2) and hazardous substances in water
environment (Level 2). Arsenic is primarily used in solutions such as As(V) (H2AsO4

−, HAsO4
2− and

AsO4
3−) and As(III) (H2AsO3

−, HAsO3
2− and AsO3

3−) [1]. In general, As(III) is more toxic than As(V)
because the former binds to single but more closely related groups of nearby sulfhydryls that react with a
variety of proteins and inhibit their activity. Owing to electronic con�guration As(III) is more stable than
As(V) [2–3]. The presence of arsenic in water is attributed to natural weathering processes, geochemical
reactions, biological activity, combustion of fossil fuels, volcanic eruptions, gold mining, leaching of man-
made arsenic compounds, metal ores smelting, desiccants, wood preservatives and agricultural
pesticides, and many other anthropogenic activities [3]. Arsenic is toxic and induces hyper-pigmentation,
muscle weakness, skin thickening, neurological disorders and human cancer. The main route of human
exposure is drinking arsenic contaminated groundwater. Hence, the arsenic level for drinking water has
been reduced by the World Health Organization to 10 µg L− 1 [4].

The approaches for arsenic removal from water sources include chemical precipitation, membrane
processes, reverse osmosis, oxidation, ion exchange [5, 6] and electro coagulation treatment [7]. Recent
research focused on the use of possible adsorbents, many adsorbents were used for arsenic adsorption
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based on agriculture and industrial waste, surfactants, carbon-based materials, polymers and metal
oxides [8, 9]. Especially, metal oxides such as iron-doped amino-functionalized sawdust [10], isolated
ferric ion combined on chelate resin [11], magnetic gelatin modi�ed biochar [12], iron hydroxide/
manganese dioxide [13], activated carbon–alumina composites [14], nano zero-valent iron [15, 16], TiO2

[17], CeO2 [18], CuO [19], Fe2O3 [20, 21], Fe3O4 [22], CaO [23], ZrO2 [24] and GNPs/CuFe2O4 [25] have been
extensively studied in aqueous solution for arsenic treatment due to their high a�nity with arsenic
species, low cost and adsorption capability tunability.

An alternative carbon source is readily available in the form of urban sludge, which is currently managed
as a waste in Taiwan. The quantity of waste sludge has been steadily increasing in the country, thus
requiring the government to spend a large amount of money for the management of this waste.
Therefore, it is important to develop one step facile and quick preparing method for high e�ciency for
arsenic removal. Sludge Biochar (SB) has been identi�ed as an effective adsorbent that can be used to
remove various heavy metals dissolved in water, because the speci�c surface area and micro-porous
structures of SB are high. While, SB hosts several surface functional groups, such as carboxyl (-COOH)
and hydroxyl (-OH), for adsorbing heavy metal effectively. These groups can work through electron
donation, cation exchange, electrostatic attraction, or surface complexation to effectively remove arsenic.
In other hand, to understand the effect of amine and iron oxyhydroxides functional groups on the SB's
surface to adsorb arsenic, diethylenetriamine (DETA) and iron metals were used to modify the SB and
improve the effects of adsorption arsenic. In this particular adsorption, the particles of iron oxyhydroxides
found on the SB surface are capable of replacing the As molecules OH- ligand, forming mono or bi-
dentate complexes that enable them to be attached to the surface. This coordination occurs only in
charged molecules previously attracted to the metal-SB surface, or in those molecules with su�cient
energy to overcome the electrostatic repulsion with the metal-biochar surface. Thus, electrostatic
repulsion between negative surface charge of metal-SB surface and As anions occurs. If these ionic
molecules have di�culties in overcoming these electrostatic forces they cannot interact to a higher extent
with metal particles and hence adsorption occurs to a lesser extent. Moreover, acidic properties bind
e�ciently As molecules allowing electrostatic interactions with metal oxyhydroxide particles and with
acidic surface groups [26].

