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TiO2-loaded biochar prepared by waste Chinese
traditional medicine dregs
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and Shihua Qi *a

Oxidation of As(III) to As(V) is an effective way to improve the performance of most arsenic removal

technologies. In this study, a new alternative biosorbent, TiO2-loaded biochar prepared by waste

Chinese traditional medicine dregs (TBC) was applied in remediation for As(III) from aqueous solution.

Compared with unmodified biochar, the specific surface areas and total pore volumes of TBC increased

while the average aperture decreased due to the loading of nano-TiO2. The X-ray diffraction (XRD) of

TBC confirmed that the precipitated titanium oxide was primarily anatase. pH did not have a significant

effect on the adsorption capacity at 10 mg L�1 As(III) in suspension with a pH ranging from 2 to 10.

Adsorption kinetics data were best fitted by the pseudo-second-order model (R2 > 0.999). The Sips

maximum adsorption capacity was 58.456 mg g�1 at 25 �C, which is comparable with other adsorbents

reported in previous literature. The Gibbs free energy (DG) of As(III) adsorption was negative, indicating

the spontaneous nature of adsorption. The results of free radical scavenging and N2 purging experiments

indicated that O2 acted as an electron accepter and O2c
� dominated the oxidation of As(III). The

oxidation of As(III) obviously affected the adsorption capacity for As(III) by TBC. X-ray photoelectron

spectroscopy (XPS) studies showed that As(III) and As(V) existed on the surface of TBC, suggesting that

the oxidation of As(III) occurred. TBC played multiple roles for As(III), including direct adsorption and

photocatalytic oxidation adsorption. Regeneration and stability experiments showed that TBC was an

environment-friendly and efficient adsorbent for As(III) removal.
1. Introduction

Arsenic (As) is a known toxic element whose compounds can
cause acute and chronic arsenic poisoning, such as skin cancer,
lung cancer and other diseases.1 Elemental arsenic has been
widely studied for a long time due to its biological toxicity and
carcinogenic effect.2 Arsenic in the environment mainly comes
from (1) natural factors such as volcanic eruptions and rock
weathering and (2) human activities such as industrial and
agricultural activities, especially arsenic-containing wastewater
from industrial production.3,4 In nature, arsenic occurs in the
+5, +3, 0, and �3 states, which are mainly in the form of sulde
and oxide.5 Oxidation states +3 and +5 commonly exist in water
environments, depending on redox potential formation, but
states �3 and 0 are very rare.6 As(III) is more toxic and migratory
than As(V).5,7 As(III) exists in the form of H3AsO3, H2AsO3

�,
HAsO3

2� and AsO3
3� under reducing conditions, whereas As(V)
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4

is found in the forms of H3AsO4, H2AsO4
�, HAsO4

2� and AsO4
3�

under oxidizing conditions.6

Due to the high toxicity of arsenic, As contamination is
considered a recognized global environmental problem.8 To
minimize the biological toxicity of arsenic to human health,
environmental restrictions and regulations strictly control the
production and use of arsenic and its compounds. Arsenic is
listed as a pollutant of priority concern by the European Union
(EU) and the Environmental Protection Agency in the United
States of America (US EPA).9 The maximum permissible limit of
inorganic arsenic in safe drinking water is 10 mg L�1 according to
the World Health Organization (WTO).1,2,5,8,9 US EPA stipulates
that the arsenic emission standard of wastewater is 0.2 mg L�1.5

Technologies of arsenic removal from aqueous solution have
been widely studied. At present, the main methods of arsenic-
contaminated water remediation include coagulation, ion
exchange, membrane separation techniques, adsorption, sulfate-
reducing bacteria (SBR) and oxidation.1,3,5,6,9 However, these
methods havemany disadvantages, such as limitation of removal
efficiency, environmental unfriendliness or high cost.5,10

Adsorption is an efficient water purication technology, with
advantages such as simple operation, cost-effectiveness,
minimal sludge production and regeneration.10,11 Conventional
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis process of TBC.
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View Article Online
adsorbents include activated carbon (AC), activated alumina and
iron-oxide-based adsorbents.4,10–12 However, the deciencies of
these adsorbents limit a wide range of their applications in
arsenic removal from aqueous solution, such as particle
agglomeration, weak adsorption capacity, mechanical strength
and ow limits.5,13

Biochar is a carbonaceous and stable product, which is
prepared under anaerobic (or oxygen-limited) conditions and
low temperatures.10,12,13 Biochar can be easily produced by solid
waste materials from forestry wastes, agricultural wastes,
organic wastes from urban life, industrial wastes and other
organic wastes, which are abundant, inexpensive or freely
available.1,5,10,11,14 Due to its large surface area, porosity and
chemical functionality, biochar can be used to adsorb toxic
heavy metals.1,5,11,14,15 In addition, it can also be used as
a support material for small particles of other adsorbents to
prevent the agglomeration of particles.5,13 Compared with AC,
biochar is promising in removing heavy metals from water, but
its ability to remove heavy metal pollutants is lower.15 To
promote its ability to remove heavy metals, biochar is loaded
with minerals to improve their surface area, porosity, pH, point
of zero charge (PZC) and/or functional groups, including
nanoparticles, organic functional groups, reluctance and acti-
vation with alkaline solution.15,16 Compared with unmodied
biochar, modied biochar is increasingly considered for the
treatment of As contaminated water.10,12,15,16 However, further
biochar optimization and economic feasibility analysis are
needed before its widespread application.15 Therefore, cheap
and easily available raw materials for biochar production,
simple and operable modication methods are essential in the
future. Traditional Chinese medicine dregs are the waste dis-
charged from natural plants aer the extraction of medical
active components. In China, 30 million tons of Chinese
medicine dregs are produced annually.17 These wastes which
are abundant in cellulose, hemicellulose and lignin, are ideal
raw materials for biochar. The prepared biochar can be used for
the treatment of heavy metal wastewater. In addition, this can
greatly reduce solid waste pollution from traditional Chinese
medicine production enterprises.

