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Abstract
In this study, TiO2 nanoparticles (NPs)-based catalysts were prepared for the photocatalytic removal of toluene as a model 
VOC from air under UV light. Expanded graphite (EG) and activated carbon (AC) as two sustainable supports were employed 
for immobilization of TiO2 NPs by sol–gel technique. In this approach, substrates were added to TiO2 sol–gel and heated 
up to 60 °C followed by calcination process at 400 °C to afford, EG/TiO2 and AC/TiO2. The studies show that much bet-
ter results ensued for AC–TiO2 because of higher surface area, good nanoparticle distribution, and lower pore width. The 
products were characterized by X-ray diffraction, scanning electron microscope, energy dispersive X-ray, as well as N2 
adsorption/desorption.
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Introduction

Volatile organic compounds (VOCs) such as toluene, ben-
zene, xylene, etc. are a group of hydrocarbons emitted from 
building materials, furnishings, and many industrial pro-
cesses that are greatly harmful to environment and human 
(Vandenbroucke et al. 2011; Ojala et al. 2011). Despite their 
deleterious effects, VOCs are still widely produced, used, 
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and released to the atmosphere (Ojala et al. 2011). This issue 
has been a major concern for many researchers in recent dec-
ades, and they have tried to find efficient and cost-effective 
technologies for the removal of these compounds from the 
gas and water streams (Varshney et al. 2016; Pelaez et al. 
2013; Virkutyte and Varma 2010; Virkutyte et al. 2010; Vir-
kutyte and Varma 2012a, b; Virkutyte et al. 2012).

Recently, noble metal and metal oxides have been broadly 
applied for the elimination of VOCs due to their high ther-
mal, chemical, and physical stabilities, high efficiency and 
activity, large surface area, and strong electron transfer abili-
ties (Park et al. 2019; Sharma et al. 2019). Despite all the 
advantages, the catalytic activity was decreased due to the 
agglomeration of the nanoparticles. In fact, the nanoparti-
cles used in the reaction, due to their very small size, can-
not be recovered and remain in the reaction environment 
and caused various constraints. Therefore, to address this 
problem, heterogeneous catalysts have been developed that 
include stable support such as carbon nanotubes (CNTs), 
graphene, Al2O3, Fe3O4, etc. to stabilize the nanoparticles 
(Goudarzi and Salavati-Niasari 2018; Mahdiani et al. 2017, 
2018; Salavati-Niasari and Bazarganipour 2007, 2008, 2009; 
Salavati-Niasari et al. 2010; Nasrollahzadeh et al. 2018, 
2019a, b).

There has been a great deal of interest in oxidation pro-
cesses using nanoparticle catalysts specially titanium diox-
ide (TiO2) in many scientific and industrial fields (Yang et al. 
2009; Narayanaswamy et al. 2008). This unique semicon-
ductor has attracted considerable attention (Choi et al. 2006; 
Verma et al. 2016) and has been shown to be one of the most 
suitable catalysts, having a strong oxidation activity. Moreo-
ver, its significant attributes such as chemical inactivity, low 
cost, non-toxic nature, compatibility with the environment, 
along with long-term stability and a lower energy band gap 
(3.02 eV) enabled many practical applications (Wang and 
Zhou 2011; Yap et al. 2011; Vega et al. 2011). Anatase, 
rutile, and brookite are prominent phases of TiO2 among 
which anatase and rutile have been primarily involved in 
environmental decontaminations (Williams and Kamat 
2009). Anatase is usually found to be more active than rutile, 
but in recent years, the scientific literature suggests that the 
photocatalytic and photovoltaic properties of mixed phases 
of TiO2 nanoparticles are much preferred as compared to 
pure anatase TiO2, reducing electron–hole recombination 
(Wetchakun and Phanichphant 2008).

