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capable of decomposing MO mainly due to its serv-
ing as an electron trap. The potential photocatalyst 
formation and photocatalysis mechanism for TiO2/AC 
nanocomposite to support phenomena were proposed. 
The finding in this study provided important implica-
tions for further research on the preparation of com-
posite TiO2 and carbon-based co-catalyst to enhance 
the adsorption–photocatalytic activity.

Keywords  Electron-trap · Nanoparticles · 
Nanocomposite · Photocatalyst

1  Introduction

The residual of organic dyes, such as azo dye, is one 
of the major contaminants of industrial wastewater 
due to their toxic nature. Azo dyes such as methyl 
orange, rhodamine B, and methylene blue are the larg-
est group and the most frequently used as colorants 
due to cost-effectiveness and ease of use compared to 
natural dyes (Benkhaya et al., 2020). However, most 
organic dyes are delicate. Their high stability under 
sunlight irradiation, temperature, and biodegrada-
tion makes it unbreakable naturally quickly (Lellis 
et  al., 2019). Therefore, the presence of this pollut-
ant affected the natural water ecosystem and human 
health (Lellis et  al., 2019). Because the increased 
demand for textile products is a proportional increase 
in the use of organic dyes, it is crucial to develop 
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effective, efficient, end environmentally friendly tech-
nology to overcome the effect problems.

Among the technology, photocatalysis is one of 
the promising methods to decompose organic dyes. 
Titanium dioxide (TiO2)-based photocatalytic as the 
common photocatalyst for water treatment technol-
ogy is rapidly growing due to its environmentally 
friendly characteristic, resistance to photo-corrosion, 
low cost, long-term stability, and oxidation power 
(Qi et  al., 2017). Unfortunately, low visible-light 
absorption due to the bandgap energy value (3.2 eV) 
and photogenerated charge ability, which causes a 
short recombination process, is the significant draw-
back of TiO2 (Qi et  al., 2017). In recent years, het-
erogeneous catalysis has found great application. 
Creating the binary metal oxide system (ZnO, WO3, 
SiO2, etc.), metal- (Pt, Ag, Au, etc.) and non-metal-
doped (N, S, etc.) photocatalyst and carbon-sup-
ported photocatalyst material have been proposed as 
the solution technique to overcome the disadvantages 
of TiO2-based photocatalyst (Arutanti et  al., 2014a; 
Daghrir et  al., 2013). Among those, the combina-
tion of TiO2 photocatalyst and carbonaceous material 
is one solution to enhance photocatalytic efficiency 
through three mechanisms: enhanced absorption of 
visible light and facile charge separation and trans-
portation higher adsorption of pollutants, espe-
cially for the high-concentration pollutant degrada-
tion (Anthonysamy et  al., 2018; Krýsa et  al., 2020;  
Lim et al., 2011).

The use of activated carbon (AC) has drawn signif-
icant attention application compared to various types 
of carbonaceous material supports such as nanotubes 
(CNTs), carbon quantum dots (Cdot), and graphene 
(Gr) owing to their properties such as stability, eco-
nomically cost, and the specific surface area (Andri-
antsiferana et  al., 2015; Anthonysamy et  al., 2018; 
Krýsa et al., 2020; Lee & Jo, 2012; Lim et al., 2011; 
Ouzzine et  al., 2014; Peñas-Garzón et  al., 2019). It 
has been reported that supported activated carbon 
on the TiO2 to decompose organic pollutants has a 
synergistic effect based on adsorption capacity and 
the photocatalytic (Krýsa et al., 2020; Peñas-Garzón 
et  al., 2019). High adsorption capability was due to 
high specific surface area and carbon-based material’s 
chemical surface (Syed et al., 2019). Furthermore, the 
physicochemical properties of carbon-based material 
also influence the TiO2 photocatalytic activity (Syed 
et  al., 2019). Several reported papers suggested the 

typical micro- and mesoporous framework to enhance 
the photodegradation, i.e., Garzon et  al. (Peñas-Gar-
zón et al., 2019) proposed the composite of TiO2/AC 
by the solvothermal method. They succeed in pre-
paring nano-sized spherical particles (Peñas-Garzón 
et  al., 2019). However, the result showed that the 
photocatalytic activity of bare TiO2 was higher than 
that of TiO2/AC. Krysa et  al. reported the synthesis 
of composite TiO2/C for air pollutant removal (Krýsa 
et al., 2020). Unfortunately, they used TiO2 P25 com-
mercial, which has been known to have excellent pho-
tocatalytic activity under UV light. Lu et al. succeed 
in removing MO by using TiO2/biochar as a catalyst 
(Lu et al., 2019).