As(III) which is more toxic and mobile than As(V) has a low
affinity for mineral surfaces, while As(V) adsorbs easily onto
solid adsorbent surfaces.15 The oxidation of As(III) to less toxic
As(V) is effective to improve the capacity of arsenic removal.4,18

The air oxidation of As(III) is a slow process, which will take
weeks. Recent studies have shown that TiO2 has been widely
used in the arsenic remediation and photocatalytic oxidation of
As(III).18–21 However, the separation problem of TiO2 powder
from water and the expensive cost of commercial TiO2 powder
due to complex synthesis methods limit its application in
arsenic removal.18,20 To overcome these problems, in this study
biochar prepared from waste Chinese traditional medicine
dregs were used as a support material for TiO2 particles loaded
onto biochar with a simple and moderate process by the sol–gel
method, as shown in Scheme 1. In addition, this study also
evaluated the adsorption performance of As(III) removal, and
revealed the possible mechanism of simultaneously photo-
catalytic oxidation and As(III) removal by TBC. The present work
© 2022 The Author(s). Published by the Royal Society of Chemistry
will provide a choice for As(III) removal by adsorbents with
efficiency, low cost and easy separation from aqueous solution.
2. Experimental section
2.1 Reagents and materials

L (+)-Ascorbic acid (C6H8O6) (Kermel), potassium tetrahy-
droborate (KBH4) (Kermel) and hydrochloric acid (Chuandong
Chemical) were used as superior pure reagents. Other chemicals
were analytical reagent. Sodium arsenite (NaAsO2, Aike reagent)
was used as the arsenic resource. Butyl titanate (Ti(OC4H9)4),
anhydrous ethanol, t-butyl alcohol (TBA), sodium hydroxide
(NaOH) and potassium hydroxide (KOH) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Superoxide dismutase
(SOD) (Hefei BASF Technology Co., Ltd.) was added to the bio-
char suspension to scavenge superoxide anions and hydroxyl
radicals. t-Butanol was used as a hydroxyl radical scavenger.
Deionized water (18.2 Mῼ cm�1, Milli-Q) was used in this study.
Stock solutions of As(III) were prepared by dissolving NaAsO2 in
deionized water solution.
2.2 Preparation of modied biochar

Biochar (BC) was prepared by waste Chinese traditional medi-
cine dregs from the manufacture of an anticancer injection
produced by Yibai Pharmaceutical Co., Ltd. The dregs mainly
included a certain proportion of Acanthopanax senticosus,
ginseng and Astragalus. The materials were washed twice with
tap water, then washed with deionized water and dried in
a drying oven (101-2AB, Taisite) at 80 �C for 48 h. The dried
dregs were crushed to less than 2 mm. Then, the biomass
powder (80.00 g) was pyrolyzed in a tube furnace (SG-GL1200,
Siom) under owing N2 at an increasing rate of 10 �C min�1.
The tube furnace was held at a target temperature of 450 �C for 1
hour. The biochar powder was cooled at room temperature,
ground and sied in 100 mesh.

TBC was synthesized at room temperature by a modied sol–
gel method as reported previously.20 In brief, a certain amount
of anhydrous ethanol, butyl titanate and concentrated hydro-
chloric acid were fully mixed and stirred at a certain rotating
speed. Then, 3.00 g BC was added to the mixture as solution A,
which was stirred at a certain rotating speed. A certain amount
RSC Adv., 2022, 12, 7720–7734 | 7721
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of anhydrous ethanol and deionized water were mixed
completely as solution B. Aer solution A was stirred for 30 min,
solution B was added dropwise into solution A. The mixture
continued to be stirred slowly until the solution formed a gel.
Aer aging at room temperature for 24 hours without light, the
gel was placed in an oven at 60 �C and dried for 24 hours. Aer
passing through a 100 mesh sieve, TBC was kept for reserve.
2.3 Adsorption experiments

The effect of the initial solution pH on the adsorption capacity
at a pH range from 2 to 10 (at intervals of 2 pH units) was carried
out at 25 �C. pH adjustment was accomplished by using of 1 M,
0.1 M and 0.01 M HCl and NaOH solutions. Aer shaking for 24
hours, the suspension was ltered, and the nal pH values were
recorded by a pHmetre (PHS-3C, INESA, China). For adsorption
kinetics experiments, initial concentrations of As(III) were 10,
20, 40 and 80 mg L�1 at 25 �C. At each sampling time (5, 10, 20,
40, 60, 120, 240, 480, 720, 1440 and 2880 min), the suspension
was immediately ltered through 0.45 mm pore size membrane
lters. In isothermal equilibrium experiments, the effect of the
initial concentration of As(III) was studied for 24 hours by
varying concentrations from 5 to 200 mg L�1 at 15 �C, 25 �C and
35 �C. All experiments were carried out with a biochar-weight-to-
solution-volume ratio of 2 mg mL�1.

To understand the photocatalytic removal mechanism of
As(III) onto TBC, two radical scavengers (SOD and TBA) were
used to ensure that the major radical was responsible for As(III)
removal and oxidation. The present investigation aimed to
provide evidence for the mechanism of the oxidation and
removal of trivalent arsenic from aqueous solution by TBC. SOD
(superoxide dismutase) catalyses the dismutation of superoxide
radicals to hydrogen peroxide and reacts with hydroxyl radi-
cals.21 t-Butanol alcohol (TBA) can selectively quench hydroxyl
radicals. The contents of total As and As(III) were analysed by
atomic uorescence spectrophotometry (AFS) (Haiguang, 8501).
Fig. 1 SEM micrograph of BC (a) and TBC (b–d); TEM microscopy image
(h), O (i) and Ti (j) in TBC; SEM-EDS elemental mapping image of C (k), O

