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Abstract

BACKGROUND: This article reports the synthesis and characterisation of titanium dioxide-coated biochar composites (TBCs)
by pyrolysing titanium dioxide-treated biomass prepared by a modified sol–gel method. Their adsorptive and photocatalytic
activities were evaluated based on the removal of safranine T (ST) from an aqueous solution with/without UV-light irradiation.

RESULTS: Characterisation studies suggested that TiO2 was successfully loaded on the biochar substrate. The biochar and TiO2
contents of the composite significantly affected its performance. The ST removal capabilities of the TBCs with 1, 1.5, 2, and 2.5 g
of the biomass are 1.7, 2.3, 7.2, and 2.3 times better than that of the raw biochar, respectively. Thus, the optimum amount of
biomass in TBC-x was determined to be 2 g, with the corresponding sample exhibiting excellent stability, effectiveness over a
wide pH range, and a maximum ST removal capacity of 226.7 mg g-1.

CONCLUSION: The loading of TiO2 significantly enhanced the adsorption performance of biochar and the high specific surface
area of the biochar synergistically promoted the photocatalytic activity of TiO2. Both adsorption and photocatalytic degradation
were confirmed to contribute to the decolourisation of the aqueous solution because of the removal of ST, with the effect of
adsorption being slightly higher than that of photocatalysis. The synthesised composite is a promising alternative material for
removing chemical contaminants.
© 2017 Society of Chemical Industry
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ABBREVIATIONS
TBC-x Titanium dioxide-coated biochar

composite (TBC-x)
BC Biochar (BC)
ST Safranine T (ST)
SEM Scanning electron microscopy (SEM)
FTIR Fourier transform infrared spectroscopy

(FTIR)
XRD X-ray diffraction (XRD)
XPS X-ray photoelectron spectroscopy (XPS).

INTRODUCTION
Biochar (BC) is a carbonaceous product of the pyrolysis of biomass.
It exhibits some desirable properties such as a large surface area,
good ion exchange capacity, and high porosity, and has abundant
oxygen functional groups and an aromatic surface.1,2 Recently,
there have been various reports on the utilisation of BC for wastew-
ater treatment and remediation of contaminated soil, owing to
its cost-effectiveness for the removal of chemical contaminants,

namely, heavy metals and organic contaminants.3–8 There have
also been several interesting proposals for the use of BC as a
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stabiliser of nano-sized metal oxides which tend to aggregate
because of their high surface energy and strong magnetic attrac-
tion, leading to reduced effective surface area and contact area
when used for the removal of pollutants.9–14 For instance, Jung
et al. explored combined electrochemical modifications for the
fabrication of a MgO/biochar composite which exhibited excel-
lent aqueous phosphate adsorption properties represented by a
Langmuir–Freundlich maximum adsorption capacity of 620 mg-P
g-1.15 Zhang et al. synthesised a magnetic BC material through
thermal pyrolysis and demonstrated that the material is an excel-
lent sorbent for the removal of arsenic (V) from an aqueous
solution. The magnetic BC exhibited an adsorption capacity of
3147 mg kg-1 toward As(V) and an excellent ferromagnetic prop-
erty that is favourable for the separation of the sorbent from the
solution.16 Wang et al. prepared manganese oxide-modified BC via
precipitation and found that modification of BC with birnessite
provided an effective means of producing low-cost carbon sor-
bents for the removal of heavy metals.17 All these previous studies
demonstrate the feasibility of producing nanocomposite adsor-
bents based on BCs, with nano-sized metal oxides attached to their
surfaces. This strategy is expected to gain popularity because it
not only enhances the stability of the nano-sized metal oxides,
but also retains the properties of both the BC and metal oxide
components.1,2