Various methods of synthesis TiO2/AC composite 
have been reported (Horikoshi et  al., 2013; Soleym-
ani Naeini et al., 2019; Subramani et al., 2007; Syed 
et al., 2019; Yin et al., 2017; Zhang & Lei, 2008). The 
synthesis method will influence the characteristics 
and morphology of the photocatalyst material. The 
sol–gel method is one of the standard methods for 
synthesizing nanoparticles due to their advantages, 
such as a wide variety of morphology and low-cost 
production cost. The sol–gel process generally con-
sists of hydrolysis and condensation of metal alkox-
ides in aqueous media (Parashar et  al., 2020). The 
presence of water triggered the hydrolysis process fol-
lowed by the nucleation and growth process rapidly to 
form tridimensional oxide particles  (Esposito 2019). 
Since this method produced metal oxide with low 
crystallinity, the heat treatment process is required.

Even though the preparation of composite TiO2 
and activated carbon by the sol–gel method has 
been widely published, some phenomena explana-
tions are still lacking. For example, they mentioned 
whether the presence of activated carbon could 
enhance photocatalytic activity. However, unfortu-
nately, the actual effect of AC on the adsorption and 
photocatalytic activity in their work did not explain 
comprehensively.

The current project embarks on the homogene-
ous-structured TiO2/activated carbon nanocompos-
ite design via the sol–gel method. This present work 
addresses the preparation of pure TiO2 and TiO2/AC 
nanocomposites for different post-annealing treat-
ment temperatures ranging from 200 to 500  °C and 
their application to remove methyl orange (MO). 
Specifically, the presence of a small amount of AC 
to improve photocatalytic activity was examined. 
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Furthermore, this research article includes the pro-
posed TiO2/AC composite formation mechanism and 
adsorption–photocatalytic activity to enlighten all 
phenomena.

2 � Experimental Setup

2.1 � Synthesis of TiO2/AC

Composite of TiO2/AC was prepared by the sol–gel 
method. Titanium (IV) ethoxide (Ti(OEt)4, Sigma 
Aldrich, USA) and commercial activated carbon (AC, 
Sigma-Aldrich, USA) were used as TiO2 and carbon 
sources, respectively. Ethanol (Merck, USA) was used 
as precursors. In the preparation of TiO2 using the 
sol–gel method, 5.24  mL of titanium (IV) ethoxide 
was dissolved in 20 ml of ethanol (ETOH, analytical 
grade, Sigma-Aldrich) and stirred for 15  min. Next, 
10 mL of distilled water was dropped into the solu-
tion, stirred for 60 min, and dried for 12 h at 100 °C. 
The resulted sample was labeled as TiO2-100. As a 
reference, another TiO2 sample annealed at 500  °C 
was prepared and labeled as TiO2-500.

The same synthesis protocol was used to prepare 
TiO2/AC composites, except that AC nanoparticle 
powder (Dp = 50  nm) was added into the precursor 
with a TiO2/AC ratio of 1:3 and stirred for 10  min 
before the addition of distilled water. The prepared 
particles were then annealed under various tempera-
tures, i.e., 200, 300, 400, and 500  °C for 120  min, 
and the sample was, respectively, labeled as TiO2/
AC-200, TiO2/AC-300, TiO2/AC-400, and TiO2/
AC-500. The preliminary research to obtain the opti-
mum TiO2/AC ratio has been proposed in the previ-
ous work (Kartikowati et al., 2021).

