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Abstract
Titania nanotubes (TNTs) with high length–diameter ratio are incorporated into reduced graphene oxide (rGO) aerogel to
modify the porous structure of the obtained rGO/TNTs aerogel for efficient methylene blue (MB) adsorption. A hydrothermal
method along with freeze drying is applied for the preparation of the rGO/TNTs composite aerogel. The uniformly dispersed
TNTs in rGO matrix can effectively support the network structure and hinder the π–π bonding interaction between graphene
sheets, thus resulting in a three-dimensional mesoporous network with high specific surface area. The rGO/TNTs aerogel shows
favorable adsorption property toward MB and the maximum adsorption capacity can be 380.7 mg g−1 with the adsorption
efficiency of 92.2%. Besides, the adsorption kinetic analysis reveals that a dispersion process is found to be the rate-limiting step
when the adsorbent dosage is low. With the increase of adsorbent content, chemical sorption such as the π–π interaction or the
reaction of the polar functional groups between MB and rGO–TNTs-C aerogel becomes the rate-limiting step.
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Highlights
● TNTs are successfully employed for the pore structure regulation of rGO aerogel.
● The rGO/TNTs-C aerogel shows a maximum adsorption capacity of 380.7 mg g−1 towards MB.
● Diffusion of MB to the active sites of rGO aerogel is the rate-limiting step with low adsorbent dosage.
● Chemical sorption tends to be the rate-limiting step with the increase of adsorbent dosage.
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1 Introduction

Dyes are widely used in pharmaceuticals, pesticides, tex-
tiles, and varnishes. However, the dyeing effluents dis-
charge into water main cause many problems to the
ecological environment and human health [1, 2]. Therefore,
it is of great importance to remove these contaminants
safely and effectively [3]. So far, a variety of technologies
have been proposed to solve this problem, such as chemical
precipitation [4], ultrafiltration [5], evaporation [6], ion
exchange [7], solvent extraction [8], electrochemical treat-
ment [9], photocatalysis [10], and adsorption [11–13].
Among these methods, adsorption has been considered as
an efficient and economical process due to its low cost,
simplicity, high efficiency, and wide-ranging availability
[14, 15]. Thus, it is quite meaningful to design highly active
adsorbents for effective dye adsorption. Recently, many
studies have been reported for dye adsorption especially
toward methylene blue (MB) [16–20].

Graphene, a honeycomb-arranged sp2 carbon, displays
high surface area, chemical stability, unique electronic and
mechanical properties, and excellent adsorptivity [21–25],
which is a promising adsorbent for water treatment. Com-
pared with the powder graphene, graphene aerogel (GA)
with well-defined interconnected porous networks in the
form of block is more convenient for the adsorption of dyes
in aqueous solution in consideration of the separation after
adsorption, which can avoid the secondary pollution in
water treatment. Wang et al. [26] fabricated a 3D reduced
graphene oxide (rGO) aerogel and found that the adsorption
capacity of GA varies from 115 to 1260 mg g−1 for different
dyes. However, due to the uncontrollable agglomeration
between the two-dimensional graphene sheets in the process
of assembling into three-dimensional network, there is still a
certain gap between the actual specific surface area and the
theoretical value [27, 28]. Thus, appropriate modifications
are urgently required to improve the comprehensive
properties.

Titania nanotubes (TNTs) were first synthesized by
Hoyer in 1996 via an electrochemical deposition in a porous
aluminum oxide mold [29]. Then, it has been extensively
studied due to the high specific surface area [30–35], good
ion-exchangeable ability [36], and remarkable rapid and
long-distance electron-transport capability [37]. Niu et al.
found that TNTs show good adsorption property for the
removal of organic molecules and radioactive toxic metal
ions [38]. Taking these advantages into consideration,
TNTs are expected to be a promising nanofiller for the
modification of rGO aerogel and introducing more active
sites toward dye adsorption.

In this paper, TNTs are employed to regulate the 3D
network structure of the rGO aerogel through a simple
hydrothermal self-assembly method. The incorporation of

TNTs can effectively hinder the strong hydrogen bonds and
π–π interaction between the molecules and thus inhibit the
uncontrollable agglomeration of graphene sheets, resulting
in rGO/TNTs aerogel with high specific surface area and
favorable MB adsorption property. The specific adsorption
kinetics are also analyzed in detail, which can provide some
ideas for other adsorption studies. Our results highlight the
potential of TNTs to modify the structure of rGO aerogel
and thus enhance the dye adsorption property, which pro-
vide new insight for the design of high-performance
composites.

