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ABSTRACT

This study involved novel-designed sludge biochar (SB) adsorbed for arsenic removal with lower operating costs and higher adsorption effi-

ciency properties. Generally, biochar only relies on micropores for pollutant adsorption, but physical adsorption is not highly efficient for

arsenic removal. Therefore, in order to improve the removal efficiency of arsenic by SB, diethylenetriamine (DETA) and FeCl3 were used in

this study to modify the surface of SB by an immersion method. 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. This study is the first to use Density Func-

tional Theory (DFT) to simulate and verify the adsorption mechanism of arsenic by SB. Results showed the presence of amine/iron

oxyhydroxides functional groups greatly promoted SB surface activity and its arsenic adsorption potential. The surface area, pore volume

and pore size of the SB were estimated to be 525 m2 g�1, 0.35 cm3 g�1 and 8.71 nm, respectively. The DFT model result is the same as

the result of arsenic adsorption performance with high adsorption energy (�246.3 kJmol�1) and shorter bond distances (1.42 Å), indicating

strong chemical adsorption between arsenic and material. The reaction mechanism is divided into four pathways, including oxidation-

reduction, complexation, electrostatic adsorption and pore adsorption.
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HIGHLIGHTS

• Novel design of amine-metal hydroxide group composite material.

• Composite material has lower costs and higher adsorption efficiency.

• This study is the first to use Density Functional Theory (DFT) to simulate and verify the adsorption mechanism of arsenic by sludge biochar.

• The adsorption mechanism of iron oxyhydroxides functional groups and arsenic was used density functional theory.

• Composite material has four adsorption pathways.

INTRODUCTION

Warming of the earth is considered as the major adverse effect of climate change along with other abnormalities such as non-

availability of water resources, rise in seawater level, glaciers melting, and loss of biodiversity. Over the years, decreased
agriculture production and water quality degradation have been observed due to climatic abnormalities. Crop production
is highly sensitive to climate. It is affected by long-term trends in average rainfall and temperature, annual climate variations,

shocks during different stages of growth, and extreme weather events (Srivastav et al. 2021). Therefore, water recycling and
water conservation is one of the sustainable development goals. Heavy metals are one of the most hazardous inorganic con-
taminants of both water and soil environment composition. Normally, heavy metals are non-biodegradable in nature because

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and

redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).

© 2022 The Authors Water Science & Technology Vol 85 No 5, 1384 doi: 10.2166/wst.2022.047

Downloaded from http://iwaponline.com/wst/article-pdf/85/5/1384/1021040/wst085051384.pdf
by guest
on 15 January 2024

https://orcid.org/0000-0001-7862-6802
mailto:liaochunhsing@gmail.com
http://orcid.org/
http://orcid.org/0000-0001-7862-6802
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/wst.2022.047&domain=pdf&date_stamp=2022-02-08


of their long persistence in the environment. Trace amounts of heavy metal contamination may pose severe health problems

in human beings after prolonged consumption (Kanwar et al. 2020).
Arsenic is a concern in groundwater or wastewater treatment because of its health effects. Arsenic was classified 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 the water environment (Level 2). Arsenic is primarily used in sol-
utions such as As(V) (H2AsO4

�, HAsO4
2� and AsO4

3�) and As(III) (H2AsO3
�, HAsO3

2� and AsO3
3�) (Yang et al. 2015). In

general, As(III) is more toxic than As(V) because the former binds to single but more closely related groups of nearby sulf-
hydryls that react with a variety of proteins and inhibit their activity. Owing to electronic configuration As(III) is more

stable than As(V) (Aposhian et al. 1989; Sahu & Patel 2013). 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 (Sahu & Patel 2013). Arsenic is toxic and induces hyper-pigmentation,
muscle weakness, skin thickening, neurological disorders and human cancer. The main route of human exposure is drink-
ing arsenic contaminated groundwater. Hence, the arsenic level for drinking water has been reduced by the World Health