Photocatalysis based on TiO2 is particularly attractive because
of its wide availability, low cost, and non-toxicity.18–21 Recently,
TiO2 and its composites have been extensively utilised as photo-
catalysts for the removal of dyes from wastewater.22 For example,
Zhang et al. demonstrated a UV–visible light photocatalysis
process for the degradation of azo dyes using TiO2.23 Vinu and
Madras considered a combination of sono- and photo-catalytic
degradation of anionic dyes with TiO2 synthesised by a solution
combustion process (and commercial TiO2). They found that the
rates of the simultaneous sono-photocatalytic degradation of
all the considered dyes and the reduction of the total organic
carbon species were higher compared with those corresponding
to separate photocatalytic and sonocatalytic processes.24 Wang
et al. developed effective piezoelectric semiconductor-based
hybrid photocatalysts by assembling TiO2 nanoparticles on ZnO
monocrystalline nanoplatelets. These photocatalysts could be
used as heterojunction band structures to achieve significant
photocatalytic performance enhancement in a wide range of
applications, owing to improved charge separation.25 Thus, a
composite of TiO2 and porous BC could exhibit excellent per-
formance for the removal of dyes through both adsorption and
photocatalytic processes. However, few attempts have been made
to examine the adsorption and photocatalytic properties of such
composites.

The primary objective of this study was to fabricate TiO2-coated
biochar (TBC) by pyrolysing TiO2-treated biomass prepared by
a modified sol–gel method. The as-fabricated composites were
characterised by scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS). The adsorption and pho-
tocatalytic degradation of safranine T (ST) in the presence of the
fabricated TiO2-coated biochar were investigated under different
conditions through batch experiments. Factors controlling their
activity, such as the material dosage, pH, initial ST concentration,
and contact time were examined in detail. Based on the findings,
possible mechanisms of ST removal by TiO2-coated biochar are
proposed.

EXPERIMENTAL MATERIALS AND METHODS
Materials
Titanium butoxide (Ti(OC4H9)4, 98%) was used as the TiO2 precur-
sor, ramie bar was used as the biomass, and glacial acetic acid
(CH3COOH, 99.8%) and ethanol (C2H5OH, 99.7%) were used as
the catalyst and solvent, respectively. The target test sample ST
(>98.5% pure) was purchased from Sinopharm Chemical Reagent
Co., Ltd. All the other reagents were obtained from local chemical
suppliers and used without further purification. Ultrapure water
generated by a Millipore Milli-Q water purification system was
used for all the experiments.

Synthesis of TiO2-coated biochar composites
Raw BC used for the synthesis was obtained as described
elsewhere.26–28 The ramie bars used as the biomass were obtained
from farms in Changsha City, Hunan Province, China. After
air-drying at room temperature, the biomass was ground and
sieved through a 100 mesh sieve (0.149 mm). Then, it was pyrol-
ysed at 500 ∘C under a nitrogen flow at 50 mL min-1 in a muffle
furnace with a tubular reactor, for 2 h. The heating rate of the
furnace was set to 5 ∘C min-1. The BC obtained was cooled and
washed at least three times with ultrapure water. This was followed
by drying at 80 ∘C for 24 h, and subsequent sieving to a particle
size of 0.149 mm.

The TBC-x composites were prepared following a previously
reported modified sol–gel method.29 The precursor alkoxide solu-
tion consisted of 10 mL of titanium butoxide completely dissolved
in 15 mL of ethanol. After vigorous stirring for 40 min at room tem-
perature, different amounts of the powdered biomass (1, 1.5, 2, and
2.5 g) were added to the titanium butoxide solutions in ethanol.
Then, 15 mL of a solution of 1:1:1 glacial acetic acid, ethanol, and
water was added dropwise to each of the mixtures under mag-
netic stirring, using a burette. The resulting mixtures were stirred at
room temperature until a turmeric-coloured sol was formed. Each
sol sample was aged in air at 40 ∘C for 2 h, followed by gelation and
subsequent drying of the gel at 80 ∘C for 24 h. The dried gel was
subsequently ground into a fine powder and calcined at 500 ∘C in
a flow of N2 for 2 h, to yield TBC-x. The different TBC-x samples are
referred as TBC-1, TBC-1.5, TBC-2, and TBC-2.5, respectively, based
on the amount of added biomass.