Additionally, the mechanism for the adsorption of arsenic on the SB surface is not yet clear. According to
the previous study, a theoretical analysis of the mechanism of arsenic adsorption on the surface of SB
prepared from urban sludge is hardly available. Therefore, the adsorption mechanism and the impact
mechanism of metal oxides complexes on arsenic adsorption over the SB surface of urban sludge are
very important [27]. The Density Functional Theory (DFT) has proven to be a successful research tool for
adsorption and reaction theoretical analysis. Mechanism for adsorption of arsenic on SB and composites
of metal oxides is systematically investigated by DFT calculation in this research. The objectives of this
work are (a) to prepare SB and iron oxides composites, such as SB and Fe-SB-DETA for developing key
reaction between arsenic and modi�ed material; (b) to obtain optimum operation conditions by assessing
the effect of different Fe content loading mass on adsorbing arsenic; (c) to obtain optimum operation
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conditions by assessing the effect of pH and initial concentration on adsorbing arsenic; (d) to
systematically calculate adsorption energy, bond distance and adsorbed structure through DFT; (e) to
developing arsenic adsorption mechanisms.

2. Materials And Methods

2.1. Preparation of SB
To obtain the activated SB, this study used ZnCl2 as the activator because ZnCl2 requires a low activation
temperature and the best pore-forming effect. First, different amounts of x% ZnCl2 (x = 33, 50, 60 and
67%) were dissolved in 150 mL of distilled water. Then, 10 g of urban sludge was mixed with the ZnCl2
solution and stirred at approximately 85 ± 5 oC for 2 hr. The mixtures were dehydrated in an oven at 110 ± 
5 oC for about 24 hr. The ZnCl2 impregnated urban sludge was placed in a ceramic crucible and pyrolyzed
in a horizontal tubular furnace under nitrogen �ow. The samples were heated to �nal temperatures of
450 ± 5 oC with heating rate of 10 oC min-1 for residence time of 1 hr. The resultant SB was washed with 3
M HCl solution by heating at around 90 ± 5 oC for 30 min to remove residual ZnCl2. In addition, it was

�ltered and rinsed by warm distilled water until neutral pH, dried at 100 ± 5 oC in an oven for about 12 hr
and weighed to calculate the yield.

2.2. Preparation of Fe-SB-DETA
Fe-SB-DETA was prepared following the method as described above. To obtain the activated material, the
appropriate amount of DETA and different amounts of FeCl3 (including 2.0, 4.0, 8.0, 16.0 and 32.0%) were
dissolved in 150 mL of distilled water. Then, 10 g of the SB was mixed with mixture solution, and stirred
at 85 ± 5°C for 2 hr. Then, the mixtures were dehydrated in an oven at 110 ± 5°C for 24 hr after �ltered and
rinsed by distilled water. Different composite materials are abbreviation as 2%Fe-SB-DETA, 4%Fe-SB-
DETA, 8%Fe-SB-DETA, 16%Fe-SB-DETA and 32%Fe-SB-DETA.

2.3. Materials characterization
The speci�c surface area, pore size distribution and pore volume were determined by performing nitrogen
adsorption-desorption measurements with an ASAP 2020 apparatus by using Brunauer-Emmett-Teller
(BET) calculation methods. The crystal phase of the biochar was determined by an X-ray Diffraction
(XRD) with employing Cu Kα radiation wavelength of 0.15405 nm, accelerating voltage of 40 kV and
current of 30 mA over the 2θ range of 20–80°. The Fourier Transform Infrared (FTIR) of the biochar was
recorded to study the functional groups at room temperature. The metal valence on the surface of
biochar was further determined by X-ray photoelectron spectroscopy (XPS). The interaction oxidation and
reduction mechanism of metal ions on biochar was used Electrochemical Techniques (ECT).

2.4. Adsorption performance assessment
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Adsorption isotherm experiments were carried out in 100 mL adsorption system. The slugde biochar were
mixed with 50 mL of the appropriate arsenic solution at 25°C for 60 min. The solution was �ltered with
using a membrane �lter (pore size 0.45 µm). In addition, an inductively coupled plasma atomic emission
spectroscopy with a detection limit for arsenic of 10 ppb was used to evaluate the residual arsenic in the
aqueous solutions. The test data were regularly calibrated using standard solution in order to obtain
accurate data.

The exact amount of adsorbed As per adsorbent unit mass was determined by weight balance as follows
Eq. (1):

qe =
Co − Ce

W × V1

Where, the equilibrium adsorption capacity is qe (mg g− 1), V (mL) is the volume of As solution, W (mg) is

the amount of adsorbent used in the experiments, Co (mg L− 1) is the initial concentration of As and the

balance concentration measured after adsorption stands for Ce (mg L− 1).