7722 | RSC Adv., 2022, 12, 7720–7734
2.4 Apparatus and measurements

The point of zero charge (PZC) of TBC and BC was examined
using a zeta potential distribution/nanoparticle size analyser
(DelsaNanoC particle analyser, USA) by the pH dri method.
The surface areas of BC and TBC were examined by a 3H-
2000PS4 (BSD, China) surface area analyser using BET N2

adsorption–desorption isotherms. Scanning electron
microscopy/energy-dispersive X-ray (SEM-EDX) was carried out
to examine BC and TBC surface architectures by Hitachi SU8010
(Japan) scanning electron microscopy (SEM). Transmission
electron microscopy (TEM) study was undertaken using a TEM
JEOL JEM-2100. Fourier transform infrared (FT-IR) spectra was
recorded using a spectrometer (FTIR-850 spectrometer, China).
X-ray photoelectron spectroscopy (XPS) analysis was performed
using a Thermo Fisher K-Alpha XPS system. The composition
and crystal structure of the adsorbates were analysed with X-ray
diffraction (Bruker D8 Advance, Germany). The test method of
As(III) was carried out according to “speciation of trivalent
arsenic and pentavalent arsenic in seawater by atomic uores-
cence spectroscopy”.22 The content of titanium in aqueous
solution was detected by inductively coupled plasma mass
spectrometer (ICP-MS) (Thermo Fisher, XII).
3. Results and discussions
3.1 Biochar elemental analysis, surface areas and
morphologies

As shown in Fig. 1(a) and (b), scanning electron micrograph
results exhibited that the surfaces of BC and TBC were full of
rough and clear pores. Aer modication, it can be seen in
Fig. 1(c) and (d) that a large number of TiO2 particles were
loosely arranged on the surface of biochar fragments.
Compared with BC, EDS data proved a decrease in surface
carbon content and an increase in oxygen and titanium content
in TBC due to TiO2 covering portions of BC's carbonaceous
surface (Fig. 2 and Table 1). Data of BET N2 adsorption and
s of BC (e) and TBC (f and g); SEM-EDS elemental mapping image of C
(l), Ti (m), As (n), Ca (o) and Mg (p) in TBC loaded As.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDS elemental mapping images of BC (a), TBC (b) and TBC
loaded by As (c).
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desorption isotherms for BC and TBC were shown in Fig. 3. The
surface areas of BC and TBC were 4.5888 m2 g�1 and 128.2171
m2 g�1, respectively. The total pore volumes of BC and TBC were
Table 1 Data of element contend in BC and TBC by EDS

Element C O K Mg

BC 87.74 11.83 0.07 0.07
TBC 84.67 13.70 0.07
TBC loaded by As 84.08 15.20 0.02 0.03

Fig. 3 N2 adsorption and de-sorption isotherms showing the mesoporo

© 2022 The Author(s). Published by the Royal Society of Chemistry
0.0235 mL g�1 and 0.0859 mL g�1, respectively. The average
apertures of BC and TBC were 20.4847 nm and 2.6798 nm,
respectively. It was proven that nano-TiO2 particles were
successfully loaded onto BC. The specic surface area and total
pore volumes of TBC increased while the average aperture
decreased due to the loading of nano-TiO2 onto BC. Fig. 1(n),
Fig. 2(c) and Table 1 showed SEM-EDX elemental maps of
arsenic adsorbed onto TBC, which proved the presence of As.

The XRD spectrums of BC showed that the ne and sharper
peaks appeared at 2q values of nearby 20–30�, indicating the
formation of aromatic carbon compounds in the biochar
materials and an additional amorphous phase coexisted with
the crystalline phase (Fig. 4).23 Peaks of calcium carbonate were
observed in BC. Unmodied biochar exhibited a crystallized
peak at 26.64� (quartz), indicating that BC contained some SiO2.
The XRD of TBC conrmed that the precipitated titanium oxide
was primarily anatase (TiO2). The major peak at 2q ¼ 25.303�

was for the crystalline plane with Miller indices of (101). Other
low-intensity peaks were observed at 37.792� (004), 49.035� (200)
and 53.753� (105), matching the standard diffraction patterns of
TiO2. The broadening of the anatase (TiO2) peaks suggested that
anatase (TiO2) onto TBC were poorly crystalline domains due to
the composite TBC prepared at low temperature. Aer modi-
cation, peaks at 2q values of nearby 20–30� were submerged, the
quartz peaks became relatively diminished. The peaks of
calcium carbonate disappeared. The reason may be that the
peaks of calcium carbonate were masked by the peaks of the
anatase (TiO2) or calcium carbonate was dissolved in the
synthesis of modied biochar. These results revealed successful
impregnation of BC with TiO2. The points of zero charge of BC
and TBC are �2.30 and �4.40, respectively (Fig. 5).
Ca Cl Ti As Total

0.29 100 (atomic%)
0.13 0.30 1.13 100 (atomic%)
0.09 0.49 0.08 100 (atomic%)

us structure of BC (a) and TBC (b).

RSC Adv., 2022, 12, 7720–7734 | 7723
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Fig. 4 XRD patterns of BC and TBC before or after As(III) adsorption.

Fig. 5 Zeta potential plot for BC and TBC.
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3.2 Effect of solution initial pH on As(III) adsorption capacity

H3AsO3 and H2AsO3
� were dominant species in solution at pH

values ranging from 2 to 10.5 The inuence of initial pH on the
Fig. 6 Effect of initial solution pH on the adsorption capacity for As(III) r

7724 | RSC Adv., 2022, 12, 7720–7734
As(III) adsorption capacity of BC and TBC was researched at pH
values ranging from 2 to 10. The result was shown in Fig. 6. For
BC, the adsorption capacity of arsenic was poor, ranging from
0.068 mg g�1 to 0.408 mg g�1 at an initial concentration of 10
mg L�1 As(III). It can be seen in Fig. 6(a) that BC had a buffering
effect on solution pH. For TBC, the initial pH had little effect on
the adsorption capacity of As(III), which ranged from 4.778 mg
g�1 to 4.901 mg g�1. It was worth noting that the pH values of
the suspensions decreased signicantly aer adsorption due to
TiO2 loaded onto BC. Previous studies reported that pH had
little inuence on the effect of TiO2 photocatalytic oxidation
(PCO) and the adsorption capacity of As(III).24 For TiO2 particles,
its surface is positively charged at pH < pHPZC (eqn (1)), whereas
at pH > pHPZC, the TiO2 surface is negatively charged (eqn (2)).24