Characterisation methods
The surface morphologies and structures of raw BC and the syn-
thesised composite catalysts were characterised by SEM (JEOL
JSM-6700, Japan). The specific surface area of raw BC and compos-
ite catalysts was estimated via nitrogen adsorption measurements
(at 77.3 K) performed using a Micromeritics TriStar II 3020 instru-
ment. The structural properties of the composite catalysts were
characterised using a D/max-rB XRD system (Rigaku D/max-2500,
Japan) with Cu K𝛼 radiation (𝜆= 1.541 Å) at 40 kV and 30 mA over
the 2𝜃 range 10–90∘. The FTIR spectra of the materials were
recorded on a spectrophotometer (Nicolet 6700 spectrometer,
USA) over the wave number range 400–4000 cm−1 at room tem-
perature. The chemical states of the elements near the surface of
the composite catalysts were examined using an ESCALAB 250 Xi
X-ray photoelectron spectrometer (Thermo Fisher, USA).

Experimental procedure
The capacity of TBC-x to remove contaminants from a solution
was evaluated based on the decomposition of ST in an aqueous
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solution, under UV irradiation. In each experiment, 0.4 g of the
TBC-x sample was added to 200 mL of an aqueous ST solution to
obtain a suspension. An 8-W UV lamp emitting 365-nm light was
placed over the suspension to illuminate it. Before UV irradiation,
the aqueous ST solution was stirred in the dark for 1 h to achieve
adsorption/desorption equilibrium with the substrate. The ST
removal experiment was also performed in a reactor using raw BC.

At pre-set reaction intervals, 5 mL of the suspension was
retrieved from the reaction mixture and centrifuged immedi-
ately at 4000 rpm for 10 min. The ST content in the supernatant
was determined based on the absorbance at 530 nm, using a
calibration curve. All the experiments were performed at room
temperature under weakly alkaline pH conditions of the ST solu-
tion (pH ∼8.0), except when the effect of pH was investigated.
During the experiments, the reaction mixture was continuously
stirred using a magnetic stirrer.

The amount of the degraded ST was calculated using the follow-
ing formula30:

qe = (C0-Ce) V
m

(1)

where C0 and Ce are the initial and equilibrium ST concentrations
(mg L-1), respectively; V is the volume of the ST solution (L); and m
is the mass of the composite (g).

The removal of ST was monitored by retrieving 5 mL aliquots of
the reactants at pre-set time intervals. The amount of ST removed
at these intervals was calculated using the following equation31:

qt = (C0-Ct) V
m

(2)

where qt is the amount of ST removed (mg g-1); Ct is the concentra-
tion of the ST solution at time t; V is the volume of the ST solution
(L); and m is the mass of the composite (g).

RESULTS AND DISCUSSION
Characterisation of the composites
All the characterisation is discussed for TBC-2 nanocomposite
chosen as a representative sample. Representative SEM micro-
graphs of TBC-2 are shown in Fig. 1(a) and (b). As shown, some
small TiO2 particles are attached to the surface of the BC substrate.
This confirms the successful loading of TiO2 particles on the BC
surface. The specific surface area and total pore volume of raw BC
are 3.29 m2 g-1 and 0.007 cm3 g-1, which increased to 10.55 m2 g-1

and 0.019 cm3 g-1, respectively, for the TBC-2 nanocomposite.
Figure 1(c) shows the XRD pattern of TBC-2, in which, several TiO2

peaks are clearly observed. Specifically, 10 peaks are observed at
2𝜃 values of 25.32∘, 37.85∘, 48.05∘, 53.89∘, 54.97∘, 62.85∘, 68.85∘,
70.21∘, 75.04∘, and 82.8∘. These peaks are consistent with the
standard XRD data of the anatase phase TiO2 diffraction peaks
corresponding to the (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0
4), (1 1 6), (2 2 0), (2 1 5), and (2 2 4) planes, respectively.32 This
indicates the successful synthesis of TiO2 in the form of crystalline
anatase in TBC-2. No peaks corresponding to the rutile phase
(2𝜃 = 27.48∘) are observed, indicating the formation of only the
anatase phase (JCPDS card no. 21-1272) during synthesis of the
supported catalysts.