2.5. DFT model and computation detail
The SB surface is doped with amine functional group and iron hydroxide group to form other Fe-SB-DETA
structures. The arsenic is adsorbed on the above Fe-SB-DETA structures respectively after 10 ns
molecular dynamics simulation. Finally, adsorption systems were constructed in the same cubic
simulation lattice built with their dimensions of x = 10 Å, y = 10 Å, and z = 14 Å.

In Materials Studio 2018, all the DFT calculations in this analysis were carried out using the DMol3

software kit [28]. The terms of exchange and correlation were determined in the form proposed by
Perdew, Burke, and Ernzerhof using the Generalized Gradient Approximation [29]. The core DFT semi-core
pseudo potential method was utilized to calculate the core treatment of DETA, for other elements, the all-
electron method was applied [30]. Solvation effects were incorporated by conductor-like polarizable
continuum model for all the systems with water as solvent. The adsorption energy (Eads) of pollutant
molecules on Fe-SB-DETA surface was calculated by the following Eq. (2) [31]:

Eads = EFe−SB−DETA−pollutant - (EFe−SB−DETA + Epollutant) (2)

Where, EFe−SB−DETA and Epollutant respectively represent the energies of the Fe-SBC-DETA surface and the
single pollutant molecule, and the EFe−SB−DETA−pollutant is the total energy of pollutant-Fe-SB-DETA
complex. According to Eq. (2), a negative value of Eads indicates that the process is an exothermic
reaction and high negative value corresponds to a stronger interaction, which indicates more heat release
and a more stable product. There exist two types of adsorption, if the value of Eads is between − 30 to -10

kJ mol− 1, the reaction is classi�ed as physical absorption. Else if the value is between − 960 to -50 kJ
mol− 1, then it belongs to chemical adsorption. Basically, a higher value of Eads corresponds to a stronger
adsorption [32].
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3. Results And Discussion

3.1. Characterization of materials
N2 adsorption/desorption isotherm analyzer at liquid nitrogen temperature (77 K) was used to determine
the surface area, pore volume, and pore size of SB. The optimal activation ratio of carbonized sludge over
ZnCl2 was found to be 1:1. The surface area, pore volume and pore size of the SB-50%ZnCl2 were

estimated to be 525 m2 g− 1, 0.35 cm3 g− 1 and 8.71 nm, respectively. The isotherms belonged to Type IV
in the de�nition of International Union of Pure and Applied Chemistry and indicated that N2 is condensed
in the pores at high relative pressures. There was a hysteresis loop of the H2 style since the pores had a
narrow inlet and wide hole, as shown in Fig. 1. The surface area and pore volume in this study higher
than Rahman et al. [33] result (375.32 m2 g− 1 and 0.239 cm3 g− 1) and Mahmood et al. [34] result (167 m2

g− 1 and 0.16 cm3 g− 1).

The functional groups are very important characteristics of the SB, because they determine the surface
properties of the SB and their quality. It can provide basic spectra of SB, especially for the determination
of types and intensities of their surface functional groups. The changes in the functional groups of
different Fe content and appropriate amount of DETA modi�ed on SB were analyzed by FTIR
spectroscopy, as shown in Fig. 2. The peak at 3400 cm-1 of 8%Fe-SB-DETA is signi�cantly stronger than
the peak of other materials. The -OH and N-H stretching vibration band are characteristic peaks of the
amine group at about 3400 cm-1 [35]. The appearance of peaks at 2930 and 2849 cm-1 in the spectrum
were attributed to C-H stretching vibration in -CH and -CH2 [35]. The band at 1620 cm-1 can be ascribed to

C = C aromatic ring stretching vibration [36]. The band at 1470 − 1430 cm-1 is ascribed to C-H bending
vibrations in CH3 groups [35]. C = O vibrations at 1100 − 1000 cm-1 are produced by the stretching
vibration of the oxygen-containing functional group C = O bond [37]. There is a weak vibration band
between 765 − 530 cm-1, which is judged as an aromatic structure. Due to the large amount of organic
matter in the sludge, the chemical structure is composed of a large number of different atoms.