In order to improve specific surface area of TiO2 and its 
affinity toward VOCs molecules (due to the polar structure 
of the most semiconductors), and thereby attaining much 
higher activities, attention has been focused to coat it on 
adsorbent matrixes such as silica, zeolites, as well as carbon-
structured materials (Colmenares et al. 2016, 2017) such as 
activated carbon (AC) and expanded graphite (EG); among 
these, AC and EG are considered as exceptional supports 

(Abedi et al. 2015a; Zarezade et al. 2011; Wang et al. 2009a; 
Arana et al. 2003). Thanks to the unique molecular struc-
ture, extremely high affinity for the most of VOCs, large 
surface area, microporous structure, availability in various 
forms and sizes, high adsorption capacity, and low cost, 
AC can be an ideal substrate (Ghaedi et al. 2011). EG has 
also a porous structure with typical apparent densities of 
0.002–0.01 g cm−3 and has been used in wide-ranging prac-
tical applications in many fields such as hydrogen storage, 
sensors production, catalytic oxidation, biomedical treat-
ment, as well as adsorption (Zhao and Liu 2009). In recent 
years, the ecological problems arising from the oil spills in 
the world have caused EG to be considered as a strong and 
powerful absorbent for water contaminants (Yue et al. 2010). 
Tsumura et al. studied the effect of TiO2 on decomposition 
of absorbed heavy oil and found that doping anatase-type 
TiO2 onto EG could markedly accelerate the decomposition 
of heavy oil under UV irradiation (Tsumura et al. 2002).

Adsorption has long been used as one of the most suc-
cessful methods for air and water treatment. However, it does 
not mineralize the pollutants but simply prevents them from 
further recycling in the atmosphere. There also exists the 
problem of saturation and breakthrough with the adsorption 
process. Combining the both techniques, adsorption and the 
catalytic oxidation, has been proposed as a hybrid method 
to overcome some of the drawbacks and thriving perfor-
mance for the removal of contaminants (Abedi et al. 2015b; 
Lee et al. 2004; Wang et al. 2009b; Sharma et al. 2019). 
Furthermore, magnetic, electrochemical, and photocatalytic 
properties of catalyst can be modified throughout coating 
some material (Goudarzi and Salavati-Niasari 2018; Mah-
diani et al. 2017; Salavati-Niasari and Bazarganipour 2009).

Consequently, during this work, TiO2 nanoparticles were 
synthesized using sol–gel technique, and carbon-based 
adsorbents, i.e., activated carbon, and expanded graphite 
were deployed as supports for TiO2. The study focused on 
the synthesis and characterization of AC–TiO2 and EG–TiO2 
nanocomposites using XRD, SEM, EDX, and BET; the pho-
tocatalytic efficiency of AC–TiO2 and EG–TiO2 was inves-
tigated under UV radiation for mineralization of toluene as 
a model compound.

Materials and methods

General

Expandable graphite powder with 300 μm diameter and 
30 μm thickness was supplied by Beijing Invention Biol-
ogy Engineering and New Material Co., China. Activated 
charcoal having granules with the mean diameter of 1.5 mm 
was purchased from Merck, Germany. Tetra n-butyl titanate 
[Ti(OBu)4] used as Ti precursor, PrOH, and acetyl acetone 
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(with purity of 99.8%) as solvent, and toluene (with purity 
higher than 99%) used as air pollutant, were all obtained 
from Merck, Germany.

Expanded graphite was prepared using expandable graph-
ite powder which was dried at 90 °C for 12 h, followed by 
heating up to 1050 °C for just 15 s.

The surface state and structure of the composites were 
observed by scanning electron microscopy (SEM) (Scam 
MV 2300, Cam type). Chemical characterization of the 
prepared nanostructures was also analyzed by dispersive 
X-ray spectroscopy (EDX). The crystalline nature of the 
samples was investigated by X-ray diffractometer (Philips 
powder diffractometer type PW 1373 goniometer) with Cu 
Kα (λ = 1.5405 Å) radiation source. The diffraction patterns 
were recorded in the 2θ range of 10°–60° with scanning 
speed of 2° min−1. The BET surface area was determined 
using the N2 adsorption data in the relative pressure (P/P0) 
range of 0.05–0.5 at 77 °K using a BELSORP-max nitrogen 
adsorption apparatus (Japan Inc.). Furthermore, the desorp-
tion isotherm was used to determine the pore size distribu-
tion using the density functional theory (DFT) method.