Organization to 10 μg L�1 (Choong et al. 2007).
The approaches for arsenic removal from water sources include chemical precipitation, membrane processes, reverse

osmosis, oxidation, ion exchange (Mondal et al. 2006, 2013) and electro coagulation treatment (Song et al. 2017). Recent
research focused on the use of possible adsorbents, many adsorbents were used for arsenic adsorption based on agriculture
and industrial waste, surfactants, carbon-based materials, polymers and metal oxides (Kurniawan et al. 2012; Ray & Shipley
2015). Especially, metal oxides such as iron-doped amino-functionalized sawdust (Hao et al. 2016), isolated ferric ion com-
bined on chelate resin (Aacharya et al. 2017), magnetic gelatin modified biochar (Zhou et al. 2017), iron hydroxide/

manganese dioxide (Xiong et al. 2017), activated carbon–alumina composites (Karmacharya et al. 2016), zeolite synthesized
from cenospheres (Markandeya et al. 2021), zero-valent iron nanoparticles (Dong et al. 2012; Bhowmick et al. 2014), silver
nanoparticles (Bhardwaj et al. 2021), TiO2 (Xu et al. 2010), CeO2 (Feng et al. 2012), CuO (Reddy et al. 2013), Fe2O3 (Tang

et al. 2011a, 2011b), Fe3O4 (Akin et al. 2012), CaO (Olyaie et al. 2012), ZrO2 (Cui et al. 2013), GNPs/CuFe2O4 (La et al.
2017), metal-organic frameworks (Rani et al. 2020) and have been extensively studied in aqueous solution for arsenic treat-
ment due to their high affinity 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 a one step facile and
quick preparing method for high efficiency for arsenic removal. Sludge Biochar (SB) has been identified as an effective adsor-

bent that can be used to remove various heavy metals dissolved in water, because the specific 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 attrac-

tion, or surface complexation to effectively remove arsenic. On the 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 arsenic adsorption. In this particular adsorption, the particles of iron oxy-

hydroxides 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 sufficient 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 difficulties 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 efficiently
to As molecules allowing electrostatic interactions with metal oxyhydroxide particles and with acidic surface groups

(Arcibar-Orozco et al. 2014).
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 (Gao et al. 2018). The Density Functional Theory
(DFT) has proven to be a successful research tool for adsorption and reaction theoretical analysis. The mechanism for
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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 modified material; (b) to obtain optimum operation conditions by assessing the effect of differ-
ent Fe content loading mass on adsorbing arsenic; (c) to obtain optimum operation 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.

MATERIALS AND METHODS

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 (x¼ 33, 50, 60 and 67%) were dissolved in 150 mL of dis-
tilled water. Then, 10 g of urban sludge was mixed with the ZnCl2 solution and stirred at approximately 85+ 5 °C for 2 hr.
The mixtures were dehydrated in an oven at 110+ 5 °C for about 24 hr. The ZnCl2 impregnated urban sludge was placed in a

quartz tube (diameter: 2.0 cm, length: 70 cm) and pyrolyzed in a horizontal tubular furnace (power: 1000 W) under nitrogen
flow. Nitrogen was used to provide an inert atmosphere under flow rate of 60 mL min�1. The samples were heated to final
temperatures of 450+ 5 °C with a heating rate of 10 °C min�1 for a residence time of 1 hr in a horizontal tubular furnace.

The resultant SB was washed with 3 M HCl solution by heating at around 90+ 5 °C for 30 min to remove residual ZnCl2.
In addition, it was filtered and rinsed by warm distilled water until it reached neutral pH, than dried at 100+ 5 °C in an
oven for about 12 hr and weighed to calculate the yield.

Preparation of Fe-SB-DETA

Fe-SB-DETA was prepared following the method described by Lin et al. (2019) and Chen et al. (2021). In brief, most of the

sludge moisture was removed in the decanter after pretreatment in a calciner for 2 hr to obtain absolute preparation materials.
To obtain the activated material, the appropriate amount of 3.3% 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 filtered and rinsed by
distilled water. Different composite materials are abbreviated as 2%Fe-SB-DETA, 4%Fe-SB-DETA, 8%Fe-SB-DETA, 16%Fe-
SB-DETA and 32%Fe-SB-DETA.