The aim of the XRD studies is to determine the species of SB, SB-DETA and 8%Fe-SB-DETA compounds
deposited onto the biochar surface, as show in Fig. 3. The XRD pattern of biochar exhibited one broad
diffraction peak corresponding to the diffraction of carbon. A peak at 2θ = 25° was observed for the SB,
which was attributed to the carbon in SB. Compared with that of SB, SB-DETA and 8%Fe-SB-DETA, Fe-O
typical peak was observed for 8%Fe-SB-DETA at 2θ = 36° and 57°, respectively, shown in Fig. 3 (c).

During the present studies, our aim was to look into the difference in the interaction oxidation/reduction
mechanism of metal ions on SB using ECT method. Cyclic Voltammetry (CV) is used to investigate the
effect of surface modi�cation, which could provide useful information about the surface states of SB due
to the presence of metal vacancy defects on the surface. Figure 4 shows the CV of 2%Fe-SB-DETA, 4%Fe-
SB-DETA, 8%Fe-SB-DETA, 16%Fe-SB-DETA and 32%Fe-SB-DETA electrodes in 6 M KOH solution. The
bounded area of the CV curve indicates the real active surface area of the anode and the cathode. 8%Fe-
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SB-DETA (0.00062 mA) shows a higher current than the 16%Fe-SB-DETA (0.00047 mA), 32%Fe-SB-DETA
(0.00044 mA), 4%Fe-SB-DETA (0.00031 mA) and 2%Fe-SB-DETA (0.00023 mA) at the anode. Additionally,
8%Fe-SB-DETA (-0.0016 mA) shows a higher current than the 16%Fe-SB-DETA (-0.0012 mA), 32%Fe-SB-
DETA (-0.0011 mA), 4%Fe-SB-DETA (-0.0007 mA) and 2%Fe-SB-DETA (-0.0005 mA) at the cathode. This is
indicating that 8%Fe-SB-DETA has a larger active point and better oxidation reduction reaction.

Figure 5 shows the linear sweep voltammetry curves of the samples deposited at different potentials. The
currents of the 8%Fe-SB-DETA (0.0027 mA) are improved after being compared with that of 2%Fe-SB-
DETA (0.00007 mA) and 4%Fe-SB-DETA (0.0006 mA), indicating that the hydrogen evolution over
potential with 8%Fe-SB-DETA is lower than that with 2%Fe-SB-DETA. As a result, 8%Fe-SB-DETA (0.0027
mA) has the largest currents than that the 16%Fe-SB-DETA (0.0012 mA) and 32%Fe-SB-DETA (0.0011
mA). In addition, 8%Fe-SB-DETA composite interface displays a signi�cant change in current–voltage
properties as compared to 2%Fe-SB-DETA. The result shows that the electron transfer rate of 8%Fe-SB-
DETA is stronger than other materials, which is bene�cial to pollutants adsorption.

The current density is tested more than 300 s and maintaining the applied voltage constant at 1.0 mV.
Figure 6 shows the currents density are 0.0045, 0.0050, 0.0084, 0.0063 and 0.0060 mA for 2%Fe-SB-
DETA, 4%Fe-SB-DETA, 8%Fe-SB-DETA, 16%Fe-SB-DETA and 32%Fe-SB-DETA, respectively. The current of
8%Fe-SB-DETA is 1.9 times larger than that of 2%Fe-SB-DETA, indicating that doping with iron could
signi�cantly enhance electron mobility by reducing the recombination of electron-hole pairs.

Electrochemical impedance spectroscopy is a technique to measure the internal resistance of working
electrode material and determine the circuitry and corresponding resistance between the electrolyte and
the electrode, like biochar carbon in this case. A sine wave of 1.0 mV amplitude was applied and the
frequency was varied from 10 KHz to 10 MHz in the 6 M KOH aqueous solution. Ionic and electronic
interactions cause the overall impedance of the materials. The larger value of the Z’’ (ohm) is indicative of
higher resistance due to the transfer of charges. The overall resistance consists of electrical resistance,
the resistance due to electrolyte, and the resistance for the carbon pore charge transfer as well as the
internal resistance of the material. Result shown in Fig. 7, the 2%Fe-SB-DETA produces high the Z’’ value
is indicative of higher resistance due to the transfer of charges. The smaller Z’’ value of 8%Fe-SB-DETA
indicates higher charge carrier transfer e�ciency. This determines the effective characteristics of
materials as adsorption material. 8%Fe-SB-DETA stands out among all �ve samples as ideal adsorption
material and better adsorption capacity.

