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Abstract

Usages of hospital sludge as a biochar adsorbent for wastewater treatment plants were investigated. Microwave
carbonization was used to carbonize the sludge and then chemically activated with ZnCl2 to increase surface area
and porosity. A newly designed amine functional group’s doped Sludge Biochar Carbon (SBC) presents effective
inorganic arsenic (As (III)) and organic arsenic (Dimethylarsinic Acid, DMA) adsorption in water. The pore volume,
pore size distribution and specific surface area were determined by performing nitrogen adsorption-desorption
measurements. The Fourier Transform Infrared of the SBC was recorded to study the functional groups at room
temperature. The composition of SBC was further determined by X-ray Photoelectron Spectroscopy. In order to
understand the effect of amine functional complexes on arsenic adsorption, the adsorption mechanism of As (III)
and DMA on SBC surfaces modified with amine functional complexes was studied using Density Functional Theory
(DFT). DFT results showed that both physical and chemical adsorption of As (III) and DMA on SBC surfaces occurred.
The participation of amine functional complexes greatly promoted the surface activity of SBC surface and its
adsorption capacity on arsenic. The physical adsorption energies of As (III) and DMA on SBC surface with amine
functional complexes were − 38.8 and − 32.4 kJ mol− 1, respectively. The chemical adsorption energies of As (III) and
DMA on SBC surface with amine functional complexes were − 92.9 and − 98.5 kJ mol− 1, respectively.
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Introduction
Biochar has been identified as an effective adsorbent that
can be used to remove various heavy metals dissolved in
water, because the specific surface area and micro-
porous structures of biochar are high. It hosts several
surface functional groups, such as carboxyl (−COOH),
hydroxyl (−OH) and amino (−NH2), for adsorbing heavy
metal effectively [1, 2]. These groups can work through
electron donation, cation exchange, electrostatic attrac-
tion, or surface complexation to effectively remove heavy
metals [3]. Recent studies have focused on the use of
many potential adsorbents: the utilization of sewage

sludge [4], waste tire rubber [5], natural lignocellulose
materials [6], doum stone [7], clays and their minerals
[8], agriculture and industrial waste [9] as cheap and en-
vironment friendly materials has attracted increasing at-
tention [10]. An alternative carbon source is readily
available in the form of hospital sludge, which is cur-
rently managed as a waste in Taiwan. The amount of
hospital sludge in the country has steadily increased,
thus forcing the government to spend a significant
amount of money on managing this waste. According to
the previous study, it needs to spend a lot of time, more
than 24 h, to prepare biochar from hospital sludge with
traditional methods, such as pyrolysis and calcination
with N2. It is important to shorten the time of preparing
biochar within 15min to get abundant products with
feasible methods, such as microwave technology.
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On the other hand, natural weathering processes, vol-
canic eruptions, gold mining, biological activity, burning
of fossil fuels, smelting of metal ores, desiccants, wood
preservatives and agricultural pesticides, and many other
anthropogenic activities are responsible for the presence
of arsenic in water [11]. Arsenic is toxic and induces
hyper-pigmentation, muscle weakness, skin thickening,
neurological disorders and human cancer. Drinking ar-
senic contaminated groundwater is the principal route of
human exposure. Therefore, the arsenic level for drink-
ing water has been established by the World Health
Organization to 10 μg L− 1 [12, 13]. In addition, As (III)
is more toxic than As(V) since the former binds to single
but with higher affinity for groups of sulfhydryls that as-
sociate with a variety of proteins and inhibit their activ-
ity and given its electronic structure, As (III) is more
stable than As(V) [11].
Most ground state electronic structure calculations of