A quartz cylindrical glass tube with 3 cm diameter and 
30 cm length was employed as a catalyst reactor. Some 
amount of glass wool was applied each time at both ends 
of the tube in order to prevent particles escaping from the 
inlet and outlet of the reactor. In the center of the reactor, an 
8-W lamp with wavelength of 253.7 nm (Philips TUV 8 W/
G8 T5 Bulb), 15 mm × 300 mm, was placed axially as a UV 
radiator. The distance between the lamp and the reactor wall 
was filled by EG–TiO2 or AC–TiO2 nanocomposites. The 
setup system consisted of several parts including air supply, 
air drying, air cleaning, air controlling and measuring, pol-
lutant injection, mixing, decomposition, and analysis sec-
tions. A compressor was used to supply normal air in order 
to dilute the pollutant molecules. This air was subjected to 
flow through our experimental setup and controlled using 
several regulators and needle valves. It was then allowed 
to flow through a ceramic-activated carbon and a cellulosic 
ester filter to be cleaned from water vapor and any back-
ground air contaminants. Afterward, the toluene liquid was 
injected into the line as air pollutant (300 ppm) through a 
specified port using a motor-driven syringe pump (SP-510, 
JMS), from where it was allowed to be mixed inside a mix-
ing chamber and could be accessed from the reactor. A tem-
perature controller was used to keep the temperature of the 
system at 40 °C, making it possible for the liquid substance 
to vaporize conveniently. All the setup system was inspected 
to be thoroughly gastight.

After the steady state conditions were established, the 
effluent gas was sampled and subjected to analysis using 
a gas chromatograph (GC/FID, Shimadzu-2010), equipped 
with a SGE capillary column with the inner diameter of 
0.22 mm, film diameter of 0.25 µm, and length of 25 m. A 

Varian 3800 GC equipped with a Saturn 2200 mass spec-
troscopy system (GC/MS), with the same column mentioned 
above, was also used during our experiments. Temperature 
programming with both GCs was as follows: 80 °C for 1 min 
and then increased by 12 °C min−1 up to 180 °C and finally 
kept constant there for 5 min. 100 µl of effluent gas was 
removed each time using a sampling syringe.

During all experiments, the UV lamp was turned on for 
20 min after steady state conditions and then the removal 
efficiency was analyzed.

Preparation of TiO2

TiO2 particles were prepared through modified sol–gel pro-
cess using tetra n-butyl titanate as the precursor. Ti(OBu)4 
was diluted with PrOH as solvent, and the resultant mix-
ture was stirred at room temperature for 1 h. Acetylacetone 
(AcAc) as stabilizer was added dropwise to the mixed 
solution under stirring, and the resultant mixture stirred 
for another 2 h. Afterward, HNO3 aqueous solution (2 or 3 
droplets of HNO3 in 1.8 ml of H2O) was added under stirring 
to ensure that the pH of sol–gel solution maintained around 
2. Finally, the solution was heated under reflux at 75 °C 
for 8 h to obtain a colorless crystalline sol. At this stage, 
the temperature was kept constant and strictly controlled 
to avoid instant gelation. The volume ratios of PrOH, H2O, 
and AcAc to Ti(OBu)4 were 40, 100, and 1, respectively 
(Hu et al. 2009).

Preparation of AC–TiO2 and EG–TiO2 
nanocomposites

For the preparation of AC–TiO2 and EG–TiO2 nanocom-
posites, AC and EG were firstly added to TiO2 sol followed 
by subjecting the mixtures to sonication in an ultrasound 
bath for 30 min and the contents were maintained at room 
temperature for 2 days. Afterward, the mixtures were fil-
tered and then dried at 60 °C for 5 h. The samples were 
finally calcined at 400 °C for 2 h. The flowcharts of TiO2 
sol, AC–TiO2, and EG–TiO2 nanocomposites, in terms of 
preparation procedure sequences, are presented, in Fig. 1a–c, 
respectively. Image of synthesized materials was taken by 
digital camera and included in Fig. 2.