Materials characterization

The specific surface area, pore size distribution and pore volume were determined by performing nitrogen adsorption-deso-
rption measurements with an ASAP 2020 apparatus by using Brunauer-Emmett-Teller (BET) calculation methods. The
Fourier Transform Infrared (FTIR, Model: NiCoLET- iS10) of the biochar was recorded to study the functional groups at
room temperature. The crystal phase of the biochar was determined by an X-ray Diffraction (XRD, Model: X-Pert PRO)

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 interaction oxidation and reduction mechanism of metal ions on biochar was used Electrochemical
Techniques (ECT, Model: PGSTAT302N). The metal valence on the surface of biochar was further determined by X-ray

photoelectron spectroscopy (XPS, Model: ESCALAB Xiþ).

Adsorption performance assessment

Adsorption isotherm experiments were carried out in a 100 mL batch adsorption system. Arsenic solutions were prepared by
adding As2O3 (As(III)) from the High-Purity Standards company. The sludge biochar was mixed with 50 mL of the appropri-

ate As(III) solution at 25 °C for 60 min. The solution was filtered using a membrane filter (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 arsenic per adsorbent unit mass was determined by weight balance as follows Equation (1):

qe ¼ Co � Ce

W
� V (1)
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where the equilibrium adsorption capacity is qe (mg g�1), V (mL) is the volume of As solution, W (mg) is the amount of adsor-

bent 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).

Adsorption kinetics

A first order reaction depends on the concentration of only one reactant (a unimolecular reaction). The pseudo-first-order

equation is given as follows:

dqt
dt

¼ k1(qe � qt) (2)

where qt is the amount adsorbed at time t (mg g�1), and qe is the adsorption capacity at equilibrium (mg g�1). In addition, k1 is
the pseudo-first-order rate coefficient (min�1) and t is the contact time (min). The integration of Equation (2) with the initial

condition, qt¼ 0 at t¼ 0, leads to the following Equation (3) (Mahmood et al. 2018):

log (qe � qt) ¼ log qe � k1

2:303
t (3)

A second order reaction depends on the concentrations of one second order reactant, or two first order reactants. The
pseudo-second-order model is represented as follows:

dqt
dt

¼ k2 (qe � qt)
2 (4)

where k2 is the pseudo-second-order rate coefficient (mg g�1 min�1). Integrating Equation (4) and qt¼ 0 at t¼ 0, the following
Equation (5) is obtained (Mahmood et al. 2018):

t
qt

¼ 1
k2q2e

þ 1
qe

t (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 x¼ 10 Å, y¼ 10 Å,

and z¼ 14 Å.
In Materials Studio 2018, all the DFT calculations in this analysis were carried out using the DMol3 software kit (Materials

Studio DMoL3 2018). The terms of exchange and correlation were determined in the form proposed by Perdew, Burke, and

Ernzerhof using the Generalized Gradient Approximation (Perdew et al. 1996). 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
(Delley 2002). 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

Equation (6) (Hu et al. 2017):

Eads ¼ EFe�SB�DETA�pollutant � (EFe�SB�DETA þ Epollutant) (6)

where EFe-SB-DETA and Epollutant respectively represent the energies of the Fe-SBC-DETA surface and the single pollutant mol-
ecule, and the EFe-SB-DETA-pollutant is the total energy of pollutant-Fe-SB-DETA complex. According to Equation (2), a negative

value of Eads indicates that the process is an exothermic reaction and high negative value corresponds to a stronger inter-
action, which indicates more heat release and a more stable product. There exist two types of adsorption, if the value of
Eads is between �30 and �10 kJ mol�1, the reaction is classified as physical absorption. Otherwise, if the value is between
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�960 and �50 kJ mol�1, then it belongs to chemical adsorption. Basically, a higher value of Eads corresponds to a stronger

adsorption (Gao et al. 2018).