molecules, atoms and solids are carried out using the
Density Functional Theory (DFT) method. DFT is a
valuable tool to study the mechanisms of interaction at
the solid liquid interface. In the Zhang and Liu [14] re-
search, DFT based quantum chemistry methods were
used to explore the mechanism of adsorption of As (III)
on the surface of ferric oxide. The results show that O-
top and O-hollow sites on the α-ferric oxide acted as the
active sites for As (III) adsorption, and the O-top activity
is higher. The breakage of the As-O bond in the As (III)
is the critical stage of As (III) adsorption, which is
checked by comparing binding energy from various ad-
sorption sites [14]. In the study of Fan et al. [15], DFT
calculations were investigated for the mechanisms of As
(III) adsorption on the CaO surface under oxygen at-
mosphere. These reactions could be categorized as three
forms according to the energy barrier with the goal to
represent the strength of the necessary reaction
temperature. Also the number of superficial CaO occu-
pied by As (III) is considered to describe the adsorption
reaction equation [15]. Gao et al. [16] conducted a the-
oretical calculation on the effect on arsenic adsorption
over carbonaceous surfaces of functional oxygen com-
plexes and found that modified carbonaceous surfaces
are highly adsorbent, consistent with experimental evi-
dence. According to the previous study, the mechanism
of inorganic arsenic and organic arsenic adsorption on
the carbon surface of biochar prepared from hospital
sludge is hardly any theoretical study. Therefore, the ad-
sorption mechanism of amine functional complexes for
arsenic adsorption over Sludge Biochar Carbon (SBC)
needs to be clearly demonstrated. The inorganic arsenic
and organic arsenic adsorption mechanisms on SBC and
amine functional material (DETA-SBC) were systematic-
ally investigated using DFT calculation. The objectives
of this work are (a) to prepare sludge biochar carbon

and amine functional material, such as SBC and DETA-
SBC for developing key reaction between arsenic and
modified biochar; (b) to characterize sludge biochar car-
bon with nitrogen adsorption-desorption measurements,
Fourier Transform Infrared Spectroscopy (FTIR) and X-
ray Photoelectron Spectroscopy (XPS) for verifying the
mechanisms for adsorbing arsenic; (c) to obtain
optimum operation conditions by assessing the effect of
different diethylenetriamine amount on adsorbing inor-
ganic arsenic and organic arsenic; (d) to investigate the
intra-particle diffusion parameters of arsenic adsorption
for developing arsenic adsorption mechanisms; and (e)
to systematically calculate adsorption energy, bond dis-
tance and adsorbed structure through DFT.

Materials and methods
Starting materials and chemicals
Hospital sludge was obtained from Far Eastern Memor-
ial Hospital water treatment plant (1000 m3 d− 1) at New
Taipei City in Taiwan. The sludge was carbonized in a
microwave carbonization reactor. The microwave gener-
ator was used by Zhuzhou Wavelane Technology Co.
(1000W, Model Wemax A1). The sludge slurries were
crushed and filtered (particle size of less than 0.1 mm)
before activation. Hydrochloric acid (HCl), zinc chloride
(ZnCl2), sodium hydroxide (NaOH) and Diethylenetria-
mine (DETA) were purchased from Ke-Hua Chemical
Reagent Co. Inorganic arsenic (As (III)) and organic ar-
senic (Dimethylarsinic Acid, DMA) was obtained from
high-purity standards. All chemical reagents were of
analytical grade and directly used as received without
further purification. Ultrapure water was obtained for
the preparation of all solutions.

Preparation of DETA-SBC
DETA-SBC was prepared following the method as de-
scribed below. Hospital sludge has some infectious bac-
teria or viruses, so hospital sludge needs to be treated
with caution in the pretreatment stage and under special
prescribed space conditions. In brief, in this study, infec-
tious bacteria, viruses, and moisture of the sludge were
removed in the decanter after pretreatment in a micro-
wave oven at 1000W for 30 min to obtain absolute prep-
aration materials. To obtain the activated material,
50%ZnCl2and the as-synthesized carbonized sludge was
added in 150mL of deionized water, and stirred at 85 ±
5 °C for 2 h. The mixture was dehydrated in an oven at
110 ± 5 °C for 24 h and then pyrolyzed in a horizontal
tubular furnace under nitrogen flow at different temper-
atures (include 300, 400, 500, 600, 700 and 800 ± 5 °C)
for 2 h. Then, 10 g of SBC was mixed with different
amounts of DETA (including 0.7, 2.0, 3.3, 4.6 and 5.9%)
solution, and stirring for 2 h. The mixture again was
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dehydrated in an oven at 110 ± 5 °C for 24 h after filtered
and rinsed by deionized water.