Results and discussion

The EG–TiO2 and AC–TiO2 nanocomposites were synthe-
sized and then characterized using several techniques in 
order to determine how the structure of composites affects 
their catalytic activity under UV irradiation. It has been rec-
ognized in the literature that the catalytic activity of a cata-
lyst can be influenced by many factors such as adsorption 
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properties and surface area of the substrate, Ti amount, pore 
size, TiO2 crystalline phase etc. (Arana et al. 2003; Jafari 
et al. 2011; Jaleh and Shahbazi 2014; Yu et al. 2002). In 
keeping with these reports, the synthesis and characteriza-
tion of EG–TiO2 and AC–TiO2 complexes were carried out.

Surface analysis of composites

The morphologies of EG and AC, before and after TiO2 
coating, are provided in Fig. 3. Lamellar structure of EG 

is shown in Fig. 3a, and the pore structure of EG is found 
to be distributed uniformly, having a large number of thin 
and flat layers. The loaded TiO2 particles could also be 
clearly observed over the EG substrate in Fig. 3b. The par-
ticles are in nano-scale range but have different shapes and 
sizes as depicted in Fig. 3b, the dispersion and distribution 
of TiO2 particles being not uniform. Zhang et al. (2005) 
reported that more reactive sites can be expected in cata-
lysts with higher particle distribution degrees. It can also 
be seen from the figure that the morphology of EG after 
TiO2 coating was dramatically changed; some of the thin 
layers disappeared, joining and sticking together. The sur-
face macroscopic alteration can be attributed to two fac-
tors; the wet process of sol–gel technique and the calcina-
tions temperature. Due to the soft and fragile nature of EG, 
the sol–gel wet process can affect its structure adversely, 
reducing the surface area significantly. Although the cal-
cination process can positively influence catalyst proper-
ties, it can also be considered as a detrimental factor for 
catalyst substrate and even catalyst phase transition (Ao 
and Lee 2005). In Fig. 3c, AC has a relatively smooth 
surface, having many holes and cavities along it. How-
ever, after deposition and calcination, TiO2 particles are 
well attached and dispersed over the AC surface, making 
it much uniform and smooth (Fig. 3d). The distribution 
of TiO2 particles over AC is also more uniform as com-
pared to EG surface. According to Afanasov et al. (2009), 
the distribution pattern can have a considerable impact 
on the pollutant removal efficiency, since the contaminant 
molecules firstly adsorbed on substrate surface and then 
transferred to the nanoparticles for decomposition.

Fig. 1   Flowchart of preparation of a TiO2 sol–gel, b AC–TiO2 nanocomposite, c EG–TiO2 nanocomposite

Fig. 2   Digital camera images of a AC, b AC–TiO2, c EG, d EG–TiO2 
nanocomposite
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Elemental and pore size analysis

A quantitative EDX spectrum was obtained using 
SEM–EDX line scan technique to determine the elemental 
composition of samples. The analysis provides the percent 
by weight (wt%) and the percent number of atoms (at.%) 
of each identified element which are listed in Table 1 for 
EG–TiO2 and AC–TiO2. The results show that the nano-
composites comprise C, O, and Ti. Carbon atoms are the 
dominant element in both EG–TiO2 and AC–TiO2 samples 
accompanied by the O atoms in the second place followed 
by the minor quantities of Ti and with no detection of any 

Fig. 3   SEM image of a EG, b EG–TiO2, c AC, d AC–TiO2

Table 1   EDX elemental composition of EG–TiO2 and AC–TiO2

Element Weight% Atomic%

EG–TiO2 C 84.63 89.44
O 12.29 9.75
Ti 3.08 0.82
Total 100.00 100.00

AC–TiO2 C 78.33 84.18
O 18.57 14.98
Ti 3.10 0.84
Total 100.00 100.00
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other impurity. Surprisingly, nearly the same amount of Ti 
was detected in both EG–TiO2 and AC–TiO2, which was 
not supported by the primary examination of SEM images 
(Fig. 3b, d); aggregation may well be the reason for this 
discrepancy. A significant shrinkage has been observed in 
EG structure after exposing to the wet medium of sol–gel, 
leading the TiO2 particles to be accumulated on some parts 
of EG surface. Furthermore, as Table 1 shows, the % of O 
was also different in the two nanocomposites, much higher 
in AC–TiO2. According to Szymański et al. (2002), sub-
strate surface carboxylic groups can strongly participate in 
catalytic destruction of hydrocarbons (Abedi et al. 2014). 
Therefore, an optimum concentration of O would be highly 
valued.