RESULTS AND DISCUSSION

Characterization of materials

An 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. Fewer activators can not completely manufacture pores of SB, but too much activator fails to create more

pores and causes the pores to be blocked and remain on the surface of the material, resulting in a decrease in pore
volume and specific surface area. The isotherms belonged to Type IV in the definition 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 Figure 1. The surface area and pore volume
in this study were higher than the results of Rahman et al. (2020) (375.32 m2 g�1 and 0.239 cm3 g�1) and Mahmood et al.
(2018) (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 modified on
SB were analyzed by FTIR spectroscopy, as shown in Figure 2. The peak at 3400 cm�1 of 8%Fe-SB-DETA is significantly

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 (Ma et al. 2014). The appearance of peaks at 2849 and 2930 cm�1 in the spectrum were
attributed to C-H stretching vibration in -CH and -CH2 (Ma et al. 2014). The band at 1620 cm�1 can be ascribed to C¼C

aromatic ring stretching vibration (Kilic et al. 2011). The band at 1430–1470 cm�1 is ascribed to C-H bending vibrations
in CH3 groups (Ma et al. 2014). C¼O vibrations at 1000–1100 cm�1 are produced by the stretching vibration of the
oxygen-containing functional group C¼O bond (Jindo et al. 2014). There is a weak vibration band between 530 and

765 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 shown in Figure 3. The XRD pattern of biochar exhibited one broad diffraction peak corresponding to

the diffraction of carbon. A peak at 2θ¼ 25° was observed for the SB, which was attributed to the carbon in SB (Figure 3(a)).
Figure 3(b) shows that the carbon peaks change significantly after using DETA to modify the surface of SB. This is because the
carbon peaks become stronger when the carbon in DETA is combined with 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 2θ¼ 36° and 57°, respectively, shown in Figure 3(c).

Figure 1 | The N2 adsorption–desorption isotherm of materials.
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During the present studies, our aim was to look into the difference in the interaction oxidation/reduction mechanism of
metal ions on SB using the ECT method. Cyclic Voltammetry (CV) is used to investigate the effect of surface modification,

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-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%

Figure 3 | XRD patterns of (a) SB, (b) SB-DETA and (c) 8%Fe-SB- DETA.

Figure 2 | FTIR spectrums of (a) SB, (b) SB-DETA and (c) 8%Fe-SB- DETA.
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Fe-SB-DETA. As a result, 8%Fe-SB-DETA (0.0027 mA) has larger currents than 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 significant 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 beneficial to pollutants adsorption.

The current density is tested for more than 300 s, maintaining the applied voltage constant at 1.0 mV. Figure 6 shows the
currents densities 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 significantly enhance electron mobility by reducing the recombination of elec-
tron-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 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

Figure 4 | Cyclic voltammograms of biochar electrodes.

Figure 5 | Linear sweep voltammetry curves at different potentials.
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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. In the results shown in Figure 7, the 2%Fe-SB-DETA produces a high Z″ value, indicative
of higher resistance due to the transfer of charges. The smaller Z″ value of 8%Fe-SB-DETA indicates higher charge carrier

transfer efficiency. This determines the effective characteristics of materials as adsorption material. 8%Fe-SB-DETA stands
out among all five samples as ideal adsorption material with better adsorption capacity.

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 specific 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 at pH 3

Figure 6 | I-t curves of biochar at the bias potential of 1.0 mV.

Figure 7 | EIS curve for biochar at the bias potential of 1.0 mV.
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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 As(III) was (–) negative under pH larger than 9. In addition, the surface of 8%Fe-SB-DETA
was (þ) positively charged at pH between 2 and 3. However, the surface of As(III) was (�) negative under pH larger than
4, as shown in Table 1. Therefore, there is no repulsion between As(III) and 8%Fe-SB-DETA. In this adsorption experiment,

first, As(III) is oxidized to form As(V) by 8%Fe-SB-DETA. Afterward, there was 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 com-
plexation, so that As(V) is adsorbed on the surface of the material.