Based on the XRD results, the crystal size of the microspheres was
determined using Scherrer’s formula33:

L = K𝜆
𝛽 cos `

(3)

where L is the crystal size (nm); 𝜆 is the wavelength of the X-ray
radiation (0.15418 nm); K is typically 0.89; and 𝛽 is the line width
at the half-maximum height after correcting for the equipment
broadening for the peak at 2𝜃 = 25.32∘. The crystal size of the
microspheres was determined to be 27.53 (nm).

The FTIR spectra of BC and TBC-2 are shown in Fig. 1(d). The
strongest absorption peak observed at 3430 cm−1 is attributed to
O-H stretching,34 whereas the peak at 1621–1629 cm−1 could be
attributed to the stretching vibrations of O–H or that of ketonic
C=O.35,36 The bands at 2925 and 2854 cm−1 are assigned to
the stretching vibrations of C–H,37 whereas that at 1399 cm−1 is
either due to the bending vibrations of C–H in methyl groups
or the bending vibrations of O–H in carboxylic acids. The peak
at 1121 cm-1 in the IR spectra of TBC-2 corresponds to the Ti-O
stretching vibrations,38 indicating that TiO2 is coated on the BC
surface with the aid of oxygen functionalities. Moreover, the addi-
tion of TiO2 produced a peak within 1010–1300 cm−1, attributed
to the C–O stretching band of ether. The FTIR spectra thus indi-
cate the presence of increased amounts of oxygen functional
groups such as C=O, C–O, and O=C–O in the TBC-x catalyst, after
carbonisation.

The characteristic peaks corresponding to the main elements are
observed in the XPS spectra of TBC-2 shown in Fig. 2. The Ti 2p
peak is clearly observed, confirming the presence of TiO2 in the
synthesised material. The spectra also indicate that the TBC sample
contains O, C, and N, with the peaks reflecting the respective
contents of the surface elements. Interestingly, the loaded TiO2

had an O:Ti ratio of more than 2:1, which might be attributed to
the presence of O on the BC surface.

As shown in Fig. 2, the Ti 2p core level spectrum contains two
main peaks corresponding with Ti 2p3/2 and Ti 2p1/2. The spec-
trum indicates that the oxidation state of titanium is primarily Ti4+,
with a small amount of Ti3+. Figure 2(b) shows the normalised Ti
2p core level XPS spectra of TBC-2. The two broad peaks centred at
464.7 and 459.1 eV correspond to the characteristic Ti 2p1/2 and
Ti 2p3/2 peaks of Ti4+.39,40 An extra peak observed at 458.58 eV is
consistent with the characteristic Ti 2p3/2 peak of Ti3+.39 The pres-
ence of Ti3+ is due to the oxygen deficiency in the TiO2 lattice.41

In general, Ti3+ on the TiO2 surface plays an important role in
the photocatalytic activity by trapping the photo-generated elec-
trons, leading to unpaired charges, which promote the photoac-
tivity. Therefore, an increase in the Ti3+ density facilitates effec-
tive segregation of the electrons and cavities, as well as interface
charge transfer, while decreasing the probability of the occurrence
of a compounding cavity, thereby increasing the photocatalytic
performance. Deconvolution of the O 1 s XPS spectrum shown in
Fig. 2(c) reveals two Gaussian curves centred at 530.4 and 532.2 eV,
respectively. The curve centred at 530.4 eV is assigned to the Ti-O
bond, while that centred at 532.2 eV is assigned to the hydroxyl
groups.42,43 The C 1 s core level spectrum shown in Fig. 2(d) con-
sists of two peaks located at 284.8 and 286.5 eV, which are assigned
to adventitious elemental carbon and C–O, respectively.44,45