Other studies also proposed the complexation reaction (eqn (3))
between TiO2 surface and H3AsO3.25 In addition, holes
produced by TiO2 under the excitation of visible light can react
with H2O to release hydrogen ions.26

Ti–OH + H+ / Ti–O� + 2H+ (1)

Ti–OH + OH� / Ti–O� + H2O (2)

H3AsO3 + 2(pTiOH) / (pTiO)2AsO� + 2H2O + H+ (3)

3.3 Adsorption kinetics

The relationship between the adsorption capacity and equilib-
rium time was plotted at initial concentrations of 10, 20, 40 and
80 mg L�1 in Fig. 7(a). At the beginning of the reaction, the
adsorption capacity (qt) increased quickly with increasing
adsorption time due to a large number of active sites and large
concentration gradients.27 As the concentration gradient and
adsorption activity centrality gradually decreased, the degree of
increase in adsorption capacity gradually decreased with
increasing adsorption capacity until equilibrium. When the
initial concentration of As(III) increased from 10 mg L�1 to
80 mg L�1, the adsorption capacity increased, while the removal
percentage decreased (Fig. 7(b)). The average maximum
removal percentages at initial concentrations of 10, 20, 40 and
emoval by BC (a) or TBC (b) at As(III) initial concentration of 10 mg L�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Adsorption capacity vs. time with initial As(III) concentrations of 10, 20, 40 and 80 mg L�1 at 25 �C (a), removal percentage of arsenic onto
TBC (b), pseudo-first-order model fitting (c), pseudo-second-order model fitting (d), intra-particle diffusion fitting (e), Elovich mode fitting (f).
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80 mg L�1 were 98.62%, 94.56%, 89.79% and 82.56%, respec-
tively. The reason would be attributed to the gradual reduction
and saturation of available binding sites at modied biochar.20

To further explore the adsorption behaviour of arsenic on
TBC, kinetics data at As(III) levels of 10, 20, 40 and 80 mg L�1

were simulated with the pseudo-rst-order (PFO), pseudo-
second-order (PSO), intra-particle diffusion (IPD) and Elovich
(ELH) kinetic models. Linearized forms of aforementioned
models have been presented in eqn (4)–(7).1,5,27,28

ln(qe � qt) ¼ ln qe � k1t (4)

t

qt
¼ t

qe
þ 1

k2ðqeÞ2
(5)

qt ¼ kdift
0.5 + C (6)

qt ¼ 1

b
lnðabÞ þ 1

b
ln t (7)

In eqn (4)–(7), t (min) is the contact reaction time; qt (mg g�1) is the
adsorption capacity at different contact reaction times (t, min);
qe,exp (mg g�1) is the absorption capacity at adsorption equilibrium
in experiments; qe,cal (mg g�1) is the absorption capacity calculated
according to themodel; k1 (min�1) is the PFO rate constant, and k2
(g mg�1 min) is the PSO rate constant; a (mg g�1 min�1) is the
initial adsorption rate, b (g mg�1) is the Elovich constant.
Parameters (kdif and C) of the IPD model are estimated from the
slope and intercept of qt vs. t

0.5. Parameters in the ELH model (a
and b) were obtained from the slope (1/b) and intercept 1/b ln(ab)
© 2022 The Author(s). Published by the Royal Society of Chemistry
of the curve qt vs. ln(t). In general, the Elovich kinetic model has
been usually used for describing the adsorption kinetic of
contaminants on the surface of a non-uniform solid adsorbent.28

The calculated parameters were shown in Table 2. The
adsorption kinetics were closer to the PSO model due to higher
correlation coefficients of above 0.99 at all concentrations than
to the PFO model, suggesting that the adsorption capacity was
controlled by the number of available active sites on TBC.27 A
comparatively high As(III) uptake rate (k2) decreases with the
increases of initial As(III) concentration. The qe,cal values of the
PSOmodel at 10, 20, 40 and 80 mg L�1 were 4.748, 9.194, 17.844
and 35.224 mg g�1 respectively, which perfectly coincided with
the experimental data (4.869, 9.284, 17.851 and 32.924 mg g�1).
The results indicated that the adsorption process of As(III) onto
TBC was dominated by chemical adsorption, because the PSO
model was considered that the adsorption rate was controlled
by the chemical adsorption between the adsorbate and the
adsorbent.18 According to the IPD model, two distinct stages of
adsorption were clearly observed in Fig. 7(e). At the beginning of
the adsorption process, the adsorption capacity increased
rapidly with contact reaction time, then increased slowly, and
the adsorption nally reached equilibrium. The rst stage
showed a good linear relationship between qt vs. t

0.5, corre-
sponding to the diffusion of As to the outer surface of TBC
through external diffusion. The second stage showed that As
entered through intragranular diffusion and was adsorbed
inside the pore size, and the adsorption rate at this stage was
controlled by diffusion in the particles. The tting curve did not
pass through the origin, indicating that the diffusion process in
RSC Adv., 2022, 12, 7720–7734 | 7725
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Table 2 Kinetic models constants for the adsorption of As(III) by TBC

Model Parameters

Initial concentration

10 mg L�1 20 mg L�1 40 mg L�1 80 mg L�1

Pseudo-rst-order k1 (min�1) 0.0084 0.0024 0.0022 0.0020
qe,cal (mg g�1) 0.318 0.493 1.354 4.921
R2 0.970 0.684 0.412 0.640

Pseudo-second-order k2 (g mg�1 min�1) 0.2106 0.1088 0.0560 0.0284
qe,cal (mg g�1) 4.748 9.194 17.844 35.224
R2 0.999 0.999 0.999 0.999