2.2 � Characterization

X-ray diffraction (XRD, PANalytical, Japan; using 
CuKα radiation and 2θ scanning range of 20–80°) 
has been used to examine the phase and crystal size 
of the prepared particles. Scanning electron micro-
scope (SEM, JEOL JIB 4610F) and transmission 
electron microscope (TEM, Tecnai G2 20 S-TWIN) 
have been used to depict the particle morphology of 
the prepared particle. The specific surface area was 
analyzed using the Brunauer–Emmett − Teller meas-
urement (BET; BELSORP 28SA, Bel, Japan, nitrogen 

adsorption isotherms at 77.15  K). Fourier transform 
infrared spectroscopy was used to determine the func-
tional groups of the TiO2 framework. The remainder 
of activated carbon was analyzed by thermogravimet-
ric analysis (TGA).

2.3 � Photocatalysis Performance

Methyl orange (MO, Merck, USA) was analyzed as 
a waste organic pollutant model over the prepared 
photocatalysts under UVC light. In a typical experi-
ment, 800 mg L−1 of the prepared catalyst has been 
adjusted to decompose four ppm MO. Four milliliters 
of the mixed solution was sampled for several min-
utes. Before analysis, collected samples after photo-
catalysis were centrifuged at 10,000  rpm for 5  min. 
The MO concentration in the sample was measured 
using a UV − Vis spectrophotometer (UV3150; Shi-
madzu Corp., Japan) in the wavelength range of 
200–700  nm. The process was 60  min under dark 
conditions and 90  min under UV-light illumination. 
Degradation efficiency (%) of MO is calculated by 
Eq. (1) as follows (Arutanti et al., 2020):

where C0 is the concentration of MO, and Ct is the 
remaining concentration of MO after 90 min.

3 � Results and Discussion

3.1 � Physicochemical Properties

As shown in Fig.  1, XRD of all the prepared com-
posite particles shows the characteristic peaks of 
the TiO2 anatase phase referred to the JCPDS num-
ber 21–1272. It is important to remark that no other 
rutile or brookite phases were observed in any of 
the annealed TiO2/AC composite particles, show-
ing that the current synthesis route was tempera-
ture-controlled. To observe the effect of annealing 
temperature, the average crystal (Dc) size was calcu-
lated based on Scherrer’s equation (Kibasomba et al., 
2018) applied to the intense peak of anatase (101). 
Dc of pure TiO2 at 100  °C was 17.47  nm. The dif-
ferent annealing temperature processes implied the 
more substantial peak of anatase (101), indicating 

(1)Degradation eff iciency(%) =

(

C
0
− C

t

C
0

)

x100
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the enhancement of Dc. By increasing the anneal-
ing temperature from 200, 300, 400, and 500 °C, the 
Dc value increased from 43.42  nm to 55.19, 69.56, 
and 71.44  nm, respectively. Annealed pure TiO2 at 
500  °C (TiO2-500) showed the most significant Dc 
at 109  nm. Hence, it can be inferred that TiO2/AC 
with a higher Dc may effectively reveal the degrada-
tion efficiency of MO (Arutanti et al., 2014b). Insert 
photograph images further supported the presence of 
activated carbon. Annealing temperature under the 
air atmosphere influenced the color of the prepared 
composite TiO2/AC. Low annealing temperatures 
(200 and 300  °C) produced the darker (grey) parti-
cles, while, at the higher temperature, AC started to 
decompose, resulting in the TiO2/AC composite with 
the lighter color. Based on the photocatalyst color, AC 
significantly decomposed over 400  °C. Even though 
the TiO2-500 and TiO2/AC-500 °C had similar colors, 
they have different crystallite sizes, indicating that the 
presence of AC inhibited the crystallinity growth.

SEM images revealed the prepared particles as 
shown in Fig. 2. The use of pure TiO2 with the post-
annealing treatment of 500 °C is proposed in Fig. 2a. 
The prepared TiO2/AC composite was spherical 
(Fig.  2b-2d) with a mean diameter (Dp) of approxi-
mately in the range of 100–200  nm. The particle 
diameter increased with the increasing annealing tem-
perature. As a result, the sintered and bigger particles 

were found. The insert figures showed that the pre-
pared TiO2/AC had a rough surface composed of 
primary TiO2 NPs. It can be noted that AC could not 
be observed in the SEM images. Therefore, detailed 
microstructure information of TiO2/AC-400 is pre-
sented by TEM and HRTEM images in Fig. 2(f)–2(g). 
The black color in Fig. 2(f) depicted the trapped AC 
covered by TiO2 nanoparticles. The HRTEM image 
in Fig. 2(g) exhibits the crystalline structure of TiO2 
anatase with the lattice fringe of 3.45  nm (Arutanti 
et al., 2014a). A detailed mechanism of TiO2/AC for-
mation will propose in the next part.