2 Experimental

2.1 Chemicals and materials

Graphite was purchased from Heilongjiang Aoyu Graphite
Group Co., Ltd. Potassium permanganate (KMnO4, 99%)
was purchased from Tianjin Chemical Plant. Concentrated
H2SO4, HCl, and cetyltrimethylammonium bromide
(CTAB) were purchased from Sinopharm Group Chemical
Reagent Co., Ltd. MB was purchased from Tianjin Feng-
chuan Chemical Reagent Science Co., Ltd. Hydrogen per-
oxide (H2O2), sodium nitrate (NaNO3, 99%), tertiary butyl
alcohol (C4H10O), titanium dioxide (TiO2), sodium hydro-
xide (NaOH), and distilled water were purchased from
Tianjin Jiangtian Unified Technology Co., Ltd. The
reagents used in this experiment do not need further
purification.

2.2 Preparation of GO

GO was chemically synthesized following the modified
Hummers method [39]. Overall, 10 g of natural graphite and
7.5 g of NaNO3 were placed in a flask and 621 g of H2SO4

was added with stir in an ice water bath. 45 g of KMnO4

was gradually added over about 1 h and the system was then
reacted at 40 °C for 2 h. The obtained solution was diluted
with 80 mL deionized water and kept at 90 °C for 1 h. After
cooling down, 50 mL deionized water and a small amount
of H2O2 solution were added and stood for 12 h. Then the
suspension was washed with 5% HCl and deionized water
to neutral, thus stable GO solution was obtained.

2.3 Preparation of TNTs

0.31 g of TiO2 was added to 50 mL NaOH solution and
reacted at a certain temperature with different stirring rate
for 48 h in a Teflon-sealed autoclave. After cooling down,
the sample was washed with deionized water and ethanol to
remove impurities, and then dried at 72 °C for 6 h. The
specific experimental parameters are shown in Table 1.
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2.4 Preparation of rGO/TNTs aerogel

Overall, 2 mg of TNTs was added into 10 mL GO sus-
pension (5 mg mL−1) and ultrasonicated to form a uni-
form dispersion. In order to promote the dispersion
process, surfactant CTAB was added. The mixture was
then transformed into a Teflon-sealed autoclave and
reacted at 180 °C for 6 h. The obtained wet gel was then
exchanged by tert-butanol during aging and followed by
freeze drying. The rGO/TNTs aerogel was then obtained
and denoted as rGO/TNTs-C. The sample without addi-
tion of CTAB was named rGO/TNTs. rGO aerogel was
also prepared in the same condition without incorporation
of TNTs. Fig. 1 schematically illustrates the preparation
process.

2.5 Sample characterization

Fourier transform infrared (FT-IR) spectra of TNTs and rGO/
TNTs aerogel were recorded by a FT-IR spectrometer
(Nicolet 380) with KBr pellets in the wave number range of
4000–400 cm−1. The phase compositions of the samples
were analyzed by X-ray diffractometer (XRD, D8 Advance,
Bruker AXS, Germany) with Cu Kα radiation at a scan rate
of 0.02° s−1. The morphologies of the samples were observed
by field emission scanning electron microscope (SEM, JSM-
7800F). Transmission electron microscope (TEM) was car-
ried out on a JEOL JEM-2100F electron microscope at an
acceleration voltage of 200 kV. The specific surface area and
porosity of the aerogels were characterized by the pore
structure analyzer (3H-2000PS1) and the samples were out-
gassed at 180 °C for 3 h before tests. Specific surface area
and pore size distribution of the samples were calculated
according to the Brunauer–Emmett–Teller (BET) method
and Barrett–Joyner–Halenda method, respectively.

2.6 Adsorption experiments

The adsorption of MB from aqueous solution was con-
ducted by batch adsorption experiments at 298 K. In order
to avoid the interference caused by photocatalysis, the
adsorption process was carried out in the darkness. The

concentration of MB was detected by UV–vis spectro-
photometer (TU-1900) at λmax of 665 nm. The amount of
MB adsorbed at time t (qt, mg g−1) and at equilibrium
(qe, mg g−1) and the removal efficiency (%) were calculated
by the following equations, respectively:

qt ¼ C0 � Ctð ÞV
m

; ð1Þ

qe ¼ C0 � Ceð ÞV
m

; ð2Þ

Removal efficiency %ð Þ ¼ C0 � Ceð Þ
C0

� 100; ð3Þ

where C0, Ct, and Ce are initial, t time and equilibrium
concentrations of MB (mg L−1), respectively. m is the
weight of the adsorbent (g) and V is the volume of MB
solution (L).