The samples were also subjected to nitrogen adsorp-
tion–desorption measurements in order to characterize 
the pore structures of two nanocomposites, and results are 
shown in Fig. 4; all samples, e.g., EG, EG–TiO2, AC, and 
AC–TiO2 display an IV-type isotherm accompanied by the 
presence of hysteresis loops, indicating mesoporous struc-
ture patterns. The BET specific surface area and the total 
pore volume of bare substrates and nanocomposites are 
shown in Table 2.

As expected, the volume of AC–TiO2 is slightly lower 
than that of AC, indicating the deposition of TiO2 onto the 
template pores. For EG–TiO2, this volume reduction was 
more noticeable which can be explained by the EG shrinkage 
as a result of introduction into the aqueous medium of sol.

The pore size distribution of samples was calculated by 
density functional theory (DFT) method (Fig. 5), which 
totally supported the BET results. From Fig. 5, it can be con-
cluded that TiO2 coating can lead to the pore width reduction 
especially for EG–TiO2. It appears that all points of the two 

curves (AC and AC–TiO2) coincide in the Fig. 5, implying 
no deposition of TiO2 into AC, but with a magnification 
view, a difference of 135–190 nm appears between the two 
curves which can be attributed to a thin layer of TiO2 nano-
particles. The pore width for EG–TiO2 obtained in the range 
between 4 and 25 nm, while the distribution was much less 
for AC–TiO2 (1–8 nm). The last result can strongly affect 
the catalytic activity rate.

Structural analysis

Figure 6 presents the X-ray diffraction patterns of some 
selected samples. The diffractogram shows the characteris-
tic peaks of EG (2θ = 26.4°), and AC (2θ = 26) which were 
accompanied by a mixture of anatase and rutile TiO2 peaks 
in different amounts, locating at 2θ = 25.1°, 37.6°, 47.7°, 
54.8°, 59.8°, and 2θ = 27.1°, 41.0°, 62.6°, respectively. An 
overlap is seen from Fig. 6 between the main peak of AC 
and that of anatase TiO2 at 2θ = 25.1 corresponding to the 
(101) plane, which is also considered to be the main peak of 
TiO2. Due to the presence of substrate species and also badly 
crystallized TiO2, a non-smooth diffractogram shape was 
obtained for all samples. According to Addamo et al. (2004), 
the phase type and properties of nanoparticles depend 
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Table 2   Specific surface area and total pore volume of EG, EG–TiO2, 
AC, and AC–TiO2

Sample name EG EG–TiO2 AC AC–TiO2

Specific surface area (m2 g−1) 99.27 54.9 969.1 935.2
Total pore volume (cc g−1) 0.3425 0.1185 0.5724 0.5453

Fig. 5   DFT pore size distribution plot of EG, EG–TiO2, AC, and AC–
TiO2
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strongly on preparation conditions such as sol preparation 
sequence and calcination temperature; calcination tempera-
tures higher than 400 °C may specially lead to the formation 
of much better crystallized anatase TiO2. But, at the same 
time, higher temperatures result in higher aggregation and 
thereby reducing surface area of nanoparticles and also loss 
of TiO2 surface hydroxyl groups which is fully destructive 
for catalytic activities.

Toluene mineralization

The effect of catalyst was investigated on toluene conversion 
in the presence of UV light, and our investigations were 
performed with both bare substrates and substrates coated 
by TiO2.

Assuming the production of CO2 and H2O, as well as 
oxygen and hydroxyl radicals as dominant agents in toluene 
mineralization, the possible pathway is depicted in Fig. 7.