EDS elemental mapping to confirm elements dis-
tribution on the prepared TiO2-100, TiO2/AC-300, 
TiO2/AC-400, and TiO2/AC-500 composite is pre-
sented in Fig. 3. Red, turquoise, and green correspond 
to Ti, O, and C elements, respectively. C element was 
not found in TiO2-500 (Fig. 3(a)), indicating that the 
synthesis route produced pure TiO2 without C con-
tamination. The presence of the C element can be 
confirmed in the samples added with AC during the 
preparation (Fig.  3(b)–3(d)). In general, Ti, O, and 
C distribution was homogeneous, confirming that all 
elements were well dispersed on the prepared TiO2/
AC composite particles. Here, annealing temperature 
reduced the amount of AC, indicated by the decreas-
ing intensity of the C spectrum with the increasing 
annealing temperature. Over 400  °C (Fig.  3(c)-(d)), 
the green color was still detected, indicating the pres-
ence of C, even though the particles were white. It 
was assumed that a small number of AC were still 
trapped on the TiO2 primary particles.

Nitrogen adsorption–desorption isotherm and 
BJH analysis revealed quantifying the specific sur-
face area (SBET), pore size (Dpore), and pore volume 
(Vpore) of them all prepared photocatalyst (Fig.  4). 
All the isotherms correspond to Type IV with a 
remarkably vertical hysteresis conforming to the H4 
hysteresis loop in IUPAC standard, attributed to the 
combination of mesoporous and microporous struc-
ture. It was assumed that the mesoporous structure 
in the isotherm was due to the aggregation of TiO2, 
as confirmed by the TEM results in Fig. 2, while the 
observed microporous structure was further clarified 
from the evaluation SBET and Vpore.

TiO2-500 was measured as a reference of a pure 
TiO2 sample to be compared with the composites. 
Based on Brunauer–Emmett–Teller (BET) calcula-
tion, the specific surface area of TiO2-500 was 57.28 

Fig. 1   XRD patterns of the prepared TiO2/AC under various 
post-annealing temperature treatments
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m2g−1. The value of SBET of TiO2/AC-200, TiO2/
AC-300, TiO2/AC-400, and TiO2/AC-500 was 418, 
294, 138, and 109 m2g−1, and the Vpore was 0.45, 
0.33, 0.21, and 0.26 cm−1 g−1, respectively. It is worth 
noting that SBET of TiO2/AC-500 was higher than that 
of TiO2-500 despite having a larger particle size and 
being annealed at the same temperature. These results 
suggested that the remaining AC in TiO2/AC-500 
contained micropores, significantly improving the 
specific surface area. TiO2/AC-200 exhibited the 
highest SBET, which confirmed the EDS result that this 
sample had the highest AC amount. The decrease of 
SBET and Vpore was attributed to the increasing decom-
position ratio of AC with the temperature. Based on 
the BJH analysis result, the average pore size of the 
prepared particles was in the range of 4–10 nm.

The FTIR spectra of the prepared catalysts are 
shown in Fig.  5. The spectra showed a similar peak 

in surface chemical functional groups, where the 
stretching absorption band in the 500–1000  cm−1 
range corresponds to the skeletal O-Ti. A peek at 
about 1100 cm−1 referred to the presence of Ti–O–C. 
This peak cannot be found at TiO2-500. Other clear 
signals were attributed to the C = O and O–H groups 
at 1671 cm−1 and 3500 cm−1, respectively. This anal-
ysis result also confirmed the different compositions 
of AC between TiO2-500 and TiO2/AC-500. It was 
clearly verified that AC nanoparticles remained on 
the TiO2/AC-500 detected by the bond of Ti–O–C at 
around 1100 nm.