Removal performance
Effect of material composition
To determine the effect of the material composition on ST removal
performance, various amounts of biomass were used with respect
to a fixed amount of TiO2, viz. 1, 1.5, 2, and 2.5 g, with the corre-
sponding synthesised composites referred to as TBC-1, TBC-1.5,
TBC-2, and TBC-2.5, respectively. As shown in Fig. 3, a significant
increase in the ST removal capacity is observed with an increase in
the biomass from 1.0 to 2.0 g, under UV irradiation for 2 h at 298 K.
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Figure 1. Characterisation of the TBC-2 composite: (a, b) SEM images, (c) XRD pattern, and (d) FTIR spectra of pristine BC and TBC-2 (arrows indicate the
peak shifts).

However, the photodegradation capacity decreases substantially
when the amount of biomass exceeds 2.0 g, indicating that this
is the optimal biomass content. The ST removal abilities of TBC-1,
TBC-1.5, TBC-2, and TBC-2.5 are 1.7, 2.3, 7.2, and 2.3 times that of
the raw biochar. The ST removal capacity decreases when more
than 2 g of the biomass is employed because excess BC wraps
around the TiO2, blocking the UV irradiation,34 and thus reducing
the generation and transmission of photoexcited electrons. The
optimal biomass content of TBC-x was thus determined to be 2 g
and was used for further investigations. Moreover, the activity of
TBC-2 is much higher than that of bare BC, most likely owing to
TiO2, which increases the amount of active sites on the BC.

Effect of pH
It is noteworthy that the surface properties of the composite
are determined by the synergistic effect between TiO2 and the
BC substrate. In addition, the internal condition was relatively
complex owing to the various components of the BC substrate
in the experimental system. This necessitated an investigation of
the effect of pH on the mechanism of ST removal. This was carried
out using TBC-2 and an initial ST concentration of 500 mg L-1, in

the pH range 3.0–11.0. The pH of the solution was adjusted by
adding 0.1 mol L-1 NaOH or 0.1 mol L-1 HCl. The results shown in
Fig. 4 indicate that TBC-2 remains active over a wide pH range,
suggesting its insensitivity to pH changes.

Effect of the composite dosage
The material dosage is an important parameter of the removal
process.46 Sin et al. investigated the reaction rate of a photocat-
alytic oxidation process with respect to the material dosage.47 The
effect of the composite dosage on its adsorption and photocat-
alytic activity is possibly determined by the number of active sites
and the attenuation of light absorption. Thus, it is necessary to
determine the optimal amount of material required for achieving a
maximum removal capacity. In this study, the influence of the com-
posite dosage on the ST removal was investigated using different
amounts of TBC-2 ranging from 0.2 to 0.6 g in steps of 0.1 g, under
identical conditions, that is, 2 h of UV irradiation at 298 K. As shown
in Fig. 5, a steady increase in the removal capacity is observed
upon increasing the amount of the composite up to 0.4 g, beyond
which the removal capacity begins to decrease. The increase in
the removal capacity with increasing composite dosage within
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Figure 2. XPS spectra of TBC-2: (a) wide scan, (b) Ti 2p, (c) O 1 s, and (d) C 1 s.

the 0.2–0.4 g range may be attributed to: (i) an increase in the
number of ST adsorption sites; and (ii) increase in the number
of available active photocatalytic reaction sites on the surface
of TiO2.

In general, an increase in composite dosage increases the
number of active sites on the composite surface, resulting in an
increase in the amount of •OH radical. This radical is primarily
responsible for the observed decolourisation of the ST solu-
tion. However, at TBC-2 concentrations higher than 0.4 g, the
photodegradation capacity decreases, because: (i) the excess
catalyst increases the light reflectance, thereby decreasing light
penetration; (ii) the aggregation of the TiO2 particles at high
concentrations may have a screening effect that decreases the
number of photosensitive surface active sites46,48; (iii) an increase
in the recombination of the e- or h+ species that migrate to
the surface may decrease the amounts of •O2− and •OH; and (iv)
increases in the opacity and dispersion of the TiO2 particles at high
TBC-2 concentrations may decrease the transmission of irradia-
tion through the sample.49 Some portions of the catalyst surface
thus become unavailable for photon absorption when the TBC-2

concentration is increased, resulting in a decreased degradation
rate. Based on the foregoing results, a catalyst dosage of 0.4 g
was selected for subsequent investigations, from an economic
perspective.