Materials characterization
The pore volume, pore size distribution and specific sur-
face area were determined by performing nitrogen
adsorption-desorption measurements with an ASAP
2020 apparatus by using Barrett-Joyner-Halenda and
Brunauer-Emmett-Teller calculation methods. The sur-
face morphology of the biochar carbon was examined
using a Scanning Electron Microscope (SEM, Nova-nano
SEM 450). The FTIR (thermo Nicolet iS10 FTIR Spec-
trometer) of the biochar carbon was recorded to study
the functional groups at room temperature. The com-
position of biochar carbon was further determined by
XPS.

Adsorption performance assessment
Adsorption isotherm experiments were carried out in
100 mL adsorption system. The porous adsorbents were
mixed with 50mL of the appropriate arsenic solution at
25 °C for 60 min. The solution was filtered with using a
membrane filter (pore size 0.45 μm). In addition, an in-
ductively 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 fol-
lows Eq. (1):

qe ¼
Co−Ce

W
� V ð1Þ

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).

DFT model and computation detail
The SBC surface is doped with DETA group to form
other DETA-SBC structures. The two pollutants (As
(III) and DMA) are adsorbed on the above DETA-SBC
structures respectively after 10 ns molecular dynamics
simulation. Finally, adsorption systems were constructed
in the same cubic simulation lattice built with their di-
mensions 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 [17]. The terms of exchange and correlation were de-
termined in the form proposed by Perdew, Burke, and

Ernzerhof using the Generalized Gradient Approxima-
tion [18]. 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 [19]. Solvation effects were incorporated by
conductor-like polarizable continuum model for all the
systems with water as solvent. The adsorption energy
(Eads) of pollute molecules on DETA-SBC surface was
calculated by the following Eq. (2) [20]:

Eads ¼ EDETA−SBC−pollute− EDETA−SBC þ Epollute
� � ð2Þ

Where, EDETA-SBC and Epollute respectively represent the
energies of the DETA-SBC surface and the single pollute
molecule, and the EDETA-SBC-pollute is the total energy of
pollute-DETA-SBC 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.

Results and discussion
Characterization of materials
This study investigated the effect of carbonization at dif-
ferent temperature on biochar carbon. The morphology
and pore structure of SBC are shown in Fig. 1. The car-
bonized temperature significantly affected the formation
of pore structure. The results showed that SBC has a
uniform pore at 500 °C, as shown in Fig. 1c, but the SBC
did not have any pores at 300 and 400 °C, as shown in
Fig. 1a and Fig. 1b. The pores of material are decreasing,
when the carbonization temperature increases from 500
to 800 °C, it is possible that carbonization at a relatively
high temperature can thin the material’s pore wall, mak-
ing the pores more vulnerable to destruction, as shown
in Fig. 1d and Fig. 1f. The best activation ratio of car-
bonized sludge over ZnCl2 was found to be 1:1, and the
results are listed in Table 1. The surface area, pore vol-
ume, and pore size of the un-activated SBC composites
were estimated to be 96 m2 g− 1, 0.73 cm3 g− 1 and 5.06
nm, respectively. In contrast, the surface area, pore vol-
ume, and pore size of the 50%ZnCl2-SBC2 composites
were estimated to be 525 m2 g− 1, 0.35 cm3 g− 1 and 8.71
nm, respectively. The isotherms belonged to Type IV
and suggested that N2 was condensed in the pores at
high relative pressure [21]. The changes in the functional
groups of SBC before and after activation were analyzed
by FTIR spectroscopy: it is seen that chemicals are well
mixed with raw material as shown in Fig. 2. The -OH
and N-H stretching vibration band are characteristic
peaks of the amine group at about 3410 cm− 1 [22] and
C-O vibrations at 1760 cm− 1 disappeared for all SBC
[23]. The appearance of peaks at 2930 and 2849 cm− 1 in
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the spectrum was attributed to C-H stretching vibration
in -CH and -CH2 [22]. The band at 1620 cm− 1 can be as-
cribed to C-C aromatic ring stretching vibration [23]. The
band at 1473–1435 cm− 1 is ascribed to C-H bending vi-
brations in CH2 groups [22]. The existence of bands about
1040–1100 cm− 1 which was assigned to SiO2 represented
the nature of the feedstock, and these bands were ob-
served in all biochar carbon [24]. There is a weak vibration
band between 765 and 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. Therefore, there are
more functional groups. The XPS spectrum of the SBC