The results show that the removal efficiency of arsenic significantly increases from 30 to 90% with increasing Fe content

from 2.0 to 16.0%. However, the removal efficiency is not changed obviously from 85 to 90% with increasing Fe content from
8.0 to 16.0%. In contrast, the removal efficiency is decreased from 90 to 66% with increasing Fe content from 16.0 to 32.0%.
In this study, it shows that the Fe impregnated on SB-DETA can significantly enhance the adsorption capacity for arsenic. The

higher Fe content does not increase removal efficiency too much when Fe is doped on SB-DETA, but causes the pores to be
blocked and remain on the surface of the material, resulting in a decrease in pore volume and specific surface area. The higher
iron particles covering the surface of the material will directly affect the complexation between the amine functional group

and As(V), causing the adsorption effect to decrease. The adsorption capacity of 8% Fe-SB-DETAwas 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 Figure 8. This result is
similar to Xiong et al. (2017) by iron hydroxide/manganese dioxide doped straw activated carbon.

Mass balance experiment

Amass balance experiment was conducted to understand the mass before and after arsenic adsorption in the adsorption exper-
iment, as shown in Figure 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-

DETAmaterial at pH 3 for 30 min contact time. The remaining concentrations and mass of As(III) and As(V) in 0.2 L solution

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 þ þ – – – – – – – – 3.87

Figure 8 | The effect of Fe loading content on the adsorption efficiency.
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after adsorption are 1.2 ppm and 0.24 mg; 2.3 ppm and 0.46 mg, respectively. In this specific adsorption, As(III) is oxidized to
form As(V) by 8%Fe-SB-DETA. This result has been proved by XPS analysis results that Fe3þ reduced to Fe2þ 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 concen-
trations and mass of As(III) and As(V) were 6.8 ppm and 1.36 mg; 9.4 ppm and 1.88 mg, respectively. The results show that the

total dissolved concentration after arsenic adsorption is 3.94 mg. The concentration of arsenic is 0.06 mg, which is equivalent to
1.5+ 0.2%. This is caused by the loss of 8%Fe-SB-DETA powder during the dissolution test and filtration process.

Adsorption kinetics

The correlation coefficients (R2) increased from 0.7026 to 0.7773when the initial concentration of As(III) increased from 0.2 to
0.8 ppm. However, the values of the rate constant (k1) were found to increase from 1.8� 10�3 min�1 to 4.4� 10�3 min�1. The

data shows that there is not good compliance with the pseudo first order equation and the regression coefficients for the linear
plotswere lower than 0.95,which indicates that the pseudo first order equation is not applicablewhen describingAs(III) adsorp-
tion behaviors on 8%Fe-SB-DETAmaterials, as shown in Figure 10(a). In the other hand, the R2 of pseudo-second-order model
range from 0.9733 to 0.9957 with As(III). However, the values of the rate constant (k2) were found to increase from 2.9� 10�3

mgg�1 min�1 to 4.1� 10�3 mg g�1 min�1 with As(III). The data shows good compliancewith the pseudo second order equation
and the regression coefficients for the linear plots were higher than 0.97, which indicates that the pseudo second order equation
is applicable when describing As(III) adsorption behaviors on 8%Fe-SB-DETAmaterials, as shown in Figure 10(b). The finding

demonstrates that the adsorption mechanism of As(III) on 8%Fe-SB-DETA includes both physical and chemical adsorption.

Adsorption configurations 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 this study used DFT to verify the arsenic adsorption mechanisms by SB and
Fe-SB-DETA composite material. In this research, a single layer structure is used to simulate carbon surface models of SB, as

shown in Figure 11(a). Figure 11(b) shows that the arsenic was adsorbed onto the SB surface with Eads values of�27.3 kJ mol�1,
indicating a physical adsorption between arsenic and the 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 Figure 11(c) and 11(d) and Table 2. It also shows that the bond type, bond distance and adsorp-

tion energies. Adsorption configurations were considered in Figure 11(c) and 11(d) in order to achieve the most stable arsenic
adsorption configuration. The more monodent conformations have been identified, where the interaction of dopant O with the
unprotonatedOatombelonging to anAs-O bond is formed. The bond distances ofN-O and Fe-O are 1.84 and 1.42 Å, respectively,

are shorter for the compounds in compliance with the increased adsorption energies (�93.5 and �246.3 kJ mol�1), indicating
strong chemical adsorption between arsenic and the Fe-SB-DETA surface. In 2016, Wei et al. (2016) simulated the adsorption
effect of As(V) on TiO2 at pH 4, results shown the bond distances and Eads of As(V) adsorption configurations on TiO2 surface

Figure 9 | Schematic diagram of mass balance experiment.
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were 1.74 Å and 292 KJ mol�1, respectively. The DFT simulation in this study has a limitation, since DFT cannot simulate the

adsorption behavior between different iron content and arsenic. If DFT break through this limitation, the DFT simulation results
will be more detailed and close to the actual results of this experiment.