Effect of initial ST concentration
To gain insights into the effect of the initial ST concentration
on the maximum ST removal capacity of TBC-2, decolourisation
experiments were performed using different initial ST concentra-
tions ranging from 50 to 700 mg L-1 at a pH of 8.0 and temperature
of 298 K. Figure 6 shows the variation in the efficiency of the TBC-2
sample for ST removal with respect to the initial concentration of
the ST. As shown, the ST removal capacity of TBC-2 increases with
increase in the initial ST concentration up to 500 mg L-1 and then
remains constant with further increase of its initial concentration
due to saturation of the adsorption sites and the photodegra-
dation capacity of TBC-2. Similar results have been previously
reported for the removal of other dyes.50 The optimum initial ST
concentration of 500 mg L-1 for efficient ST removal was used for
subsequent experiments.

J Chem Technol Biotechnol (2017) © 2017 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 3. ST removal capacities of (a) BC, (b) TBC-1, (c) TBC-1.5, (d) TBC-2,
and (e) TBC-2.5 under UV irradiation for 2 h at 298 K.

Figure 4. Effect of pH on ST removal capacity of TBC-2 under UV irradiation
for 2 h at 298 K.

Figure 5. Effect of TBC-2 dosage on ST removal capacity under UV irradia-
tion for 2 h at 298 K.

Figure 6. Effect of initial ST concentration on ST removal capacity of TBC-2
under UV radiation for 2 h at 298 K.

Figure 7. Kinetics of ST removal by TBC-2 under UV irradiation for 3 h at
298 K.
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Table 1. Parameters of the kinetics of the ST removal process catalysed by TBC-2

Pseudo-first-order Pseudo-second-order

qe, exp qe, 1 (mg g-1) k1 (min−1) R2 qe, 2 (mg g-1) k2 (g mg-1 min) R2

226.7 81.1 0.0287 0.755 231.9 9.421 E− 4 0.999

Figure 8. Reusability of TBC-2 for ST removal.

Figure 9. ST removal capacities of (a) TBC-2 and (b) BC without and with
UV light irradiation for 2 h at 298 K.

Effect of the contact time
To determine the minimum contact time required for the removal
of ST by TBC-2, kinetics experiments were performed using 0.4 g
of the composite added to 200 mL of a 500 mg L-1 ST solution at a
pH of 8.0. Figure 7(a) shows the ST removal capacity as a function
of the contact time. Rapid removal rates are observed within the
first 30 min, owing to the high number of vacant active sites on the
TBC-2 surface, which facilitated interaction with ST. However, the
amount of ST removed nearly saturates after 120 min, because all
the active sites become occupied. The maximum removal capacity

was 226.7 mg g-1. The equilibrium time for ST removal is thus
considered to be 120 min.

The results were further analysed using two conventional kinetic
models, namely, pseudo-first-order and pseudo-second-order
models.51 Figure 7(b) shows the pseudo-first-order and pseudo-
second-order kinetics of the ST removal process using TBC-2.

The pseudo-first-order model is expressed as

ln
(

qe − qt

)
= ln qe − k1t (4)

The pseudo-second-order model is expressed as

t
qt

= 1
k2q2

e

+ t
qe

(5)

where qe and qt are the amounts of ST removed by the composite
(mg g-1) at equilibrium and another given time, respectively; and
k1 (min−1) and k2 (g mg-1 min) are the sorption rate constants of
the pseudo-first-order and pseudo-second-order models, respec-
tively. As shown in Fig. 7(b), the pseudo-second-order model pro-
duces a better fit with most of the experimental data compared
with that of the pseudo-first-order model. The kinetics parame-
ters and regression coefficients (R2) determined by the two models
are presented in Table 1. The R2 value of the pseudo-second-order
model is much higher than that of the pseudo-first-order model,
indicating that the former better describes ST removal by TBC-2.