Figure 8 shows the photocatalytic activity of EG/TiO2 
and AC/TiO2 for the degradation of toluene as a function 
of time; a relatively low activity was observed in removal 
efficiency (RE) after 2 min of UV radiation, and it then 
picked up after 5 min, rocketing by almost 60% for AC/
TiO2. Furthermore, in the presence of AC/TiO2 total oxi-
dation of toluene was obtained at 20 min of UV expo-
sure. As far as the EG/TiO2 is concerned, the first signs 

of activation appeared after 5 min under UV radiation, 
and no catalytic behavior is seen from the figure at lesser 
times. From this point onwards, a gradual enhancement 
was observed in the catalytic activity, and nearly the total 
decomposition of toluene was achieved after 30 min.

As can be seen from Fig. 8, AC/TiO2 catalyst was more 
active relative to EG/TiO2 which may be attributed to the 
stronger adsorption ability of AC. As Fig. 8 represents, 
prior to TiO2 impregnation, the toluene breakthrough 
was much higher with the bare EG, indicating the greater 
capacity of AC to adsorb toluene. This may be more sig-
nificant with prepared catalysts because the structure of 
EG/TiO2 appeared to be much denser compared to the 
structure of bare EG, meaning a lower surface area for 

Fig. 6   XRD patterns of EG–
TiO2 and AC–TiO2

Fig. 7   Possible pathway for toluene mineralization

Fig. 8   Toluene removal efficiency over AC–TiO2 and EG–TiO2 as a 
function of temperature, and toluene breakthrough over bare AC and 
bare EG as a function of passed time
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EG/TiO2, while no significant change occurred with the 
AC after impregnation.

It has been widely recognized that catalyst support can 
influence the catalytic performance significantly (Ao and 
Lee 2003; Ao et al. 2008). Ao and Lee (2003) prepared TiO2 
anatase loaded on AC and used it as catalyst for decomposi-
tion of phenols wherein phenol compounds were adsorbed 
on AC initially and then moved to the surface of TiO2 con-
tinuously which improved the catalytic oxidation remarka-
bly. In agreement with this, our findings also showed that the 
effect of catalyst template can be significant, and a high level 
of catalytic activity was observed during the present work. 
The damaging effects of calcination could be counteracted 
by higher rates of adsorption and providing more organic 
compounds close to nanoparticles as well as the dispersion 
of TiO2 particles on the surface of AC (Li et al. 2007).

A strong relationship was observed between the time and 
removal efficiency (RE), and the trend for RE is obviously 
upwards in all cases regardless of the catalyst type (Fig. 8). 
Total oxidation of toluene was obtained after 20 min and 
30 min with AC/TiO2 and EG/TiO2, respectively. Compared 
to the earlier studies (Schmidt-Szałowski et al. 2011; Yang 
et al. 2010; Zeng et al. 2010), much lesser time is needed 
to reach a stable and high catalyst activity, especially using 
AC/TiO2. Notably, the level of activation with AC/TiO2 was 
considerably high at 5 min, while no significant activity was 
observed with EG/TiO2. This can be probably explained by 
the thorough dispersion of nanoparticles over AC surface 
as confirmed by SEM. As we surmised previously, a good 
distribution of TiO2 particles was obtained on AC, while the 
pattern for EG was sporadic and was not much favorable. 
With higher quantities of nanoparticles dispersion over the 
substrate, much more hydroxyl groups could be available 
for redox reactions (Mul et al. 2001). Furthermore, a greater 
degree of aggregation estimated for EG/TiO2 can be another 
reason for its lower RE.

Conclusion

The EG–TiO2 and AC–TiO2 were successfully prepared 
by sol–gel method with the morphology for EG and AC, 
as observed by SEM analysis, being lamellar and smooth, 
respectively; TiO2 was well deposited on the surface of sub-
strates. The XRD analysis confirmed that TiO2 supported 
on carbon bases contains two different phases: anatase and 
rutile. Moreover, the EDX analysis showed that the elements 
are C, O, and Ti and no other elemental impurities were 
discerned. AC–TiO2 showed a high catalytic activity, and 
nearly 100% of toluene was converted on its surface after 
20 min of UV radiation. The catalytic activity of EG–TiO2 
was very strong after 30 min, while not appreciable at 
lesser exposure times. We anticipate this study will help 

researchers design the appropriate preparative procedure and 
its processing, including calcination to attain the desirable 
traits for supported TiO2.
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