Figure 11 | The adsorption configurations of arsenic on Fe-SB-DETA

Figure 10 | Adsorption kinetics for adsorption of arsenic: (a) Pseudo-first-order and (b) Pseudo second order.
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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 Figure 12. In the first pathway, first, As(III) is oxidized to form As (V) by 8%Fe-SB-
DETA at pH 3, as shown in the Equation (7). 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 (Jain et al. 1999; Sherman & Randall 2003; Arcibar-Orozco et al. 2014), as shown in

Equation (8). The second pathway is the interaction of amino functional groups on 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 Equation (9). In the third pathway, the attachment of As(V) ions onto the 8%Fe-SB-DETA via electrostatic inter-

actions, the surface of the material is positively charged and the As(V) ion is negative charged producing electrostatic
adsorption under acidic conditions. In this specific 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 counter-

act 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 difficulties in
overcoming these electrostatic forces they cannot interact to a higher extent with iron particles and hence adsorption

occurs to a lesser extent (Arcibar-Orozco et al. 2014). 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� FeOOHþH3AsO3 ¼ M� FeOþH2AsO
�
4 þ 2Hþ (7)

M� FeOOHþH2AsO
�
4 þHþ ¼ M� FeO�H2AsO4 þH2O (8)

M�NH3 þH2AsO
�
4 ¼ M�NH2 �H3AsO4 (9)

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

Figure 12 | The mechanism of arsenic adsorption on 8% Fe-SB-DETA.
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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 and 45.5 eV corresponding to As(III) and As(V) core levels, respectively. The percentages of As3þ (79.15%)
and As5þ (20.85%) relative to the total Fe were calculated, mainly As3þ valence state, as shown in Figure 13(a). Figure 13(b)
shows that the relative content of As3þ after adsorption on the surface of 8%Fe-SB-DETAwas reduced to 39.65%; meanwhile,
that of As5þ increased to 60.35%.

To determine the valence state and relative content of Fe in the reaction, XPS peak differentiation-imitating analysis of the
Fe2p spectrum was conducted, as shown in Figure 13(c) and 13(d). The core level spectrum of Fe2p of the 8%Fe-SB-DETA
sample reveals the binding energy peaks at 714.5 and 728.1 eV corresponding to Fe2p3/2 and Fe2p1/2 core levels, respect-

ively. The photoelectron peaks observed at 714.3 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 Fe3þ and Fe2þ relative to the total Fe were calculated. By comparing Figure 13(c) and 13(d), it can be

seen that the relative content of Fe3þ after the reaction was reduced from 58.28 to 21.88%; meanwhile, that of Fe2þ increased
from 41.72 to 78.12%. This result is consistent with the mass balance experiment, Fe3þ (21.88%) are reduced to Fe2þ (78.12%)
and As3þ (39.65%) are oxidized to As5þ (60.35%).

In order to understand whether there is complex adsorption between 8%Fe-SB-DETA and arsenic after modification, 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 Figure 14. The intensity of the characteristic peaks at 3400 and
1040 cm�1 was significantly reduced when the arsenic concentration increased. This result proved the C-NH3 function

group on the surface of 8%Fe-SB-DETA has generated complexation with the arsenic.

Figure 13 | XPS of the As3d and Fe2p state of arsenic before and after adsorption present in 8%Fe-SB-DETA.
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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 efficiency is 90% and
adsorption capacity is 4.24 mg g�1. Simultaneously, the DFT model result is the same as the result of As(III) adsorption per-

formance, 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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