The detailed mechanism of the composite TiO2/
AC formation is proposed in Fig.  6. In general, the 
process consisted of four steps: simultaneous hydrol-
ysis and heterogeneous nucleation, homogeneous 
nucleation, and grain growth to produce primary par-
ticles of TiO2. Finally, the primary particles of TiO2 

Fig. 2   SEM images of 
the prepared photocatalyst 
(a) without additional 
AC, (d-d) under various 
post-annealing temperature 
treatments and (f-g) TEM 
and HRTEM images of 
TiO2/AC-400
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aggregated and formed secondary, bigger particles of 
TiO2.

When water droplets reacted with Ti(OEt)4 and 
EtOH solution, Ti-molecular clusters were generated 
through the hydrolysis–condensation reaction. The 
hydrolysis involved the scission of ethoxide ligands 
prior to the substitution with hydrogen. This step 
likely promoted attractive force between positively 
charged, unpaired Ti with the negatively charged 
hydroxyl group of AC, which induced heterogeneous 
nucleation of ≡T − OH onto the AC surface. As the 
hydrolysis and condensation proceeded, Ti-molecu-
lar clusters were formed. Homogenous nucleation of 
these clusters was followed by the formation of sol 
Ti-particles, namely primary particles. The primary 
particles were indicated by white arrows and white 

circles in the insert TEM images in Fig. 6. The het-
erogeneous nucleation allowed good mixing of car-
bon and titanium constituents in the composite struc-
ture. This characteristic differentiates the results of 
this synthesis protocol from those of previous works 
(Kartikowati et al., 2021).

Theoretically, the size of the primary particles 
should depend on the hydrolysis–condensation and 
chemistry of the solution. The size of primary par-
ticles in this work was approximately 10  nm. The 
collision process between the primary particles 
created the porous structure, as confirmed in TEM 
images in Fig.  2(e–f)  and BJH analysis results. 
At this point, the final morphology of the parti-
cles was strongly affected by the amount of water. 
At the same time, the amount of ethanol affected 

Fig. 3   Elemental mapping of (a) TiO2 annealed at 500  °C and TiO2/AC composite after annealing at (b) 300, (c) 400, and (d) 
500 °C, and their respective SEM images
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the speed of the hydrolysis reaction. Interaction 
between the colloidal particles created the porous 
structure and bigger particles, namely secondary 
particles, depicted by yellow arrows and circles in 
Fig. 6. During the sol–gel process, the sol particles 
can further associate with each other via collision 
within a certain period of aging to produce big-
ger isolate gel composite particles. After drying at 
100 °C, a nanocomposite of TiO2/AC with a bigger 

size and irregular shape was produced. The result 
was confirmed by the SEM image of the TiO2-100 
in Fig. 2(a).

In the post-synthesis annealing process, compos-
ite TiO2/AC morphology evolution occurred. The 
annealing process triggered the grain growth and 
the sintering of the primary particles, resulting in 
the large crystallite size confirmed by XRD results 
in Fig. 1. Moreover, the sintering between primary 
particles resulted in the secondary necking of par-
ticle phenomenon (red arrows). Accordingly, it 
was easy to find the necking secondary particles on 
the annealed composite TiO2/AC (Fig.  2(c)-2(e)), 
likely because of the sintering of TiO2 nanocrys-
talline constituent, which starts at 200  °C (Hahn 
et al., 1990). This phenomenon is almost similar to 
another work (Ho et al., 2017). Interestingly, in the 
present work, the diameter of the secondary parti-
cles could still be controlled at around 100 nm and 
hence nanocomposite. The TEM images clearly 
show that the spherical TiO2/AC composite was 
composed of aggregated, homogeneously distrib-
uted, the primary TiO2 NPs and AC NPs.