hybrid sample is shown in Fig. 3a, illustrating the charac-
teristic peak of C, N and O. The results show that double-
bonding carbons for SBC are assigned the highest peak at
285 eV. The peak of approximately 285 eV binding energy
for SBC is a result of single carbon bonding [25, 26]. In
the DETA-SBC high-resolution N1s region, as shown
in Fig. 3b, due to neutral amine nitrogen (−NH-)
from the DETA chains, there is an extreme peak at
399 eV. When the DETA is doped on SBC, the main
component of the N1s peak shifts to 400 eV, referring
to the amine nitrogen (−NH-) [27].

Effect of DETA content
In this section, it discusses the impact of the amino group
density grafted on the SBC loading number. The density
of amino groups will vary with the different DETA mater-
ial added during the synthesis procedure. Different DETA
content, including 0.7, 2.0, 3.3, 4.6 and 5.9% was evaluated
with 3.0 g L− 1 of DETA-SBC at 0.5 mg L− 1 As (III) and
DMA for 30min contact time. Figure 4 shows the removal
efficiency of As (III) and DMA significantly increases from
41 to 86% and 52 to 97%, respectively, with increasing
DETA content from 0.7 to 5.9%. However, the removal

Fig. 1 SEM micrograph of SBC at different temperatures: (a) 300 °C, (b) 400 °C, (c) 500 °C (d) 600 °C, (e) 700 °C and (f) 800 °C

Table 1 The surface area and pore volume of materials

Material SBET (m
2 g− 1) Vmeso (cm3 g− 1) dp (nm)

SBC 96 0.73 5.06

33%ZnCl2-SBC 378 0.27 7.25

50%ZnCl2-SBC 525 0.35 8.71

60%ZnCl2-SBC 516 0.34 7.66

67%ZnCl2-SBC 436 0.29 6.87
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efficiency is not changed with increasing the DETA
content from 4.6 to 5.9%. In this study, it shows that
the amino groups impregnated on SBC can enhance
the adsorption capacity for As (III) and DMA. The
higher DETA content does not increase the removal
efficiency, but can increase the cost of the material
preparation. The adsorption capacity of As (III) and
DMA was calculated as 1.6 and 2.0 mg g− 1, respect-
ively, with 4.6%DETA-SBC.

Effects of pH
The pH level is an important controlling parameter dur-
ing adsorption, because pH affects the surface properties
of the adsorbent as well as the speciation of substrates.
The effect of pH on the adsorption of As (III) and DMA
were studied with 0.5 mg L− 1 arsenic solution using 3.0
g L− 1 of DETA-SBC material for 30 min contact time.
The removal efficiencies of As (III) and DMA at pH
values in the range of 3–11 are depicted in Fig. 5. The
highest removal efficiency is 93% at pH 3.0 with the As
(III) adsorption capacity 1.5 mg g− 1. The lower pH value