3 Results and discussion

3.1 Composition and phase analysis

Figure 2a shows the FT-IR spectra of GO, TNTs, and rGO/
TNTs aerogel. The absorption peaks at 3420 and 1080 cm−1

are assigned to the stretching vibration and bending vibration of
–OH groups in GO and the absorption band at 1740 cm−1 is
assigned to the stretching vibration of C=O groups, which
indicate that there are numerous hydroxyl and carbonyl func-
tional groups on the obtained GO. The formation of TNT is
certified by the presence of the absorption peaks at 916 and
470 cm−1, which are assigned to the Ti–O stretching vibration
in OTi (OH)2 molecule [40, 41] and the vibration of Ti–O in
TiO6 octahedrons [42, 43]. The absorption peak at 470 cm−1

can also be found in the rGO/TNTs aerogel, verifying the
successful incorporation of TNTs. The decrease of the peak at
3400 cm−1 indicates that GO is reduced in the rGO/TNTs
aerogel [26] during the hydrothermal process. The crystalline
structures of GO, TNTs, and rGO/TNTs aerogels are studied
by XRD. It can be seen from Fig. 2b that the diffraction peak at
12° is attributed to the (0 0 2) plane of GO and the interlayer

Table 1 Experimental parameters for the preparation of TNTs

Sample Stirring rate (rpm) Temperature (°C) NaOH (M)

TNTs-1 650 150 5

TNTs-2 650 175 5

TNTs-3 650 150 10

TNTs-4 650 175 10

TNTs-5 780 150 10

TNTs-6 860 150 10

Fig. 1 Schematic illustration for the preparation process of rGO/TNTs
aerogel

Journal of Sol-Gel Science and Technology (2021) 97:271–280 273



spacing is calculated to be 0.73 nm by the Bragg equation [26].
The XRD spectrum of TNTs is consistent with the standard
spectrum of monoclinic Na2Ti3O7 (PDF 72–0148) and the
peak at 10° is the typical diffraction peak of the layered titanate
[44]. The peak at 25° in rGO/TNTs aerogel is assigned to
carbon which further verifies the reduction of GO.

3.2 Morphology analysis

Figure 3 shows the morphology of TNTs obtained under
different preparation conditions. It can be seen that at low
NaOH concentration (Fig. 3a, b), the products show poor

morphology due to the incomplete reaction. With the
increase of the NaOH concentration to 10 M, TNTs with a
certain aspect ratio is initially formed, but there are still a
lot of flakes. The reaction temperature shows no significant
effect on the morphology of the product. It is worth noting
that the obtained TNTs manifest a high aspect ratio with
few impurities at faster stirring rate. This may be due to the
fact that TiO2 and NaOH solution can sufficiently contact
with each other at high stirring speed, leading to a com-
plete reaction. Meanwhile, the strong shear force under
high stirring speed benefits for the formation of nanotubes.
The optimal reaction conditions for the preparation of

Fig. 3 SEM images of TNTs
prepared under different
conditions: a TNT-1, b TNTs-2,
c TNTs-3, d TNTs-4, e TNTs-5,
and f TNTs-6

Fig. 2 a FT-IR spectra and
b XRD patterns of GO, TNTs,
and rGO/TNTs aerogel
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TNTs are 10 M NaOH at 150 °C with a stirring rate of
860 rpm.

In order to explore the influence of the addition of TNTs
on the structure of the composite aerogel, the morphology of
rGO, rGO/TNTs, and rGO/TNTs-C aerogels were investi-
gated, respectively. As shown in Fig. 4, the original rGO
aerogel has an irregular 3D porous structure with a large pore
size. The addition of TNTs significantly reduces the pore size
of the aerogel, which may result from the hydrogen bonding
between TNTs and rGO aerogel. The obtained rGO/TNTs
aerogel still shows an irregular 3D porous structure, but the
TNTs in the aerogel are partially agglomerated. The rGO/
TNTs-C aerogel obtained after CTAB modification manifests
a more uniform pore structure, and TNTs are homogeneously
distributed in the aerogel matrix with strong interfacial
bonding (Fig. 4c). The coexistence and uniform distribution
of Ti, C, Na, and O elements in rGO/TNTs-C aerogel are

validated by elemental mapping analysis, which further
verifies the successful doping of TNTs. Thus, it can be safely
concluded that the incorporation of TNTs shows obvious
effect on the structure of rGO aerogel. The oxygenic groups,
especially at the edges and wrinkles of the rGO aerogel can
effectively interacted with the hydroxy groups in TNTs, thus
leading to the regulation of the porous structure. Figure 5
shows the TEM images of the rGO/TNTs-C aerogel. It can be
seen that the prepared TNTs are uniformly dispersed in the
aerogel matrix. The lattice fringes observed with the inter-
planar spacing of 0.347 nm are assigned to the (1 1 0) plane of
TNTs.