Intra-particle diffusion The rst stage C 4.386 7.299 11.465 17.446
kdif 0.0417 0.2413 0.7619 1.6106
R2 0.852 0.746 0.879 0.913

The second stage C 4.809 9.083 17.367 30.741
kdif 0.0011 0.0042 0.0097 0.0444
R2 0.16976 0.76361 0.52759 0.79514

Elovich a (mg g�1 min) 1.91 � 1027 1.74 � 1014 27 431 655.17 47 037.86
b (g mg�1) 14.890 4.411 1.349 0.516
R2 0.874 0.704 0.7405 0.852

Table 3 Isotherms parameters for As(III) adsorption onto TBC (15 �C,
25 �C and 35 �C)

Model Parameters

Temperature

15 �C 25 �C 35 �C

Freundlich KF (mg g�1) 13.081 15.630 15.934
n 3.361 3.643 3.520
R2 0.9396 0.9396 0.9016
Chi-square values (c2) 14.973 19.311 34.977

Langmuir qm (mg g�1) 43.642 49.191 53.539
KL (L mg�1) 0.1933 0.2612 0.2076
R2 0.9435 0.9713 0.9731
Chi-square values (c2) 14.024 9.167 9.570

Sips qS (mg g�1) 57.963 58.456 57.453
KS (L mg�1) 0.0768 0.1523 0.1742
n 1.756 1.505 1.221
R2 0.968 0.986 0.974
Chi-square values (c2) 6.644 7.328 7.463
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particles was not the only control step of the adsorption
process.28 Compared with the second stage, the rst stage had
a larger slope, indicating a faster surface diffusion rate.27,28 The
second stage adsorption was related to the thickness of the
boundary layer.28 There was a larger intercept in the second
stage, implying that the intra-particle diffusion played an
important role in the rate-limiting step.27,28 The sequence of the
suitability of kinetic models based on the value of R2 was PSO >
ELH > PFO > IPD.

3.4 Adsorption isotherms

To further understand the adsorption mechanism and the
maximum capacity of As(III) removal by TBC, adsorption
isotherm data were obtained at 15 �C, 25 �C and 35 �C. The data
were tted by the Langmuir (eqn (8)), Freundlich (eqn (9)) and
Sips models (eqn (10)), respectively.1,5,28–30

qe ¼ qmKLce

1þ KLce
(8)

qe ¼ KFCe

1
n (9)

qe ¼ qsðKSceÞn
1þ ðKSceÞn (10)

In eqn (8)–(10), ce is the equilibrium concentration (mg L�1); qe
is the adsorption capacity (mg g�1), and qm is the maximum
adsorption capacity (mg g�1). Here, KL, KF and KS are the
constants of the Langmuir, Freundlich and Sips models,
respectively. In the Freundlich and Sips models, n is the
adsorption intensity. The Freundlich model is suitable for low
initial concentrations, while the Langmuir model is suitable for
high adsorbate concentrations. To avoid the limitation of two
parameter models, the three parameter Sips model is also
applied. At low As(III) concentrations, the Sips model is simpli-
ed to the Freundlich isotherm. At high concentrations, it
predicts the monolayer adsorption capacity characteristics of
the Langmuir model.5
7726 | RSC Adv., 2022, 12, 7720–7734
The tting data were listed in Table 3. As shown in Fig. 8, the
experimental data were well tted to three isotherm models
with R2 (>0.90). The absorption procedure of TBC for As(III) can
be better described by the Langmuir isotherm model than the
Freundlich isothermmodel. The favourability of adsorption can
be characterized with a dimensionless constant (RL) of the
Langmuir isotherm dened with eqn (11).5,29,30

RL ¼ 1

1þ KLc0
(11)

where c0 is the initial concentration (mg L�1). In this study, the
value of RL was in the range of 0.046 to 0.341, indicating the
favourable adsorption of As(III) onto TBC at 15 �C, 25 �C and
35 �C.29 Freundlich's intensity factor nF in the Freundlich
isotherm was also used to evaluate the favourability of As(III)
onto TBC, representing the intensity of the adsorption process.
In this study, nF was calculated to be 3.361, 3.643 and 3.520 at
15 �C, 25 �C and 35 �C, respectively, indicating the favourable
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fits to (a) Langmuir, (b) Freundlich and (c) Sips model of arsenic adsorption onto TBC at 15, 25 or 35 �C, (d) van't Hoff plot of ln KS vs. 1/T for
the As(III) adsorption onto TBC from 15 to 35 �C.
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adsorption of As(III) onto TBC.29 The best t isotherm was
selected by its goodness of t, correlation coefficient (R2) and
chi-square (c2) value of tting to experimental data. The results
showed that the best correlation coefficient and chi-square
values were obtained by the Sips model. The results suggested
that the adsorption process was controlled by diffusion at low
As(III) concentration, while the adsorption was monolayer
adsorption at As(III) concentration and had a saturation value.
3.5 Adsorption thermodynamics

From Fig. 8 and Table 3, the experimental data proved that the
adsorption reaction temperature inuenced the As(III) adsorp-
tion equilibrium and capacity. The adsorption capacity (qe,exp)
signicantly increased from 45.526 mg g�1 to 50.394 mg g�1

with increasing adsorption reaction temperature from 15 �C to
25 �C. At higher temperatures (35 �C), it was slightly higher than
that at 25 �C. The results indicated that the adsorption capacity
increased as the temperature increased. The Sips adsorption
capacity (qS) for As(III) onto TBC increased from 15 to 25 �C
(57.963 to 58.456 mg g�1), while it slightly dropped to 35 �C
(57.453 mg g�1). The Langmuir model capacity (qm) increased
from 43.642 to 53.539 mg g�1 with increasing temperature from
© 2022 The Author(s). Published by the Royal Society of Chemistry
15 to 35 �C, also indicating increasing capacity as temperature
rose.