increased the number of positively charged sites and re-
duced the number of negatively charged sites. This
process created electrostatic between the positively
charged surface of the absorbent and the anionic As
(III). In other pathway is the complex interaction be-
tween the amino functional group on the surface of
DETA-SBC and As (III), causing arsenic to be adsorbed
on the DETA-SBC surface. On the other hand, the re-
moval efficiencies of DMA significantly increase from 75
to 98% with increasing of pH value from 3.0 to 9.5. In
contrast, the removal efficiency is decreased from 98 to
54% with increasing pH value from 9.5 to 11.0. The
highest removal efficiency is 98% at pH 9.5 with DMA
adsorption capacity is 2.2 mg g− 1 and drops to 0.51
mg g− 1 at pH 11. The pKa values of DMA are 1.9, 4.1
and 9.2, respectively [28]. The ionization of DMA
should be enhanced with increasing the solution pH.
Electrostatic interactions between the anionic form of
DMA and positively charged DETA-SBC can there-
fore easily occur below pH 9.5. While pH > 9.5, the
adsorption capacity should decrease due to the

Fig. 2 FTIR spectrums of (a) SBC, (b) 33%ZnCl2-SBC, (c) 50%ZnCl2-SBC, (d) 60%ZnCl2-SBC and (e) 67%ZnCl2-SBC
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Fig. 3 XPS spectra of (a) SBC and (b) DETA-SBC

Fig. 4 Effect of grafted amino density on the adsorption performance
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repulsion between negatively charged DETA-SBC and
DMA or affected by the competition of -OH. The
other researchers reported the similar results such as
Fu et al. [29].

Effects of recycle times
The adsorption capacity of As (III) and DMA on
4.6%DETA-SBC is not substantially changed after six

recycles of the adsorption-desorption processes, as
shown in Fig. 6. Most of the adsorbed arsenic species
can be desorbed from biochar by the alkaline at pH
11.5, which is in good accordance with the previous
results on the effect of pH on arsenic species adsorp-
tion. However, after six recycles of the adsorption-
desorption processes, the adsorption capacity of the
arsenic on 4.6%DETA-SBC exhibited an obvious de-
cline. It is possible that the structure of the

Fig. 5 Effect of different pH on the arsenic adsorption performance

Fig. 6 The uptake of arsenic by biochar in consecutive adsorption-desorption cycles

Chen et al. Sustainable Environment Research           (2021) 31:28 Page 7 of 14



4.6%DETA-SBC starts to deteriorate and the amino
groups are detached.

Intra-particle diffusion model
The rate limiting step was calculated with the intra-
particle diffusion model to better understand the adsorp-
tion mechanism. The results fitted and the parameters
derived from this model as shown in Fig. 7. Their correl-
ation coefficient (R2) obtained fell within the range of
0.618–0.986. The plots were multi-linear and show their
various processes of adsorption. The first line shows that
a sharper portion is due to the spread of arsenic through

the solution to the external adsorbent surface, as show
in the intra-particle diffusion model. The second line de-
fines the gradual stage of adsorption, in which intra-
particle diffusion limits the rate. This result is similar to
the results of Xiong et al. [30].

The physi-adsorption configurations of as (III) and DMA
on SBC
Finite benzene clusters from single layer activated car-
bon structure were used in this analysis to simulate
surface models of SBC, as shown in Fig. 8a. First, the
adsorption of inorganic and organic arsenic to SBC is

Fig. 7 Plot of the intra-particle diffusion equation for the adsorption of arsenic

Fig. 8 Configurations of As (III) and DMA adsorption on SBC surface
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predicted to be unstable, as SBC is inefficient for the
removal of arsenic. As observed in Fig. 8b, Fig. 8c
and Table 2, the As (III) and DMA are adsorbed onto
SBC with Eads value of − 21.1 and − 27.5 kJ mol− 1, re-
spectively, in different conformations, indicating a
physical adsorption between arsenic and SBC surface
since Eads value is smaller than − 50 kJ mol− 1 [16].
The bond distance of C-O bond is 3.61 Å (Fig. 8b)
and the bond distance of C-O bond is 3.41 Å (Fig.
8c). It illustrates that DMA adsorbed onto SBC is
stronger than As (III) adsorbed onto SBC verified by
its larger Eads value.