3.2. As(III) adsorption capacity with Fe-SB-DETA
The effect of Fe loading mass onto SB-DETA is also discussed in this study. Fe ratio varies with speci�c
dose applied by FeCl3 during the synthesis process. Different FeCl3 contents, including 2.0, 4.0, 8.0, 16.0

and 32.0 %, were evaluated with 1.5 g L-1 of 8%Fe-SB-DETA at 0.5 mg L-1 As(III) with 30 min contact time.
The As(III) adsorption experiment was controlled pH 3 to obtain optimum operating conditions in this
study, because the valence of As(III) was (±) neutral at pH between 2 and 8. However, the valence of
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As(III) was (-) negative under pH was larger than 9. In addition, the surface of 8%Fe-SB-DETA was (+)
positively charged at pH between 2 and 3. However, the surface of As(III) was (-) negative under pH was
larger than 4, as shown in Table 1. Therefore, there is not repulsion between As(III) and 8%Fe-SB-DETA. In
this adsorption experiment, �rst, As(III) is oxidized to form As(V) by 8%Fe-SB-DETA. Afterward, the
electrostatic interaction between As(V) and the material. At the same time, As(V) and the amino
functional group on the surface of the material will also produce complexation, so that As(V) is adsorbed
on the surface of the material.

Table 1
The effect of material surface charge under different pH conditions

pH 2 3 4 5 6 7 8 9 10 11 pHzpc

As(III) ± ± ± ± ± ± ± - - -  

As(V) ± - - - - - - - - -  

8%Fe-SB-DETA + + - - - - - - - - 3.87

Result shows the removal e�ciency of arsenic signi�cantly increases from 30–90% with increasing Fe
content from 2.0 to 16.0%. However, the removal e�ciency is not changed obviously from 85–90% with
increasing Fe content from 8.0 to 16.0%. In contrast, the removal e�ciency is decreased from 90–66%
with increasing Fe content from 16.0 to 32.0%. In this study, it shows that the Fe impregnated on SB-
DETA signi�cantly can enhance the adsorption capacity for arsenic. The higher Fe content does not
increase removal e�ciency too much when Fe is doped on SB-DETA, maybe the pore of 8%Fe-SB-DETA is
blocked. The adsorption capacity of 8%Fe-SB-DETA was calculated as 1.12, 2.23, 3.87, 4.24 and 2.83 mg
g− 1 with Fe content of 2.0, 4.0, 8.0, 16.0 and 32.0 %, respectively, as shown in Fig. 8.

3.3. Mass balance experiment
Mass balance experiment was conducted to understand the mass before and after arsenic adsorption in
the adsorption experiment, as shown in Fig. 9. The adsorption of As was studied with 20 mg L− 1 As(III)
solution with using 43 g L− 1 of 8%Fe-SB-DETA material at pH 3 for 30 min contact time. The remaining
concentrations and mass of As(III) and As(V) in 0.2 L solution after adsorption are 1.2 ppm and 0.24 mg;
2.3 ppm and 0.46 mg, respectively. In this speci�c adsorption, As(III) is oxidized to form As(V) by 8%Fe-
SB-DETA. This result has been proved by XPS analysis results that Fe3+ reduced to Fe2+ after As(III)
adsorption. Afterward, the iron oxyhydroxides particles located on the SB-DETA surface are capable of
replacing the -OH ligand of As(V) molecules, forming mono or bi-dentate complexes allowing them to be
attached to the surface. In addition, the 8%Fe-SB-DETA powder was subjected to a dissolution
experiment, and the test results showed that the dissolution concentrations and mass of As(III) and As(V)
were 6.8 ppm and 1.36 mg; 9.4 ppm and 1.88 mg, respectively. Result show the total dissolved
concentration after arsenic adsorption is 3.94 mg. The concentration of arsenic is lost 0.06 mg, which is
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equivalent to 1.5 ± 0.2%. This is caused by the loss of 8%Fe-SB-DETA powder during the dissolution test
and �ltration process.