The changes in Gibbs free energy (DG), enthalpy (DH) and
entropy (DS) were calculated using van't Hoff's equations, as
shown in Table 4. The consistently negative values of DG over
the temperature range from 288 to 308 K indicated that the
adsorption process of TBC for As(III) was spontaneous. A
continuous drop in DG with temperature from 288 K to 308 K
implied that the adsorption capacity increased with increasing
temperature. Meanwhile, the value of DH was positive. This
meaned that the adsorption process of As(III) onto TBC was an
endothermic reaction, and an increase in temperature was
conducive to the reaction. This supported the inuence of
temperature on the adsorption properties. The Sips maximum
adsorption capacity of 58.456 mg L�1 at 25 �C is much higher
than that of other adsorbents reported in previous literature, as
shown in Table 5. Table 5 listed a summary of some studies on
the adsorption performance of adsorbents for As(III).
3.6 Reusability and stability

Generally, a high recycling performance and low-cost regener-
ation solution for adsorbents is required. In this study, 0.1 mol
RSC Adv., 2022, 12, 7720–7734 | 7727
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Table 4 Thermodynamic parameters for the adsorption of As(III) by TBC from 15 �C to 35 �C

Temperature KS (L mg�1) KS/10
4 ln KS DG (kJ mol�1) DH (kJ mol�1) DS (kJ mol�1 K�1)

15 �C 0.0768 768 6.644 �15.91 0.41 0.075
25 �C 0.1523 1523 7.328 �18.16
35 �C 0.1742 1742 7.463 �19.11

Table 5 Studies of As(III) removal by other sorbents

Sorbent pH Model
Maximum capacity
(mg g�1) Reference

TiO2-loaded biochar prepared by waste Chinese traditional medicine dregs (TBC) Sips 58.456 This study
Sesbania bispinosa biochar (SBC) 4 Langmuir 7.33 1
SBC/CuO 12.47
SBC/Mn 7.34
Magnetic Fe3O4/Douglas r biochar composites (MBC) 7 Sips 5.49 5
TB800 (biochar synthesized at 800 �C using Tectona speciosa) 7 Langmuir 0.667 23
LB800 (biochar synthesized at 800 �C using Lagerstroemia speciosa) 0.454
Raw pine cone (PC) biochar modied by Zn (NO3)2 4 Langmuir 0.007 30
Empty fruit bunch biochar (EFBB) 8 Langmuir 18.9 31
A rice husk biochar (RHB) 19.3
EFBB coated by Fe(III) 31.4
RHB coated by Fe(III) 30.7
BC Fe(III)–SB (sugarcane bagasse) 4 Langmuir 20 32
BC Fe(III)–CH (corncob husk) 50
Magnetic biochar-microbe biochemical composite synthesized by
Bacillus sp. K1 loaded onto Fe3O4 biochar (MBB)

Langmuir 4.58 33

Fe–Mn–La-impregnated biochar composites (FMLBCs) 7.0 Langmuir 15.34 34
Amino-modied nanocellulose impregnated with iron oxide 6.0 Langmuir 23.6 35
rGO–Fe3O4–TiO2 7 Langmuir 147.1 36
Fe3O4@ZIF-8 synthesized from Fe3O4 and 2-methylimidazole 8 Langmuir 100 37
Cubic ZIFs (zeolitic imidazolate frameworks) 8.5 Langmuir 122.6 38
Leaf-shaped ZIFs 108.1
Dodecahedral ZIFs 117.5
Iron oxide nanoneedle array-decorated biochar bers (Fe-NN/BFs) 7 Langmuir 70.22 39
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NaOH, 0.1 mol HCl, 0.1 mol EDTA and H2O were employed to
evaluate the reusability of As(III) removal by TBC. There was no
signicant difference in the effects of the four regeneration
solutions. As shown in Fig. 9(a), the adsorption capacity
decreased slightly aer 5 cycles, from 9.274, 9.306, 9.305 and
9.274 mg g�1 to 6.422, 5.649, 6.755 and 6.145 mg g�1 with
0.1 mol NaOH, 0.1 mol HCl, 0.1 mol EDTA and H2O, respec-
tively. The sequence of the recycling performance was 0.1 mol
EDTA > 0.1 mol NaOH > H2O > 0.1 mol HCl. Overall, TBC is
a cost-effective adsorbent with good reproducibility and
reusability.

In order to consider the stability of TBC, the release of tita-
nium from TBC into the solution was also detected. The solu-
tion with the ratio of modied biochar weight to deionized
water volume of 2 mg mL�1 was shaken for 24 hours at 25 �C,
then the solution was ltered to detect the content of titanium.
The shaking experiment was carried out ve cycles. The exper-
imental result was shown in Fig. 9(b). Aer ve adsorption
cycles, the release rate of titaniumwas only 0.011%. It suggested
that the titanium release rate of TBC was low and had little
7728 | RSC Adv., 2022, 12, 7720–7734
impact on the environment, indicating that TBC had good
stability and was a friendly adsorbent.
3.7 Adsorption mechanism

3.7.1 FT-IR. FT-IR spectra of BC and TBC were shown in
Fig. 10. The functional groups in biochar clearly changed aer
loading with TiO2. Peaks at 3402–3432 cm�1 corresponded to
the symmetric and asymmetric O–H vibrations of water mole-
cules.40 The hydroxyl groups were observed with a maximum
peak at 3432 cm�1 in BC. Aer activated by TiO2, peaks at
570 cm�1 corresponding to Ti–O or Ti–O–Ti stretching vibra-
tions and peaks at 1620 cm�1 corresponding to Ti–OH vibra-
tions appeared.40–42 The hydroxyl groups experienced a redshi
from 3432 cm�1 to 3409 cm�1 in TBC. Following arsenic
adsorption, the hydroxyl groups in TBC once again experienced
a redshi from 3409 to 3402 cm�1, and the peak ascribing to the
Ti–OH vibration shied from 1620 to 1612 cm�1. The peak at
1057 cm�1 was attributed to –OH deformation vibrations.23 The
peak at 1057 cm�1 was present on BC and TBC but disappeared
aer As was loaded onto TBC, and in the case of TBC a new peak
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Reusability of TBC in arsenic adsorption with initial As(III) concentration of 20 mg L�1 and (b) stability of TBC.