The physi-adsorption configurations of as (III) and DMA
on DETA-SBC
The results for the adsorption of As (III) and DMA on
the DETA doped onto SBC surface are summarized in
Table 2 and Fig. 9. The DETA doped onto SBC surface
with Eads values of up to − 291.7 kJ mol− 1, the adsorption
energies of DETA-SBC are all large enough to anchor
DETA atom firmly. The bond distance of C-N bond is
1.61 Å (Fig. 9a). Interestingly, when the DETA doped
onto SBC is used for adsorption of both anionic As (III)
and DMA an improvement in the adsorption is achieved.
Results show the As (III) and DMA are adsorbed onto
DETA-SBC surface with Eads values of up to − 38.8 and
− 32.4 kJ mol− 1, respectively, in different conformations,
indicating a physical adsorption between arsenic and
DETA-SBC surface. The bond distance of N-As bond is
2.26 Å (Fig. 9b) and the bond distance of N-As bond is
3.92 Å (Fig. 9c). It illustrates that DMA adsorbed onto
DETA-SBC is also stronger than As (III) adsorbed onto
DETA-SBC verified by its larger Eads value.

The possible chemi-adsorption configurations of as (III)
and DMA on DETA-SBC
The results for the adsorption of inorganic and organic
arsenic on the DETA-SBC surface displays all the

Table 2 Eads value of As (III) and DMA adsorbed onto each
material

Material Bond Bond distance (Å) Eads (kJ mol−1)

SBC C-As (b) 3.61 −21.1

C-As (c) 3.41 −27.5

DETA-SBC C- N (a) 1.61 −291.7

N-As (b) 3.26 −32.4

N-As (c) 2.92 −38.8

Fig. 9 Configurations of (a) As (III) and (b) DMA adsorption on DETA-SBC surface
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obtained conformations in Fig. 10 and Table 3 shows
the bond type, bond distances and adsorption energies.
Six possible adsorption configurations were considered
in Fig. 10 to obtain the As (III)'s most stable adsorption
configuration. The mostly mono-dentate conformations
have been found. The bond distances of N-As and N-O
are in the range between 2.05–1.82 Å and 2.32–1.96 Å,
respectively, which are shorter for the trivalent com-
pounds in compliance with the increased adsorption
energies, between − 52.4 and − 92.9 kJ mol− 1. The con-
formation in Fig. 10c shows higher adsorption energy
than that of the others. Additionally, six ground state ad-
sorption conformations for DMA were obtained (Fig. 11).
With regards to the adsorption of DMA on the surface
of DETA-SBC, DMA gained electron, while DETA and
biochar carbon lost electron. Accordingly, the adsorption
of DMA on the surface of DETA-SBC belongs to stable
chemisorption. Configuration Fig. 11d tends to have a

Fig. 10 The possible adsorption configurations of As (III) on DETA-SBC

Table 3 Adsorption energies of As (III) and DMA adsorbed onto
DETA-SBC surface

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

As (III) N-As (a) 2.05 −79.5

N-As (b) 2.13 −52.4

N- As (c) 1.82 −92.9

N-O (d) 2.32 −61.5

N-O (e) 2.13 −83.6

N-O (f) 1.96 −90.7

DMA N-As (a) 2.16 − 74.6

N-As (b) 2.12 −76.2

N-As (c) 1.91 − 94.3

N-O (d) 2.23 −53.4

N-O (e) 2.14 −75.5

N-O (f) 1.92 −98.5
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weak chemical reaction within, which corresponds with
− 53.4 kJ mol− 1 of adsorption energy. Otherwise, adsorp-
tion energy of configuration Fig. 11c is − 98.5 kJ mol− 1;
this suggests a strong chemical adsorption between the
surface DMA and DETA-SBC. In recent years, DFT sim-
ulates the adsorption mechanism of arsenic adsorbed on
the surface of the different materials as shown in
Table 4.

Mechanism discussion of arsenic adsorption by DETA-SBC
material
The mechanism for the adsorption of arsenic by biochar
has been proposed with the results obtained from the
experimental data, as presented in Fig. 12. The reaction
mechanism is divided into three pathways. The first
pathway is the attachment of arsenic ions into the pore
of DETA-SBC material via physical adsorption, which
may be attributed to van der Waals forces [31]. In the

Fig. 11 The possible adsorption configurations of DMA on DETA-SBC

Table 4 DFT simulates the adsorption mechanism of arsenic
adsorbed on the surface of the different materials

No. Material Pollutant Ref.