During the annealing, the carbon constituent 
in the composite was decomposed. The degree of 
decomposition was depended upon the anneal-
ing temperature, resulting in the nanocomposites 
with different levels of color gradation as previ-
ously discussed. The heterogeneous nucleation in 
the early step composite formation even after 500 
℃, the homogeneous distribution of TiO2 and AC 
triggering the remained of AC within the compos-
ite structure. The phenomenon was proved by the 
thermogravimetry (TG) analysis curves in Fig.  7. 
The weight loss comparison of the prepared pho-
tocatalyst, i.e., TiO2/AC-200, TiO2/AC-400, and 
TiO2/AC-500, was analyzed. The first weight loss of 
around 250  °C was due to synthesizing remaining 
water and organic residues. Over 500 °C, the weight 
loss corresponds to the decomposition of surface 
oxygen groups. The difference of eight losses from 
the three samples was evidenced in the presence 
of AC. Based on the TG analysis results, the cal-
culated remainder of AC from TiO2/AC-200, TiO2/
AC-400, and TiO2/AC-500 was 11, 2, and 1 wt% 
of AC, respectively. The mass loss in sample TiO2/
AC-500 confirmed that the post-annealing process 
at 500 °C leaves 1 wt% AC trapped in the composite 
particles. EDS also approved the result. 

Fig. 4   N2 adsorption–desorption isotherm of the prepared 
composite TiO2/AC

Fig. 5   FTIR spectra of the prepared photocatalyst TiO2/AC
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3.2 � Photodegradation by TiO2/AC Composite 
Material

Photodegradation of MO using the prepared TiO2/
AC catalyst under UV irradiation is shown in Fig. 8. 
As a reference, pure TiO2-500 was used. The result 
showed that TiO2-500 had the lowest adsorption and 
photodegradation activity. Under dark conditions for 
60  min, the degradation of MO was almost stable. 
However, after photocatalysis for 90 min, 60% of MO 
remained present. As mentioned in the previous sec-
tion, the presence of activated carbon will enhance 
the specific surface area of the catalyst. The degrada-
tion may also contribute to the high dye absorbance. 
Thus, the composite of TiO2/AC had a higher adsorp-
tion activity than that shown by pure TiO2. During 
the dark period, 100% of MO was adsorbed by TiO2/
AC-200 and TiO2/AC-300 owing to the high spe-
cific surface area. Excess AC in the prepared catalyst 

Fig. 6   Proposed mechanism of the composite TiO2/AC formation

Fig. 7   TG spectra of the prepared photocatalyst TiO2/AC 
under different annealing temperatures
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contributed to the more extensive adsorption activity, 
as exhibited by TiO2/AC-200 and 300. Moreover, the 
zeta potential value of AC is lower than that of MO. 
Therefore, it allowed for easier absorption of MO on 
the AC surfaces.

Because of the high adsorption in the sample with 
high AC content, photocatalytic activity was difficult 
to observe at low MO ppm. As a result, the role of 
AC on the degradation of MO over TiO2/AC-200 and 
TiO2/AC-300 was pure as the adsorber. Meanwhile, 
TiO2/AC-400 left 60% of MO under dark conditions. 
In this case, two phenomena (adsorption–photoca-
talysis) simultaneously occurred, resulting in 80% 
degradation of MO. In addition, an interesting phe-
nomenon was found. The photocatalytic activity of 
TiO2/AC-500 was 20% higher than that of TiO2-500, 
although the adsorption ability under the dark condi-
tion of both materials was almost similar, implying 

that the photocatalysis process dominantly caused the 
degradation of MO.

In order to investigate the transfer efficiency of 
photogenerated electrons of the AC-TiO2, specific 
comparison performance between pure TiO2-500 and 
TiO2/AC-500 is proposed in Fig. 8b. Based on XRD 
analysis results in Fig. 1, TiO2-500 had a higher Dc, 
which should have a higher photocatalytic activity 
than TiO2/AC-500 (Arutanti et  al., 2014b). As dis-
cussed earlier, a small amount of AC may be retained 
within the structure of TiO2/AC-500 because the 
specific surface area of TiO2/AC-500 was two times 
larger than TiO2-500. However, the specific surface 
area did not significantly affect the adsorption pro-
cess (under dark conditions). Instead, the 1% amount 
of AC enhanced the photocatalytic activity by pro-
viding a large surface area for the reaction site and a 
large number of vacancies on the surface (Syed et al., 

Fig. 8   Photocatalytic 
degradation of MO under 
UV-light irradiation (a) over 
the prepared composite of 
TiO2/AC and (b) photocata-
lytic comparison between 
TiO2-500 and TiO2/AC-500
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2019). Here, the role of AC on the degradation of MO 
over TiO2/AC-500 pure was as an electron trap.