Reuse of the composite for ST removal
The reuse of a material used for decontamination is important in
practical applications such as wastewater treatment.52 We thus
performed another experiment in which the TBC-2 sample was
used for six recycles of ST removal. An initial ST concentration of
500 mg L-1, pH of 8.0, and 120 min irradiation time was used for
this experiment. After each cycle, the composite was desorbed
over a period of 2 h by immersing in a solution of methanol:acetic
acid= 10:1, centrifuged, and heated at 80 ∘C for 24 h before reuse.
Figure 8 shows that the removal capacity decreases from 221.6 to
167.2 mg g-1 over the six cycles. This decrease is due to the detach-
ment of TiO2 from the support surface and following entangle-
ment with the by-products of the photocatalytic degradation.53

Moreover, the degradation by-products attached to the composite
surface were difficult to remove, and this altered the surface prop-
erties of the composite.

Mechanism of the ST removal by TBC
To determine whether the adsorption or photocatalysis is the
dominant factor for the decolourisation process, the ST removal
capacity of TBC-x was evaluated without/with UV light irradiation.
As shown in Fig. 9, the ST removal capacity without UV-light
irradiation is 157.3 mg g-1, which represents only 69.4% of the
capacity (226.5 mg g-1) with UV-light irradiation. This indicates
that although both adsorption and photocatalytic degradation
contribute to the decolourisation of ST (Fig. 9), the contribution of
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Figure 10. Schematic illustration of the adsorption and photocatalytic degradation of ST by TBC-2.

adsorption is evidently slightly higher than that of photocatalytic
degradation. For comparison, the removal of ST by raw BC was
also investigated with UV irradiation. In this case, there was no
significant difference in the ST removal capacity compared with
that without UV-light irradiation, suggesting that raw biochar
had negligible photocatalytic ability, and that the TiO2 coating
was mainly responsible for the photocatalytic degradation of
ST by TBC-x. In conclusion, both adsorption and photocatalytic
degradation are confirmed to contribute to the decolourisation of
ST (Fig. 10), with the effect of the adsorption being slightly higher
than that of the photocatalysis.

Several mechanisms are involved in the adsorption process,
involving interactions between the organic contaminants and the
functional groups of the biochar via 𝜋–𝜋 interactions, hydrogen
bonding, electrostatic attraction, and hydrophobic interaction.1,2

Furthermore, the ST adsorption capacity of TBC-2 without UV-light
irradiation was much higher than that of BC, indicating that
the presence of TiO2 enhanced the adsorption capacity of BC.
The coating of TiO2 particles on BC increased the number of
active sites available for the binding of ST. It has previously been
reported that the coating of nanoparticles on a carbon structure
increases its adsorption sites, which can be used to capture organic
contaminants from water.1

CONCLUSIONS
TiO2 was successfully loaded onto a biochar substrate using a mod-
ified sol–gel method. The so-produced composite exhibited very
good adsorptive and photocatalytic properties and effectively
removed organic pollutants from aqueous solutions. SEM and XRD
investigations revealed that the material contained microcrystals
and large amounts of adsorbed water and hydroxyl groups on
its surface, which are beneficial for the adsorptive and photocat-
alytic activities of the ST removal process. Both adsorption and
photocatalytic degradation contribute to the decolourisation of
ST, with the effect of adsorption being slightly higher. Four types
of TiO2-coated biochar samples were investigated with respect
to their ST removal efficiencies. Sample TBC-2, which was synthe-
sised using 2 g of the processed powdered biomass, exhibited the

highest decolourisation rate and ST removal capacity of 226.7 mg
g-1. It also exhibited good stability and activity over a wide pH
range. Owing to the synergistic action between TiO2 and biochar,
TBC-2 could be a promising alternative for use in decontamination
processes.
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