1 CaO As (III) [15]

2 Carbonaceous As (III) [16]

3 Fe-doped graphene As (III) [35]

4 MnO As (III) and As(V) [36]

5 ZnO As (III) and As(V) [37]

6 Nitrogen-doped carbon As (III) and As(V) [38]

7 TiO2 nanocrystals As (III) and As(V) [39]

8 Fe (II) and Fe (III) nanophases As (III) and As(V) [40]

9 α-Al2O3 As(V) [41]

10 DETA-SBC As (III) This study

11 DETA-SBC DMA This study
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Fig. 12 The schematic diagram of mechanism for arsenate adsorption on DETA-SBC

Fig. 13 XPS of the N1s state of DETA-SBC: (a) before and (b) after the As adsorption
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second pathway, the surface charge of amino-functional
biochar is positive because of the protonation effect of
amine groups when the pH solution is lower than pKa
(pKa+NH4 = 10) [32]. Then, the electrostatic attraction
between arsenic anions and protonated amino groups
contributes to the adsorption, as shown in the Eqs. (3)
and (4) [6]. The third pathway is the attachment of
amine functional groups onto the surface of adsorbents
and their replacement with oxygen groups, which is a
modification method for producing strong adsorbents
toward heavy metals [33]. This reaction mechanism is
also consistent with XPS analysis results.

SBC−NH3 þH2AsO4 ¼ SBC−NH3 �H2AsO4 ð3Þ

SBC−NH3 þH3AsO3 ¼ SBC−NH3 �H3AsO3 ð4Þ

The surface composition of the pristine and amino
functionalized DETA-SBC materials was analyzed by
XPS. The core level spectrum of N1s of the DETA-SBC
sample reveals the binding energy peaks at 398.5, 399.6
and 400.4 eV corresponding to C-NH3

+, C-NH2 and C-
N=C core levels, respectively. The percentages of C-
NH3

+, C-NH2 and C-N=C relative to the total N were
calculated, as shown in Fig. 13. Similar types of satellite
peaks were observed earlier by Ederer et al. [34]. By
comparing Fig. 13a and b, it can be seen that the relative
content of C-NH3

+ after the reaction was reduced from
47 to 29%; meanwhile, that of C-NH2

+ increased from
23 to 60%, which implied that during the adsorption ex-
periment, the C-NH3

+ groups that were coupled with
the SBC were likely to react with the As anions contami-
nants adsorbed on the surface of the electrode particles,
causing a decrease in the C-NH3

+ content.

Carbonization benefit assessment
In this experiment, the amount of biomass carbon was
prepared in each batch to be 300 kg. The first, the equip-
ment and power are listed for producing biochar adsorb-
ent, as shown in Table 5. The second, the cost of
chemicals, gases, water, electricity and personnel used
for developing biochar adsorbent was calculated. After
analysis and calculation, the cost of preparing biochar

adsorbent is 6.75 USD kg− 1. This is a considerably lower
cost than industrial-specific adsorption materials.

Conclusions
These findings clearly show the feasibility of processing
biochar from hospital sludge as a carbon source. The
biochar has homogeneous pores and high surface area
(> 520 m2 g− 1). The removal efficiency of As (III) and
DMA significantly increases with increasing DETA con-
tent from 0.7 to 4.6%. But the removal efficiency is not
changed with increasing the DETA content from 4.6 to
5.9%. The amino groups impregnated on SBC signifi-
cantly can enhance the adsorption capacity for As (III)
and DMA. The DFT results showed that both physical
and chemical adsorption of As (III) and DMA on SBC
surface took place. The presence of amine functional
complexes greatly promoted SBC surface activity and its
adsorption potential on arsenic. The reaction mechan-
ism is divided into three pathways.
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