Fig. 10 The FTIR spectra of BC and TBC before or after arsenic
adsorption.
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appeared at 771 cm�1, corresponding to As–O stretching
vibration. The adsorption band between 650 cm�1 and
950 cm�1 corresponding to As(V)–O stretching vibrations was
reported in previous literature.43 The peak at 1589 cm�1 in BC
could be ascribed to the C]O asymmetric stretching of
ketones, aldehydes, lactones or carboxyl groups.32,44,45 The peak
at 2900 cm�1 was the C–H stretching vibration or CH2 group.46,47

The peaks between 1427 cm�1 and 1440 cm�1 represented the
presence of aromatic rings or rings with C]C bonds.23

3.7.2 The role of TiO2 modication in TBC on the adsorp-
tion and oxidation of As(III). TiO2 nanomaterials are widely used
in arsenic remediation. However, its adsorption and photo-
catalytic capacity have been controversial.19,48 To further explore
the mechanism of As(III) removal by TBC, two radical scavengers
(SOD and TBA) were used to reveal the major radicals respon-
sible for the oxidation of As(III). At the beginning of the
adsorption reaction, the concentration of As in As–TBC imme-
diately decreased from 10 mg L�1 to 0.659 mg L�1, as shown in
Fig. 11(a). The arsenic removal rate reached 93.41% within 5
© 2022 The Author(s). Published by the Royal Society of Chemistry
minutes. Aer that, the arsenic concentration gradually
decreased to 0.083 mg L�1, and the removal rate was 99.17%
within 4 hours. The decreasing tendency of As concentration in
As–TBA–TBC was similar to that in As–TBC. In comparison with
As–TBA–TBC and As–TBC, there was an obvious difference from
the decreasing tendency of the As concentration in As–SOD–
TBC. At the beginning of the adsorption reaction, the concen-
tration of As in As–SOD–TBC (1.533 mg L�1) was higher than
that in As–TBA–TBC and As–TBC, and the arsenic removal rate
in As–SOD–TBC was 84.66%. Then, the arsenic concentration in
As–SOD–TBC gradually decreased to 0.122 mg L�1. The arsenic
removal rate was 98.77% within 4 hours.

As shown in Fig. 11(b), the oxidation of As(III) in solution of
three reaction groups was observed. In As–TBA–TBC and As–
TBC, As(III) was completely converted to As(V) in 2 hours.
However, it took three hours in As–SOD–TBC. During the 4 hour
adsorption reaction, the concentrations of As and As(III) in As–
SOD–TBC were always higher than those in the other two
groups. With increasing reaction time, the inhibition of triva-
lent arsenic oxidation became weak due to the instability and
inactivation of SOD. The results showed that SOD obviously
weakened the oxidation and adsorption capacity of As(III) onto
TBC. This implied that O2c

� signicantly affected the oxidation
and adsorption of As(III) by TBC. Under UV and visible light
illumination, TiO2 photocatalyst absorbs photons with energy
equal to or higher than its band gap energy, leading to the
formation of electron (conduction band) and hole (valence
band) pairs.19,48 O2 acts as an electron accepter in aerated
aqueous suspensions, leading to superoxide anion radicals
(O2c

� ions), which oxidizes As(III) to As(IV).19,48–50

To further explore the effect of electron acceptor O2 on
photocatalytic oxidation of As(III), a N2 stripping experiment was
carried out. The experimental results were shown in Fig. 12.
Aer the rst ve minutes of the reaction, the concentration of
arsenic and the arsenic removal rate were 1.304 mg L�1 and
86.96%, 0.921 mg L�1 and 90.78%, respectively, with or without
continuous N2 purging. Then, the concentration of arsenic
gradually decreased to 0.364 mg L�1 and 0.352 mg L�1, while
RSC Adv., 2022, 12, 7720–7734 | 7729
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Fig. 11 Effect of scavengers on oxidation and adsorption of As(III). (a) Concentration and removal percentage of arsenic versus time in As–SOD–
TBC, As–TBA–TBC and As–TBC; (b) concentration of As(III) and As(V) versus time in As–SOD–TBC, As–TBA–TBC and As–TBC. As–SOD–TBC:
As(III) ¼ 10 mg L�1, SOD ¼ 500–1500 units per mL, TBC ¼ 2 mg mL�1; As–TBA–TBC: As(III) ¼ 10 mg L�1, t-butanol alcohol (TBA) ¼ 100 mg L�1,
TBC ¼ 2 mg mL�1; As–TBC: As(III) ¼ 10 mg L�1 As, TBC ¼ 2 mg mL�1.

Fig. 12 Changes of the adsorption capacity and oxidation of As(III) by TBC (a) with or (b) without continuous nitrogen purging conditions.
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the arsenic removal rate increased to 96.36% and 96.47% with
or without N2 purging, respectively. Overall, the concentration
of arsenic with N2 purging was higher, while the arsenic
removal rate was lower than that without N2 purging. Since the
contact surface between the solution and atmospheric envi-
ronment increased during N2 stripping, the reaction system
with nitrogen purging was not completely oxygen-free. This led
to the oxidation of As(III) in solution with N2 purging. Within
one hour of the adsorption reaction, the concentration of As(III)
with N2 purging was slightly lower than that without N2 purging.
In the latter reaction, there was no difference in the concen-
tration of As(III) between solutions with or without N2 stripping.
The reduction of oxygen content in the solution caused by N2

purging slowed down the oxidation of As(III) to a certain extent
and affected the removal percentage of arsenic and the
adsorption performance of TBC for arsenic. The experimental
7730 | RSC Adv., 2022, 12, 7720–7734
results of scavenging free radicals and N2 purging strongly
indicated that O2c

� dominated As(III) photooxidation on
TiO2.19,49,50 The oxidation of As(III) obviously affected the
removal percentage of arsenic and the adsorption performance
of TBC for arsenic.