Photodegradation of MO at high concentration is 
proposed in Fig.  9. Photocatalyst TiO2/AC-400 was 
used to decompose 30  ppm of MO under UV irra-
diation for 4  h. Different from low MO concentra-
tion, under high concentration, the MO almost could 
not be adsorbed by photocatalyst TiO2/Ac-400 under 
dark conditions for 1 h. Otherwise, the photocatalytic 
activity was much better compared to photodegrada-
tion of low MO concentration. At high MO concen-
tration, it is clear that the presence of AC significantly 
affects photocatalyst activity (Fig. 10).

The detailed mechanism of MO photodegradation 
is explained as follows. In the sample with low AC 
content (TiO2/AC-400 and TiO2/AC-500), AC was 
trapped into secondary particles almost similar to 
the core–shell structure, with AC being in the core 

Fig. 9   Photocatalytic degradation of 30  ppm MO under UV-
light irradiation over the prepared composite of TiO2/AC-400

Fig. 10   FTIR spectrum of 
MO and reduced product 
MO after 1 and 2 h photo-
catalytic
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(Fig.  11). During UV-light irradiation, the electrons 
from the valence band (VB) of TiO2 excited into the 
conduction band (CB) generated the pairs of elec-
trons and holes. Holes on the VB reacted with H2O 
produced the hydroxyl radical (OH*), while elec-
trons on the CB transferred to the AC surface. Here, 
the presence of AC as the electron trap to avoid the 
recombination electron–hole caused the deficiency of 
photocatalytic activity. Therefore, the electron from 
AC reacted with O2 to produce the final products such 
as anion oxide (O2

−), H2O2, and OH*. Since the OH* 
has the highest potential energy at 2.8  eV than the 
organic compounds, hydroxyl radicals could break 
organic pollutants into carbon dioxide and water mol-
ecules (Arutanti et  al., 2015). FTIR also studied the 
photodegradation of methyl orange (Fig. 10) to sup-
port the phenomenon. The analysis study focused on 
the degradation of 4 ppm MO before and after 1 and 
2  h of UV irradiation over the TiO2/AC-400. Some 
functional groups were observed to decrease. Because 
of the intense stretching, peaks of S = O, C = C, 
C = O, C-N, and C-H were found below than wave-
number 1700  cm−1 of MO spectrum. Wavenumber 
2461  cm−1 referred to the presence of N–H stretch-
ing. This analysis result is according to the chemical 
formula of MO C14H14N3NaO3S (Chowdhury et  al., 
2019). The peaks of MO almost disappeared in the 
spectrum of the photodegraded MO (reduced prod-
uct) after 1 and 2  h. In the spectra of reduced MO, 

the peaks at 2984 cm-1 (O–H. water molecule) were 
found. The stretching (O–H) molecule increased 
when the MO was degraded after 2 h. The wavelength 
peak confirmed it at 3700 cm−1. The presence of radi-
cal hydroxyl triggered the fragmentation and destruc-
tion of the MO group to produce HzO and CO2. 
However, the photodegradation of MO for 2  h was 
not sufficient to completely reduce C–N stretch, con-
firmed at 1000  cm−1. The result was also supported 
by the photograph images, where the MO solution 
after 2 h photodegraded still has a yellowish color.

This phenomenon proved that, besides providing a 
high specific surface area to adsorb the organic pol-
lutant efficiently, AC served as an electron trap to 
avoid the electron–hole recombination resulted in the 
enhancement of photocatalytic activity.

4 � Conclusions

The sol–gel method successfully prepared the com-
posite of TiO2/AC. However, the post-annealing treat-
ment influenced the characteristics of the prepared 
photocatalyst. Due to the high specific surface area, 
four ppm of MO could be 100% adsorbed by TiO2/
AC-200 and TiO2/AC-300. Annealing temperature at 
400  °C was optimum to show the balance phenom-
ena of adsorption–photocatalysis MO. The nanocom-
posite annealed at this temperature could decompose 

Fig. 11   Photo-adsorption of MO mechanism over the photocatalyst TiO2/AC under UV-light irradiation
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almost 80% of MO. This study showed that a small 
amount of AC in TiO2/AC nanocomposite effectively 
served as adsorbent and the electron trap to improve 
the photocatalytic activity.
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