3.3 Pore structure analysis

Figure 6 shows the N2 adsorption–desorption isotherms and
the corresponding pore size distributions of rGO,

Fig. 4 SEM images of a rGO aerogel, b rGO/TNTs aerogel, c rGO/TNTs-C aerogel, and d the elemental mapping images of rGO/TNTs-C aerogel

Fig. 5 a–c Low-resolution and d
high-resolution TEM images of
rGO/TNTs-C aerogel (the inset
in a shows the SAED pattern)
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rGO–TNTs, and rGO–TNTs-C aerogels. It can be seen that
all the isotherms of the aerogels basically belong to type
IV as defined by IUPAC, which is the characteristic of
mesoporous materials [45]. Besides, they are in accor-
dance with the type H3 hysteresis loops, indicating the
slit-shaped pores in the composites [46], and their specific
surface areas are 183.2, 425.9, and 536.2 m2 g−1,
respectively. The specific porous characteristics of
the aerogels are shown in Table 2. rGO aerogel shows the
lowest specific surface area, which is caused by the
uncontrollable agglomeration between the two-
dimensional graphene sheets in the process of assem-
bling into three-dimensional network. After the addition
of TNTs, the specific surface area remarkably increases
and shows further improvement with the modification of
CTAB. This may be due to the fact that suitable incor-
poration of TNTs benefits for supporting of the network
structure, and can effectively hinder the π–π bonding
interaction between graphene sheets, thereby prohibiting
their aggregation. The modification of CTAB ensures the
uniform distribution of TNTs in the matrix and further
optimizes the pore structure.

3.4 Adsorption property

The adsorption properties of TNTs, rGO, and rGO/TNTs-C
aerogels toward MB are systematically studied. It can be
seen from Fig. 7 that pure TNTs show poor adsorption
property to MB. For rGO aerogel, although the adsorption
rate is slow, the adsorption capacity at equilibrium is rela-
tively high. The rGO/TNTs-C aerogel exhibits the best
adsorption property with a faster adsorption rate. Their
adsorption capacities are 198.6, 359.4, and 380.7 mg g−1

with the removal efficiency of 49.7%, 89.8%, and 92.2%,
respectively. The results indicate that the incorporation of
TNTs can effectively improve the adsorption property of
rGO aerogel through regulation of the porous structure.
rGO/TNTs-C aerogel with high specific surface area can
provide more active sites and increase the contact area
between MB and the adsorbent, thereby promoting the
adsorption process. Meanwhile, with the increase of
adsorbent dosage, the adsorption rate of rGO/TNTs-C
aerogel obviously increases and the removal efficiency also
increases from 92.2 to 98.0%. This can be attributed to the
increase of the adsorbent specific surface area and avail-
ability of more adsorption sites [47].

3.5 Adsorption kinetics

In order to identify the mechanism and the potential rate-
controlling steps involved in the adsorption process, two
kinetic models, pseudo first order and pseudo second order,
are adopted to simulate and analyze the adsorption kinetics
of the rGO/TNTs aerogels. The equation for pseudo first-
order kinetics was introduced initially by Lagergren [48].

Fig. 6 a N2 adsorption isotherms
and b pore size distributions of
the aerogels

Table 2 Porous characteristics of the aerogels

Sample SBET
(m2 g−1)

Average pore
size (nm)

Pore volume
(cm3 g−1)

RGO 183.2 6.95 0.36

RGO/TNTs 425.9 8.14 1.47

RGO/TNTs-C 536.2 7.14 1.29
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It is generally used in the form proposed by Ho and
McKay [49]

ln qe � qtð Þ ¼ lnqe � k1t; ð4Þ
in which k1 (min−1) is the pseudo first-order rate constant
and t (min) is the time.

The equation for pseudo second-order kinetics [50, 51] is
generally employed in the form proposed by Ho and
McKay [49]

t

qt
¼ t

qe
þ 1
k2q2e

; ð5Þ

in which k2 (g mg −1 min−1) is the pseudo second-order rate
constant.