3.4. The adsorption con�gurations of arsenic on Fe-SB-
DETA
In order to understand the adsorption mechanism of amine functional group and metal functional group
complexes for arsenic adsorbed on the surface of SB and Fe-SB-DETA. Therefore, this study was used
DFT to verify the arsenic adsorption mechanisms by SB and Fe-SB-DETA composite material. In this
research, single layer structure is used to simulate carbon surface models of SB, as shown in Fig. 10 (a).
Figure 10 (b) shown that the arsenic was adsorbed onto SB surface with Eads values of -27.3 kJ mol− 1,
indicating a physical adsorption between arsenic and SB surface. This result has proved electrostatic
between the positively charged surface of the SB and the anionic arsenic. The results for the adsorption
of arsenic on the Fe-SB-DETA surface display all the obtained conformations in Fig. 10 (c-d) and Table 2.
It also shows that the bond type, bond distance and adsorption energies. Adsorption con�gurations were
considered in Fig. 10 (c-d) order to achieve the most stable arsenic adsorption con�guration. The more
monodent conformations have been identi�ed, where the interaction of dopant O with the unprotonated O
atom belonging to an As-O bond is formed. The bond distances of N-O and Fe-O are 1.84 and 1.42 Å,
respectively, which are shorter for the compounds in compliance with the increased adsorption energies
(-93.5 and − 246.3 kJ mol− 1), indicating a strong chemical adsorption between arsenic and Fe-SB-DETA
surface.

Table 2
Adsorption energies of arsenic adsorbed onto Fe-SB-DETA

Pollutant Bond Bond distances (Å) Eads (KJ mol− 1)

As(III) C-O (b) 3.52 -27.3

N-O (c) 1.84 -93.5

Fe-O (d) 1.42 -246.3

3.5. Mechanism discussion of arsenic adsorption on 8%Fe-
SB-DETA
The mechanism for the adsorption of arsenic by 8%Fe-SB-DETA material has been proposed with the
results obtained from the characteristics analysis, experimental data and kinetic adsorption. The reaction
mechanism is divided into four pathways, as presented in Fig. 11. In the �rst pathway, �rst, As(III) is
oxidized to form As (V) by 8%Fe-SB-DETA at pH 3, as shown in the formula (3). Afterward, the iron
oxyhydroxides particles located on the 8%Fe-SB-DETA surface are capable of replacing the -OH ligand of
As(V) molecules, forming mono or bi-dentate complexes allowing them to be attached to the surface [38–
40], as shown in the formula (4). The second pathway is the interaction of amino functional groups on
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the surface of 8%Fe-SB-DETA with the As(V) molecule produces a complexation interaction, causing
As(V) to be adsorbed on the surface of the material, as shown in the formula (5). In the third pathway, the
attachment of As(V) ions onto the 8%Fe-SB-DETA via electrostatic interactions, the surface of the
material is positively charged and the As(V) ion is negative charged produces electrostatic adsorption
under acidic conditions. In this speci�c adsorption, the coordination only occurs in charged molecules
that were previously attracted to the surface of the 8%Fe-SB-DETA, or in those molecules that have energy
enough to counteract the electrostatic repulsion with the 8%Fe-SB-DETA surface. Therefore, in 8%Fe-SB-
DETA with a negative surface charge, electrostatic repulsion between the surface and As(V) anions
occurs. If these ionic molecules have di�culties in overcoming these electrostatic forces they cannot
interact to a higher extent with iron particles and hence adsorption occurs to a lesser extent [38]. The
fourth pathway is the attachment of As(III) and As(V) ions into the pore of 8%Fe-SB-DETA material via
physical adsorption, which may be attributed to Van der Waals forces.

M-FeOOH + H3AsO3 = M-FeO + H2AsO4
− + 2H+ (3)

M-FeOOH + H2AsO4
− + H+ = M-FeO-H2AsO4 + H2O (4)

M-NH3 + H2AsO4
− = M-NH2-H3AsO4 (5)

In order to understand whether As(III) is oxidized to As(V), this study uses XPS to detect the material
before and after adsorption. The valence state and relative content of As(III) after adsorption was studied
with 1.5 g L− 1 of SB-DETA and 8%Fe-SB-DETA, 0.5 mg L− 1 As(III) solution, pH 3 and 30 min contact time.
XPS peak differentiation-imitating analysis of the As3d spectrum was conducted. The core level
spectrum of As3d of the SB-DETA sample reveals the binding energy peaks at 44.3 eV and 45.5 eV
corresponding to As(III) and As(V) core levels, respectively. The percentages of As3+ (79.15%) and As5+

(20.85%) relative to the total Fe were calculated, mainly As3+ valence state, as shown in Fig. 12 (a).
Figure 12 (b) can be seen that the relative content of As3+ after adsorption on the surface of 8%Fe-SB-
DETA was reduced to 39.65%; meanwhile, that of As5+ increased to 60.35%.