3.7.3 XPS. XPS was used to analyse the surface chemical
compositions of the adsorbents. Specically, Fig. 13(a) showed
that characteristic peaks of C 1s, O 1s and Ti 2p appeared at
284.68 eV, 531.08 eV and 458.98 eV in TBC, respectively. Aer
adsorption, a new peak of As 3d appeared at a binding energy of
44.98 eV. In the high-resolution XPS spectra of Ti 2p, peaks at
approximately 458.98 eV and 464.68 eV belonged to Ti 2p3/2 and Ti
2p1/2 of TiO2, respectively, as shown in Fig. 13(b). The binding
energy difference (EB) between Ti 2p3/2 and Ti 2p1/2 of TiO2 was
5.7 eV, meeting the requirement of the valence state of Ti4+ in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The full spectrumof XPS of BC and TBC (a), the narrow scan XPS spectrumof Ti 2p (b) and C 1s before adsorption (c), C 1s after adsorption
(d), O 1s before adsorption (e), O 1s (f) and As 3d after adsorption (g).
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TiO2.51 The results further conrmed the existence of Ti as Ti4+

(TiO2).
The strong carbon signal was mainly due to the presence of

BC. As shown in Fig. 13(c), four peaks of carbon species were
observed in the C 1s spectrum before adsorption. The peaks at
binding energies of 284.14 eV and 284.69 eV corresponded to
C–C and C–C/C–H,51,52 respectively. The peak at a binding
energy of 285.45 eV was assigned to C–O or C]O.26,51 The peak
at a binding energy of 288.85 eV was likely a signal for C in the
lattice of TiO2 (Ti–O–C).26,51,53 Aer adsorption, four peaks of
carbon species also appeared, as shown in Fig. 13(d). In
Fig. 13(e), there were ve peaks at binding energies of 530.09 eV,
530.60 eV, 531.16 eV, 531.98 eV and 532.92 eV in the O 1s
spectrum of TBC, which were ascribed to Ti–O–Ti,26,51 C]
O,26,51,52 Ti–OH,26 C–O (C–OH, C–O–C or –OCOO-R) groups,26,51,52

and Ti–O–C,26 respectively. As shown in Fig. 13(f), a new peak at
531.47 eV ascribed to As–O appeared aer adsorption.6 The
© 2022 The Author(s). Published by the Royal Society of Chemistry
decrease in Ti–OH area from 23.45% to 21.57.8% indicated that
the hydroxyl groups on Ti–OH were involved in the adsorption
of arsenic. Aer arsenic adsorption, new peaks at 44.98 eV
binding energies appeared in TBC. The As 3d spectrum was
decomposed into two individual component peaks, as shown in
Fig. 13(g). The As 3d peaks for As(III) and As(V) responded to
binding energy ranges of 44.24 eV and 45.11 eV, respec-
tively.5,6,34,39 As 3d spectra conrmed that oxidation of As(III)
occurred.

TBC could directly adsorb part of the trivalent arsenic
(H3AsO3 or H2AsO3

�) from aqueous solution. Meanwhile, Ti–
OH on TBC can neutralize OH� at solution pH > pHPZC (4.40)
while releasing H+ at solution pH < pHPZC (4.40).24 The related
equations were as follows:

biochar2Ti–OH + H3AsO3 / biochar(TiO)2AsO� + 2H2O + H+(12)
RSC Adv., 2022, 12, 7720–7734 | 7731
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Scheme 2 The removal mechanisms of As(III) from aqueous solution
by TBC.
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biochar2Ti–OH + H2AsO3
� / (pTiO)2AsO� + 2H2O (13)

biocharTi–OH + OH� / Ti–O� + H2O (14)

biocharTi–OH / Ti–O� + H+ (15)

These reactions caused a signicant drop in solution pH.
Under visible light illumination, the TiO2 photocatalyst absor-
bed photons with energy equal to or higher than its band gap
energy, leading to the formation of electron (conduction band)
and hole (valence band) pairs (eqn (16)).48 O2 acted as an elec-
tron accepter in aerated aqueous suspensions and was con-
verted to a superoxide anion radical (O2c

�), which transformed
As(III) into the intermediate product of As(IV) and then into less
toxic As(V).19,48–50 These equations were as follows:19,48–50

biocharTiO2 + hv (visible light) / hVB
+ + eCB

� (16)

O2 + eCB
� / biocharO2c

� (17)

AsðIIIÞ þ biocharO2

��/AsðIVÞ
����!O2

AsðVÞ (18)

biochar2Ti–OH + H2AsO4
� / biochar(Ti–O)2AsO2

� + 2H2O (19)

The removal mechanisms of As(III) from aqueous solution by
TBC was shown in Scheme 2.19,24,26,48–50,54

4. Conclusions

In this study, TiO2-modied biochar produced by waste Chinese
traditional medicine dregs (TBC) which was a friendly and
inexpensive biosorbent showed efficient capacity in As(III)
removal. Due to loading with TiO2, the microstructure and
functional groups of the adsorbent obviously changed and the
adsorption capability for As(III) removal reached up to
58.456 mg g�1. This excellent adsorption performance may be
attributed to multiple roles for As(III) removal, including direct
adsorption and photocatalytic oxidation adsorption. There was
little effect on the adsorption capacity among a broad pH range
at an initial concentration of 10 mg L�1 As(III). During and aer
As(III) adsorption on TBC, most As(III) was converted to less toxic
As(V). The results of free radical scavenging and N2 purging
7732 | RSC Adv., 2022, 12, 7720–7734
experiments strongly indicated that O2 played a role as an
electron accepter in aerated aqueous suspensions and O2c

�

dominated As(III) photooxidation. The oxidation of trivalent
arsenic obviously affected the adsorption capacity of TBC for
As(III).
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