Figure 8 shows the linear fitting plots of pseudo first-
order and pseudo second-order kinetic models for adsorption
of MB by TNTs, rGO, and rGO–TNTs-C aerogels with the
adsorbent dosage of 1 mg and rGO–TNTs-C aerogel with
dosage of 10 mg. The parameters qe and k1 for the pseudo
first-order kinetic model (Eq. 4) could be obtained from the
intercept and slope of the plots of ln(qe− qt) versus t. It can

be seen that the correlation coefficient of TNTs, rGO, and
rGO–TNTs-C aerogels with 1 mg is 0.9785, 0.9947, and
0.9930, which suggests that the adsorption of MB fairly
follows the pseudo first-order kinetic model. Besides, the
calculated qe1 is also consistent with the experimental value
qexp, further verifies that it is suitable for rGO and
rGO–TNTs-C aerogels. The results also manifest that the
adsorption of MB is a dispersion controlled process in this
system. For the pseudo second-order kinetic model (Eq. 5),
the qe2 and k2 can be obtained from the slope and intercept of
the plots of t/qt versus t. It can be seen that the correlation
coefficient is relatively low and the calculated qe2 also shows
a big variation from the experimental value qexp, indicating
that pseudo second-order kinetic model is not suitable for
this system and chemisorption is not the rate-controlling
step. So, when the adsorbent dosage is relatively low, a
dispersion process is found to be the rate-limiting step [49].
With the increase of the rGO–TNTs-C aerogel content, the
adsorption rate has been obviously improved and the
adsorption kinetics have also changed. It can be seen that
both of the kinetic models fit well and the pseudo second-

Fig. 7 UV–vis absorption spectra of MB solution by: a TNTs—1 mg, b rGO—1 mg, c rGO/TNTs-C—1 mg, and d rGO/TNTs-C—10 mg (inset
shows the corresponding photographs of MB solutions before (left) and after (right) adsorption)
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order kinetic model is better than the pseudo first-order
kinetic model, which manifests that chemical sorption gra-
dually becomes a rate-controlling step with the increase of
adsorbent dosage. Thus, it can be safely concluded that
when the adsorbent dosage is low, the adsorption process of
MB is mainly controlled by the dispersion of MB molecules
to the active sites of the aerogels. With the increase of the
adsorbent content, chemical sorption or chemisorption
involving valency forces through sharing or exchange of
electrons such as the π–π chemical adsorption or the reaction
of the polar functional groups between MB and rGO–TNTs-
C aerogel becomes the rate-limiting step. The kinetic para-
meters obtained from these models are given in Table 3.

4 Conclusions

In summary, TNTs are successfully incorporated into rGO
aerogel to regulate the pore structure of the aerogel, resulting
in rGO/TNTs aerogel with high specific surface area and

favorable MB adsorption property. The effects of TNTs on
the morphology, pore structure, and adsorption properties of
rGO/TNTs aerogel are studied and the main conclusions are
summarized as follows:

(1) The doping of TNTs can effectively prevent the
agglomeration between graphene sheets in the process of
assembling into three-dimensional network, thus resulting
in a mesoporous rGO/TNTs aerogel with high specific
surface area. The modification by CTAB ensures the uni-
form distribution of TNTs in the matrix and further opti-
mizes the pore structure.

(2) rGO/TNTs-C aerogel shows the best adsorption
property toward MB and the maximum adsorption capacity
can be 380.7 mg g−1 with a quite high removal efficiency of
92.2%. Besides, the adsorption kinetic analysis indicates
that the dispersion of MB molecules to the active sites of the
aerogel is the rate-limiting step when the adsorbent dosage
is low. With the increase of adsorbent content, chemical
sorption or chemisorption involving valency forces through
sharing or exchange of electrons such as the π–π chemical

Fig. 8 Adsorption kinetics of
MB adsorption: a, c pseudo first
order and b, d pseudo
second order

Table 3 Kinetic parameters of MB adsorption

Pseudo first order Pseudo second order

Sample qexp (mg g−1) qe1 (mg g−1) k1 (min−1) r1
2 qe2 (mg g−1) k2 (g mg−1 min−1) r2

2

TNTs 198.6 180.3 0.0022 0.9785 73.9 3.3 × 10−4 0.8977

rGO 359.4 357.4 0.0019 0.9947 469.5 3.5 × 10−6 0.6765

rGO–TNTs-C 380.7 368.5 0.0035 0.9930 282.5 2.5 × 10−5 0.9019

rGO–TNTs-C—10 mg 39.2 32.7 0.0194 0.9928 46.3 6 × 10−4 0.9967
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adsorption or the reaction of the polar functional groups
between MB and rGO–TNTs aerogel becomes the rate-
limiting step. In brief, the rGO–TNTs aerogel with favor-
able adsorption property shows great potential in water
treatment.
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