To determine the valence state and relative content of Fe the reaction, XPS peak differentiation-imitating
analysis of the Fe2p spectrum was conducted, as shown in Fig. 12 (c, d). The core level spectrum of Fe2p
of the 8%Fe-SB-DETA sample reveals the binding energy peaks at 714.5 eV and 728.1 eV corresponding
to Fe2p3/2 and Fe2p1/2 core levels, respectively. The photoelectron peaks observed at 714.3 eV and
717.8 eV corresponded to the binding energies of Fe2p3/2, which suggested that the SB-DETA was
covered by a layer of iron oxides/hydroxides of iron, such as FeO, Fe3O4 and Fe(OH)3. The percentages of

Fe3+ and Fe2+ relative to the total Fe were calculated. By comparing Fig. 12 (c) and (d), it can be seen that
the relative content of Fe3+ after the reaction was reduced from 58.28–21.88%; meanwhile, that of Fe2+

increased from 41.72–78.12%. This result is consistent with the mass balance experiment, Fe3+ (21.88%)
are reduced to Fe2+ (78.12%) and As3+ (39.65%) are oxidized to As5+ (60.35%).
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In order to understand whether there is complex adsorption between 8%Fe-SB-DETA and arsenic after
modi�cation. The functional group changes of 8%Fe-SB-DETA before and after the adsorption of arsenic
under different initial concentrations, 1.5 mg L-1 dosage at pH 3 and 30 min, are shown in Fig. 13. The
intensity of the characteristic peaks at 3400 cm-1 and 1040 cm-1 was signi�cantly reduced when
increased of the arsenic concentration. This result proved the C-NH3 function group on the surface of
8%Fe-SB-DETA has generated complexation with the arsenic.

4. Conclusions
The results clearly demonstrate the feasibility of using urban sludge as a carbon source to produce
biochar. Loading amine and iron on sludge biochar greatly improved its As(III) adsorption capacity. ECT
result is indicating that 8%Fe-SB-DETA has a larger active point and better oxidation reduction reaction.
Therefore, the highest As(III) removal e�ciency is 90% and adsorption capacity is 4.24 mg g− 1.
Simultaneously, DFT model result is the same as the result of As(III) adsorption performance, because the
adsorption energy of Fe-SB-DETA is greater than SB material. The reaction mechanism is divided into
four pathways, including oxidation reduction, complexation, electrostatic adsorption and pore adsorption.
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Figure 1

The N2 adsorption–desorption isotherm of materials
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Figure 2

FTIR spectrums of (a) SB, (b) SB-DETA and (c) 8%Fe-SB- DETA



Page 17/25

Figure 3

XRD patterns of (a) SB, (b) SB-DETA and (c) 8%Fe-SB- DETA



Page 18/25

Figure 4

Cyclic voltammograms of biochar electrodes
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Figure 5

Linear sweep voltammetry curves at different potentials
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Figure 6

I-t curves of biochar at the bias potential of 1.0 mV
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Figure 7

EIS curve for biochar at the bias potential of 1.0 mV
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Figure 8

The effect of Fe loading content on the adsorption e�ciency

Figure 9
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Schematic diagram of mass balance experiment

Figure 10

The adsorption con�gurations of arsenic on Fe-SB-DETA
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Figure 11

The mechanism of arsenic adsorption on 8%Fe-SB-DETA
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Figure 12

XPS of the As3d and Fe2p state of arsenic before and after adsorption present in 8%Fe-SB-DETA

Figure 13

FTIR spectrums of (a) 8%Fe-SB-DETA and after adsorption As(III) with (b) 0.2 ppm, (c) 0.4 ppm, (d) 0.6
ppm and (e) 0.8 ppm


